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ABSTRACT 

SECONDARY ICE PARTICLE PRODUCTION FROM RIMED ICE 

High ratios of the concentrations of ice particles to that of ice 

nuclei have been observed in convective type clouds, and numerous physi-

cal mechanisms have been suggested to explain these multiplication 

phenomena of ice particles. However, no mechanism has been able to 

explain satisfactorily the phenomena of ice multiplication. In this 

paper, the roles of the riming process and of rimed ice on ice mu1ti-

plication were studied experimentally. 

The purpose of the first series of experiments was to study the 

secondary ice particle production from ice during its growth by the 

riming process. The number of secondary ice particles produced during 

the growth of ice were fewer than 10 per milligram of ice. In terms of 

the accretion number of water droplets, several million accretions of 

water droplets were necessary for the production of one secondary ice 

particle. It was concluded that secondary ice particle productions 

during the riming growth of ice are not effective mechanisms for ice 

multiplication in clouds. 

The purpose of the second series of experiments was to study 

the secondary ice particle productions due to the evaporation process 

of ice which had been formed by the riming process. It was found that 

-3 while rimed ice with the apparent density of less than 0.2 g cm is 

being ventilated with subsaturated air, secondary ice particles are 

commonly produced at the rate of 10 to 200 per milligram of evaporating 

ice. Mechanical fracturing of the surface structure of rimed ice due 

to ventilation with subsaturated air was responsible for the production. 
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The possibility was considered that some graupel particles in the 

atmosphere could possess favorable physical characteristics similar to 

those of the rimed ice which was effective for the production of a 

large number of secondary ice particles throughout the experiments. It 

was inferred that graupel particles could commonly encounter subsatu­

rated air in and around a cumulus cloud. Simple model calculations 

were conducted and it was concluded an ice multiplication rate of the 

order of several per minute in a cumulus cloud could be explained by 

the production of secondary ice particles due to the evaporation of 

falling graupel particles. 
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Chapter I 

INTRODUCTION 

A. Problem 

Ice crystal formation in natural clouds has been primarily attri-

buted to the heterogeneous nucleation by ice-forming nuclei. Measure-

ments of the number of these primary ice nuclei indicate that there 

are significant spatial and temporal variations in their concentrations. 

Moreover, the number of ice nuclei activated in the atmosphere is 

strongly dependent upon temperature. In general, the average spectrum 

of ice-forming nuclei in the atmosphere is crudely expressed by an 

exponential of the form 

n(~T) = n exp(S~T) o 

where ~T is the degree of supercooling, n(~T) is the number of nuclei 

per litre active at supercoolings less than ~T, and Sand n are 
o 

numerical factors (Fletcher, 1962). For a mean activation spectrum 

Fletcher suggested that Sand n are, respectively, about 0.6 and about o 

10- 5 litre-I. Thi i i 11 i f i s g ves typ ca y a concentrat on 0 one act ve 

nucleus per litre at approximately -20°C, the concentration changing 

by a factor of about 10 for each 4°C of supercooling (See Figure 1-1). 

However, observations of ice crystals in natural clouds by various 

groups have shown that the concentrations of ice crystals are often 

three or four orders of magnitude larger than that measured by ice 

nuclei counters or estimated by an empirical formula such as given by 

Fletcher, suggesting the existence of some very active ice crystal 

enhancement mechanisms. There is an uncertainty in the methods of 
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(1969) and Takeuchi (1972) suggested the following time sequence of 

ice phase development: 

(i) At the initial stage of cloud development only super-

cooled water droplets are present. 

(ii) Collision - coalescence processes take place 

and large water droplets of precipitation size are 

developed. At this stage a decrease of liquid water 

content is noticed and small concentrations of ice 

particles are observed. The types of ice particles 

observed are mainly rimed ice (graupel particles) 

or frozen water droplets. 

(iii) The liquid water contents become smaller but appre-

ciab1e concentrations of regular ice crystals and 

graupel are noticed. At this stage the liquid water 

-3 contents are on the order of 0.1 gm m ,the concen-

trations of regular ice crystals are several 

-1 
10 litre and graupel concentrations are about 

-1 1 litre (Mossop et al., 1969). 

(iv) Finally, the liquid water disappears completely and 

the concentrations of regular ice crystals sometimes 

-1 
become hundreds litre • 

• 
At this stage the concen-

trations of graupel and frozen water droplets 

decrease to the value less than 1 litre-1 • 

There are few reports concerning the rate of increase of ice 

particle concentrations. Mossop et a1. (1970) found that it took about 

eight minutes for the concentration to be multiplied by a factor of 10. 
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On the other hand, Koenig (1963), from the observations of summer cumu-

Ius clouds in Missouri, reported an increase in the concentration of 

-3 4 -3 ice particles from below the limit of detection (20 m ) to 10 m in 

five and a half minutes, which is a multiplication factor of 500 or 

more in five and a half minutes. More observational data are required 

to resolve the rate of increase of ice particles 

d. Relationship of cloud size to ice multiplication 

It is reported that wide clouds are more likely to con-

tain ice than narrow short-lived clouds (Mossop et al., 1970, Morris 

and Braham, 1968). Cumulus clouds having large widths are usually 

multicelled, and longer-lived. This is consistent with the observation 

that ice multiplication is a time-dependent process. Ice particles 

in an old cell may be incorporated in a newly rising tower by mixing 

processes. 

2. Suggested mechanisms and laboratory experiments 

In order to explain the phenomenon of ice multiplication, 

many mechanisms have been suggested and laboratory experiments associ-

ated with those mechanisms have been conducted. As early as 1948 

Langmuir (19a8) suggested a possible mechanism to explain high concen-

trations of ice particles in natural clouds, namely, the fragmentation 

of snowflakes by contact between snowflakes. 

The suggested mechanisms can be classified into two main catego-

ries. The first category is associated with the mechanisms of primary 

appearances of ice particles produced from the primary ice particles. 

1. Mechanisms associated with the primary appearance ice include: 

a. Ice formation on slow acting ice nuclei (Warner and Newn-

ham, 1958; Takeda, 1968) 
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b. Ice formation on pre-activated nuclei (Roberts and Hallett, 

1968) 

c. Contact nucleation by dry particles (Gohka1e and Goold, 

1968) 

d. Freezing of water droplets due to the evaporation cooling 

(Hallet, 1970) 

e. Electro-freezing or mechanical-freezing of supercooled 

water (Abbas and Latham, 1969) 

The combination of mechanisms a through d should be responsible for the 

initiation of the ice phase. However, ice multiplication, such as that 

shown in Figure 1-1, cannot be explained by these mechanisms (Mossop, 

1969, 1971). Concerning mechanism e it was reported that freezing 

probability of water droplets is enhanced only if the electrical field 

stronger than 10 KV/cm is applied to water droplets. It is, however, 

unlikely that such a strong electric field exists frequently in clouds 

where ice multiplication takes place (Mossop et al., 1969). To date 

there has been no report which describes the observation that ice 

multiplication is accompanied with lightning. 

2. Mechanisms associated with secondary production of ice include: 

a. Shedding of "whiskers" from evaporating ice particles 

(Cross, 1969; DeMiche11i and Lincenb1at, 1967; Ruskin, 

1969) 

b. Mechanical fragmentation of fragile ice crystals 

(Langmuir, 1948; Grant, 1968; Vardiman and Grant, 1972) 

c. "Splintering" when drops freeze in the riming growth of 

ice particles (Johnson and Hallet, 1968; Mossop et al., 

1969; Mossop et a1., 1972; Ono, 1971). 
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d. Shattering of water drops freezing in free fall (Hobbs and 

Alkezweeny, 1968; Brownscombe and Thorndike, 1968; 

Takahashi and Yamashita, 1970) 

e. Frost-like growth on ice particles in local supersatura­

tion caused by contact with large drops (Koenig, 1965) 

f. Accumulation of ice crystals on ice nuclei at the sampling 

level (Mossop and Ono, 1969) 

g. Seeding by ice partic1e~ from higher clouds (Braham, 1967) 

The experiments on mechanism a, shedding of "whiskers" from evaporating 

ice particles, have been conducted only on bulk ice. According to the 

experiments by Cross (1969) and DeMiche11i and Lincenblat (1967), ice 

"whiskers" appeared on the surface of substrate ice after the ice had 

been continuously exposed to subsaturated air for at least 10 minutes. 

It is unlikely that ice particles would be continuously exposed to 

subsaturated air for such a long period of time. Nevertheless, these 

studies necessitate further studies regarding the effect of subsaturated 

air on ice particles for ice multiplication. 

Mechanism b, mechanical fragmentation of fragile ice crystals, 

seems to be effective in clouds whose temperature and humidity are 

favorable for the growth of dendritic crystals. However ice multi­

plication has been observed frequently in clouds whose top temperature 

is warmer than-lO°C. The crystal type in this temperature region is 

mainly column which is considered not to be fragile. Therefore, this 

mechanism may be one but cannot be accepted as general explanation for 

ice multiplication. 
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,.. 
As has been described previously, ice multiplication may be 

preceded by the formation of large supercooled water drops of precipita-

tion size. For this reason, mechanism c, the secondary ice particle 

production due to splintering of large water drops freezing in free fall, 

was hypothesized to be the most likely mechanism of ice multiplication 

(Koenig, 1963; Braham, 1964). This hypothesis is based on the experi-

mental results that the water drops of 1 mm size suspended on various 

supports produced many ice particles by shattering during the freezing 

process (Mason and Maybank, 1960; Kachurin and Belyaev, 1960, Evans 

and Hutchinson, 1963). However, the recent studies of suspended 

water drops by Dye and Hobbs (1968), and Johnson and Hallett (1968) 

show that the previous results were produced by contamination of carbon 

dioxide used for cooling systems of experiments and that the splintering 

of water droplets during the freezing process rarely happened in the 

natural atmosphere. 

The experimental results on shattering water drops freezing in 

free fall are inconclusive. According to Hobbs and Alkezweeny (1968) 

and Brownscombe and Thorndike (1968) drops smaller than 50 microns in 

diamater did not shatter on freezing in free fall at temperatures 

between -6 and -30°C. Of the larger drops about 10 percent did 

shatter, but the number of splinters produced was small. On the aver-

age, each freezing drop produced less than two ice particle (Brownsco-mbe 

and Thorndike, 1968). Takahashi and Yamashita (1970) showed, on the 

other hand, that 37 percent of drops with 75 to 175 microns in diameter 

shattered during freezing in free fall at temperature of -16°C but 

they did not measure the number of splinters produced. 
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With this physical reasoning, Johnson (1972) and Brownscombe and 

Goldsmith (1972) conducted riming experiments. Johnson reported 

on experiments in which an ice substrate is ventilated with air con-

taining supercooled water droplets with diameters of 20 to 100 microns 

-1 
at velocities up to 10 m sec • It was concluded that fewer than one 

drop in 6 x 104 will eject an ice splinter larger than 10 microns in 

diameter. In the experiments by Brownscombe and Goldsmith ice which 

was formed on an insulated rod 3 mm in diameter was rotated in a super-

cooled water cloud which had droplets with a mean volume diameter of 

about 15 microns. In addition, droplets of mean volume diameter of 

about 40 microns were also injected into the chamber. The maximum ice 

4 crystal production rate was one crystal for every 5 x 10 droplets 

collected. 

A second possibility for secondary ice particle production 

during the riming process is mechanical fracturing of the surface 

structure of ice by ventilation while ice is growing by the riming 

process under strong ventilation. 

A third possibility for secondary ice particle production is 

that some of the water droplets which come in ~ontact with an ice 

specimen will be bounced off resulting in frozen water droplets as 

secondary ice particles (Aufdermaur and Johnson, 1972). From the ex-

periments of charge separation due to riming in an electric field, 

Aufdermaur and Johnson suggested that the charging events are the 

results of some drops colliding with an ice pellet at grazing inci-

dence at a rate of about one to ten events per 1000 drops. In their 

experiments ice pellets were grown by riming of eupercooled water 

droplets of 20 to 100 micron in diameter. The temperature of the 
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experiments was between -5 and -15°C, and the impaction velocity 

was about 10 m sec-I. However, they detected an insignificant 

number of secondary ice particles by the sugar solution method. 

B. Plan of Study 

The investigation includes consideration of the second and third 

possibilities of secondary ice production during the riming process. 

The first mechanism suggested by Brownscombe and Hallett has been 

studied extensively, resulting in no significant number of secondary 

ice particles. It may be reasonable to consider that since low density 

ice results from the weak bonding between droplets, the structure of 

such ice is fragile. If the surface structure of such ice is blown 

off by ventilation, it should occur more often when the ventilation 

velocity is larger. 

The third possible mechanism of secondary ice particle production 

by the riming process, or, the bouncing-off of droplets after droplets 

collide with the ice surface, should be more important when the number 

of collision is large. The collision frequency is high when both the 

impact velocity and the concentration of cloud droplets are large. 

From the above considerations experiments were conducted under the 

following conditions. 

1. Temperature: -7 ± 1°C 

This temperature was chosen for the following reasons: 

(i) ice multiplication is often observed at a temperature 

warmer than -10°C, and (ii) at colder temperatures the effect 

of ice accumulating on the chamber is greater and the number 

of effective ice nuclei in the air becomes larger. 
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Impaction (ventilation) velocity: 
-1 2-5 m sec 

This is well within the range of fall velocity of a graupel 

particle (See Figure 4-2) and high enough to produce a 

reasonably strong drag force. In addition, fragile ice can be 

formed by impaction velocities ':dthin this range, according to 

Macklin's results (1962). 

Liquid water ccntents: -3 less than 0.5 gm m 

Low density ice is formed more easily when the liquid water 

content is low2r. 

4. Size of cloud water droplets: 3-20 microns in diameter 

This size distribution may be close to those in continental 

type clouds but smaller than those in maritime type clouds. 

Low density ice is more easily produced by cloud water drops 

having small diameters (Macklin, 1962). In addition, high 

concentrations of cloud water droplets are obtained at lew 

liquid water contents so that large numbers of collisions can 

be expected. 

C. Experimental System 

The experimental system was set up in a cold room, as shown sche-

matically in Figure 2-1. The following give the details. 

1. The Chamber 

The chamber is made of transparent plastic plates so that the 

inside of the chamber can be seen through the wall. Figure 2-2 is 

a photograph of the chamber. The lower portion of the chamber is 

about 20 em x 20 cm x 40 cm. At the bottom of the chamber a sugar 

solution tray is placed in order to detect seccndary ice particles 

produced from the growing ice specimen. A thick aluminum plate is 
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placed below the tray to cool the sugar solution. To avoid air 

leakage, the chamber is placed on a thick soft rubber pad which is 

pasted on the aluminum plate. 

2. Air flow through the chamber. 

The chamber is connected to a suction pump by which the air flow 

is controlled. Since the air goes into the chamber only from the mixing 

cylinder, the impaction velocity of cloud water to the rotating bar can 

be controlled by the suction rate of the pump. The air goes out through 

a straw layer which is placed to produce a uniform flow. The ai.r 

-1 velocity at the exit estimated at approximately 2.5 cm sec for the 

maximum impaction velocity of the experiments. The air velocity through 

the lower portion of the chamber is less than 1 cm sec-1 even at the 

maximum suction rate. The air flow pattern examined by injecting 

visible smoke reveals that the air from the pipe hits the bottonl of 

the chamber and diffuses to fill the chamber. Therefore, it can be 

assumed that secondary ice particles, if any, are almost perfectly 

detected by the sugar solution. 

3. Production of cloud water 

Cloud water is generated by using a glass nebulizer. By 

changing the flow rate of air through a nebulizer, the rate of cloud 

water production is controlled. Distilled water was used. Under the 

same experimental condition, the growth rate of ice and the density of 

ice is repeatable. Therefore, it may be assumed that the production 

rate of cloud water was consistent. 

4. Temperature measurements 

The temperature of the air through the chamber is measured at 

1 cm above the rotating bar. A thermocouple of copper and constantan 
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placed below the tray to cool the sugar solution. To avoid air 

leakage, the chamber is placed on a thick soft rubber pad which is 
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with a diameter of .064 mm is used. Since the electromotive force 

of a thermocouple was measured by a millivoltmeter, the relationship 

between temperature and electromotive force of the circuit was obtained 

by using an accurate mercury thermometer. 

D. Methods of Experiment 

1. Procedures 

a. The walls of the chamber are coated with glycerin, and 

th~n the air containing cloud water is sucked past the rotating bar so 

that an ice specimen starts riming on its surface. The rotation rate 

of the bar is three per minute. 

b. After the diameter of the ice cylinder becomes at least 

2.0 rom, the suction of the air is stopped in order to clean the inside 

wall of the pipe with a sponge wetted with glycerin. This is done to 

prevent the splintering of the ice accumulated on the wall. 

c. A sugar solution tray which has been precooled is placed 

on the cold plate, and the chamber is placed back in position. The 

sugar solution is prepared following the description by Admirat (1962). 

The composition is as follows: 

Water 
100 gm 

Sugar 
100 gm 

Sodium Silicate 
200 grn 

d. Again, cloud water is pulled into the chamber so that the 

ice specimen continues to grow by riming. 

e. When secondary ice particles are produced during the 

growth of the ice, they are detected in the sugar solution. 

f. The ice specimen on the rotating bar is observed through 

a microscope so that the growth rate of the ice specimen is measured. 
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to estimate the volume of the ice. Then the ice cylinder was immersed 

in silicon oil. The weight of the oil plus the ice cylinder were 

measured with a micro-balance. 

The apparent density of the ice cylinder, p, was calculated by 

p = m/v 

Where m is the mass of an ice cylinder and V was the volume of the ice 

cylinder. From the equation 

Q,np Q,n m - Q,n "iJ or dp = dm _ dv 
p p v 

Therefore, 

= I~ 
the accuracy of this method was considered as follows. The accuracy 

of the microbalance used was I mg. The weight of the ice was on the 

order of 10 to 30 mg depending on experimental conditions, so that 

~m/m I ~ 0.03 - 0.1. 16v/vl is assumed to be 0.1. Therefore, 

~p /p I ~ 0.2. 

E. Results and Discussion 

The results of all experiments with different conditions are sum-

marized in Table 2-1. The experimental conditions are also written in 

the table. In this table the number of secondary ice particles produced 

per unit mass of ice grown by the riming process, dN/dm, is calculated 

as 

dN 
dm = 

N - No 
1 

24 

to estimate the volume of the ice. Then the ice cylinder was immersed 

in silicon oil. The weight of the oil plus the ice cylinder were 

measured with a micro-balance. 

The apparent density of the ice cylinder, p, was calculated by 

p = m/v 

Where m is the mass of an ice cylinder and V was the volume of the ice 

cylinder. From the equation 

Q,np Q,n m - Q,n "iJ or dp = dm _ dv 
p p v 

Therefore, 

= I~ 
the accuracy of this method was considered as follows. The accuracy 

of the microbalance used was I mg. The weight of the ice was on the 

order of 10 to 30 mg depending on experimental conditions, so that 

~m/m I ~ 0.03 - 0.1. 16v/vl is assumed to be 0.1. Therefore, 

~p /p I ~ 0.2. 

E. Results and Discussion 

The results of all experiments with different conditions are sum-

marized in Table 2-1. The experimental conditions are also written in 

the table. In this table the number of secondary ice particles produced 

per unit mass of ice grown by the riming process, dN/dm, is calculated 

as 

dN 
dm = 

N - No 
1 



11 

Little is known regarding mechanism e, frost growth on ice par­

ticles by contact with large drops. 

Regarding mechanism f, accumulation of ice crystals or ice nuclei 

at the sampling level, one might expect to find a high concentration of 

ice crystals at the level where their fall velocities were just balanced 

by the updraft velocity of a cloud, providing the cloud were in a steady 

state. This is unlikely in cumulus clouds where a series of towers rise 

and then decay. 

Mechanism g, seeding by ice particles from higher clouds, cannot 

be accepted as a general explanation for ice multiplication since many 

cases of ice multiplication have been observed in clouds where the skies 

above were completely cloudless (Mossop, 1969). 

In recent years mechanism c, "splintering" when drops freeze in the 

riming growth of ice particles, has been strongly suggested by Mossop 

et al. (1969), Mossop (1970), Mossop et a1. (1972) and Ono (1971). 

Their suggestions are based mainly on the circumferential evidence 

that large rimed ice particles proceed high concentration of ice 

particles. Laboratory studies should be conducted on this mechanism. 

c. Implications from the Previous Studies 

Each of the mechanisms described above can be a possible mechanisms 

of ice multiplication in a particular cloud and situation. Most of 

those suggested mechanisms cannot provide a satisfactory explanation 

for ice multiplication in cumulus clouds, where most of the observa­

tional emphasis has been placed in recent years. 

Most of the previous studies consider only the microphysics of 

cloud particles. Little consideration has been given to the inter­

actions between cloud particles and surrounding air, events which are 
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Chapter II 

EXPERIMENTS ON SECONDARY ICE PARTICLES PRODUCTION 
DURING THE RIMING GROWTH OF ICE 

A. Introduction 

From the experiments of freezing of suspended water droplets, 

Johnson and Hallett (1968) concluded that the most important factors in 

the fragmentation of freezing drops are symmetry of heat transfer and 

effective conductivity. They concluded that while symmetry of heat 

transfer is a dominant factor in causing drop shatter, the symmetry is 

also linked with high heat conductivity. Therefore, it is possible that 

a high freezing rate may also increase the probability of shattering. 

Thus the freezing of a water droplet on an ice surface sometimes pro-

vides favorable condition for droplet shatter. The heat balance of a 

water droplet freezing on an ice surface was considered by Brownscombe 

and Hallett (1967). In the case of a water droplet freezing on a smooth 

surface of ice, the rate of heat flow away from the drop through the 

air is much smaller than that through the ice. According to Brownscombe 

and Hallett, even under strong convection (Re ~100) the heat flow 

through the air is less than 10 percent of the heat flow through the 

ice, which indicates that even under conditions of extreme ventilation 

the drop will freeze much more rapidly from the contact surface of 

substrate ice than from the outside. This asymmetry of heat transfer 

is reduced when the drop freezes on an irregular surface so that the 

area of contact with the substrate ice is reduced. In this case, there 

is the possibility of a pressure build-up inside the drop followed by 

explosive shattering. Secondary ice particles may result from this 

process. 
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TABLE 2-1. The summary of riming experiments 

Experimental condition 

Ex. II v(cm/sec) 3 T(OC) 3 dN/ dm(l/mg) K x 106 W(g/mc ) n p(g/cm) 

(1) 238 .33 -7.2±.3 5 .25±.03 5.6±1.6 2.168± .666 

(2) 238 .13 -7.1±.3 6 .24±.02 13.6±8.6 3.092±3.067 

(3) 329 .28 -7.1±.3 6 .27±.01 3.3±2.3 4.451±1.923 

(4) 329 .088 -7.1±.3 6 .26±.01 8.8±3.9 2.741±2.195 

(5) 429 .25 -7.1±.3 6 .31±.01 1. 8±1.1 6.367±4.336 

(6) 429 .066 -7.3±.3 6 .29±.01 4.8i1.4 3.915±1.487 

v the ventilation velocity 

W the liquid water content of cloud 

T the temperature of air measured 1 em above an ice cylinder 

n the number of experiments 

p the apparent density of an ice 

dN/dm: the number of secondary ice particle per unit mass of ice 

K the number of accreted water droplets to produce one secondary 
ice particle 
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where N1 is the number of secondary ice particles duri:'-:f; the 

experiment, No is the number of ice counted during control experiment 

conducted immediately after each rLllir,~ experiment, and llm is the 

estimated mass of ice grov~l for five minutes, which is the f.,e:t:!od of 

time spent in counting N1 and No. The estimation of um is made from the 

measurement of an appraent density and the meaF'ureme::',t of the diameter 

and length of the i'ce cylinder. (See Appe",J .. :': I) 

In the table the number of accreted wat~r droplets to produce one 

secondary ice particle, K, is also given. K is calculated as 

dm IT 3 
K = - / p D dN 6 m w 

where Pw is the density, of water, and Dw is the mea.n diame:~,: t of 

cloud water droplets which are accreted on the rotating bar during the 

period of an experiment. 

Analysis of the variance was conducted in order to examine if N1 

is statistically different from No for each experimental condition. 

The results of the analysis showed that for all experirriEnt:>il conditions, 

N1 is statistically larger than No for a significance of p < .05. 

The table shows that within the range of the experiments, the 

number of secondary ice particles is smaller than 10 per milligram of 

ice except for one experimental condition in which the average of 

dN/dm is 13.6 per milligram. 

The table also shows that several million water droplets are 

necessary for the production of one secondary ice particle within the 

range of the experiments. It has been reported that one secondary ice 

4 particle per several 10 of droplets is produced (Johnson, 1972, 

Brownscombe and Goldsmith, 1972). In terms of dN/dm the result by 
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Brownscombe and Goldsmith (1972) is estimated as approximately 12 per 

milligram of ice. Therefore, present results, show lower production of 

ice particle than the previous studies in terms of dN/dm. 

If grazing collisions were the cause of secondary ice particle 

production, the data should show larger values of dN/dm and smaller 

values of K when the ventilation velocity and liquid water content 

are increased. However, the results obtained show the opposite, 

namely large dN/dm and small K under the condition of lower ventila-

tion velocity and smaller liquid water content. 

Therefore, it is concluded that grazing collision is not a 

significant mechanism for secondary ice particle production at least 

within the range of present experiments. It may be inferred that even 

if there are phenomena related to a grazing collision, the drops leaving 

the ice remain liquid or are not frozen completely before reaching 

the sugar solution tray. 

According to a study by Hobbs and Alkezweeny (1968), a water 

drop smaller than 50 microns in diameter does not shatter while being 

frozen in free fall. The maximum diameter of water droplets in the 

present study is about 20 microns. This implies that the secondary ice 

particles detected are not due to shatterings of freezing water 

droplets. The data tend to show that the lower the apparent density of 

ice, the higher the number of secondary ice particles. Therefore, the 

most likely mechanism of secondary ice particles for the present 

study is the mechanical fracturing of rimed ice by strong ventilation. 

The results indicate that this mechanism would be effective only 

when ice particles grow in a cloud having a high concentration of cloud 

droplets. 4 6 Simple calculations indicate that for K = 10 and 10 
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approximately 10 and 30 minutes are, respectively, required for the 

concentration to be multiplied by 10. In the calculations the cloud 

-3 was assumed to have 500 cm of cloud droplets with a mean volume 

diameter of 15 microns. (See Appendix II) 

F. Conclusion 

During the rimed growth of ice under the conditions where the 

-1 
ventilation velocities ranged from 2.3 to 4.3 m sec and where the 

temperature was about -7C, the number of secondary ice particles are 

fewer than 10 per milligram of ice. In terms of secondary ice particles 

6 per collision number of water droplets, several 10 of water droplets 

were necessary for the production of one secondary ice particle. This 

leads to the conclusion that the secondary ice particle production 

during the growth of ice by the riming process is not an effective 

mechanism for ice multiplication. 
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Chapter III 

EXPERIMENTS ON SECONDARY ICE PARTICLE PRODUCTION 
DURING THE EVAPORATION OF RIMED ICE 

A. Introduction 

It has been reported that ice whiskers appear on the surface of ice 

which is evaporating. According to the experiments by DeMiche1li and 

Lincenblat (1967), ice whiskers commonly appear during the evaporation 

of ice under several conditions of subsaturation (relative humidities 

of 25, 50 and 80 percent with respect to ice at temperatures between 

-10°C and -22°C). Cross (1969) reported, from the observations of 

evaporating ice with a scanning electron microscope, that polycrystal-

line ice develops a fibrous surface during evaporation. Although these 

experiments were made in still air using ice formed by freezing bulk 

water, it is felt that the effect of subsaturated air on ice needs 

further study from the standpoint of ice multiplication. 

Concerning the mechanical strength of ice it was reported by 

-1 Latham (1963) that when air currents of a few cm sec velocity are 

allowed to flow past frost deposited on a brass disc, small splinters 

are broken off the fragile dendritic crystals. Latham's results show 

that the number of splinters broken off is linearly proportional to the 

-2 air velocity. For an air velocity of 2m sec splinters were ejected 

-1 -2 from the frost specimen at the rate of 16 sec cm • Although it is 

not clear from his article what sizes of frost were exposed to air-

flow or the humidity of the airflow, it shows that ice exists which 

is mechanically fragile enough to be broken off by moderate velocity of 

airflow. 

Circumstantial evidence, as described in Chapter I, indicates 

that before ice multiplication takes place, graupels are usually 
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observed and their high concentration of ice crystals are observed at 

the edges of clouds where the mixing of subsaturated air of the environ­

ment and c10u~ air takes place. 

From the above experimental results and the circumstantial evidence 

of field observations it can be implied that graupe1s which is formed 

by the riming process, may produce secondary ice particles by ventila­

tion with subsaturated air. The purpose of this chapter is to report 

experimental results on the possible production of secondary ice 

particles during ventilation of rimed ice with subsaturated air. From 

preliminary experiments it was found that only the ice with lower 

apparent densities produces significant numbers of secondary ice 

particles during ventilation with subsaturated air. Therefore experi­

ments were conducted mainly on the ice within these density ranges. 

The same experimental system was used for the following experiments 

with an addition of an apparatus to obtain the air having a desired 

relative humidity. 

B. Procedures 

1. Method of experiments 

a. An ice specimen was formed on a rotating bar as described 

earlier. In order to make ice with low density, the cloud water was 

supplied with a slow velocity. The following impaction velocities 

and liquid water contents were used. 
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Apparent 3 Impaction L.W.C. 
density (g/cm ) velocity (m/sec) (g/m) 

0.08 ± 0.02 .45 1.3 

0.12 ± 0.02 .80 1.0 

0.16 ± 0.02 1.20 0.7 

0.22 ± 0.03 1.BO 0.5 

0.30 ± 0.02 4.30 0.3 

The measurements of the apparent density were made by the methods 

described in the previous chapter. 

b. ~fuile an ice specimen was being formed, the air was pulled 

through an ice layer and a heater so that subsaturated air with a con-

stant temperature was produced. The detail of the ice layer will be 

described in the following section. 

c. After an ice specimen grew to about 2.5 mm in mean 

diameter, the supply of cloud water was stopped. The chamber was 

cleaned in the same way as described in Chapter II. 

d. By connecting an air hose from the subsaturated air source 

to the specimen chamber, subsaturated air flowed into the chamber so 

that the ice specimen was ventilated. Secondary ice particles pro-

duced, if any, were detected by observing the sugar solution. 

2. Method for obtaining subsaturated air 

In order to obtain subsaturated air, air from the cold room 

was forced through an ice layer which was made from packed snow. The 

construction of the ice layer is schematically shown in Figure 3-1. 

The snow was packed in a cylinder of one meter high and 20 em in 
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Apparent 3 Impaction L.W.C. 
density (g/cm ) velocity (m/sec) (g/m) 
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filled with antifreeze solution. To obtain the desired subsaturation 

the temperature of the ice layer was changed. To do this, the tempera­

ture of the cold room was kept controlled, so that the temperature of 

the ice layer reached the desired temperature. After the desired 

temperature was obtained, the temperature of the cold room was reset 

to -7°C. Because of the large heat capacity of the systems the temper­

ature of the ice layer changes very slowly. If the temperature of the 

air entering the ice layer was kept slightly warmer than that of the 

ice layer, the temperature change of the air after flowing through 

the ice layer was only about O.2°C per hour. On the other hand, the 

duration of the air flow into the chamber to ventilate the ice specimen 

was a maximum of 10 minutes, so that it can safely be assumed that the 

humidity of the air remained at a constant value during each experiment. 

After flowing through the ice layer, the air was warmed to approxi­

mately -7°C by flowing through a heater, and then supplied into the 

chamber through an insulated tube. 

By measuring the temperature of the air above the ice layer and the 

temperature at 1 cm above the ice specimen, the subsaturation ratio of 

air was calculated. The humidity of the air which passed through the 

ice layer was determined. The dew point of the air was measured under 

similar conditions with experiments using a dew point hygrometer. The 

accuracy of the hygrometer was checked in air with kno~~ vapor pressures 

obtained above Li Cl solutions of different concentrations. The results 

of this examination are given in Figure 3-2. 

In this figure the saturation vapor pressure with respect to ice, 

e
i

, is plotted against the saturation vapor pressure with respect to 
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The former was obtained from the temperature measurement 

of the ice layer; the latter was obtained from the dew point measure-

ment of the air. The figure shows that the vapor pressure of the air 

at the entrance to the chamber can be assumed equal to the saturation 

vapor pressure with respect to ice which was determined from the measure-

ment of the temperature just above the ice layer. However, the result 

of a calibration of the dew point hygrometer showed that dew points 

measured by the instrument had a maximum error of ± .5°C. Therefore, 

the following consideration was made to estimate the error in the 

determination of subsaturation ratio. The error in measurement of 

temperature should be no greater than ± O.ZoC. (This includes the 

error in reading the mercury thermometer). The relationship between 

saturation vapor pressure with respect to ice and temperature is 

approximated by the Clausius - Clapeyron equation 

de s 
e 

s 

L 
s 

R 
v 

(3-1) 

where e is the saturation vapor pressure, L is the latent heat of 
s s 

sublimation, Rv is the gas constant of water vapor, and Ti is the 

temperature of ice. The equation can be written as 
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Therefore, the error in determining the evaporation rate is 

b.p + 
p 

C. The Cause of Fluctuation in Data 

dv 
dt 

= ±O.4 (3-3) 

The data obtained in the experiments showed considerable varia-

tion. This is considered to be caused by the following. 

1. It was generally observed that 60 to 70 percent of the second-

ary ice particles fell into the section of sugar solution tray beneath 

a rotating bar. This implies that the air flow from the upper part of 

the chamber went to the bottom of a chamber before slowly leaving the 

exit as confirmed by an observation of the flow pattern of air in a 

chamber which was conducted by injecting visible smoke. Nevertheless, 

it is probable that a small fraction of secondary ice particles may be 

lost in the following ways. 

a. The particles produced at a later time fall upon the 

section of the sugar solution tray at which the particle previously 

produced has grown large. This effect of overlapping can be large 

when large numbers of secondary ice particles are produced. 

b. Although the volume of the lower portion of the chamber 

is far larger than the volume occupied by an air flow from the upper 

portion of the chamber, a small fraction of the secondary ice particles 

may be lost into walls of the chamber. 

c. The chamber is designed in such a way that when the 

-1 ventilation velocity is 2 m sec ,the velocity of air outgoing through 

the straw-filled exit is about 1 cm sec-1 • If we assume that the 

-3 secondary ice particles have a density of 0.9 g cm with a spherical 
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shape and that the particles fall with a velocity given by the Stoke's 

-1 
law, the size of a particle with terminal velocity of 1 cm sec is 

about 20 microns in diameter. Therefore, the secondary ice particles 

less than 20 microns in diameter can be carried to the exit and may 

exit with the outgoing air. 

Although these three effects are considered to be minor, they give 

uncertainty to the data. 

2. Because of a random nature of the accretion process, ice 

formed by the present method is not identical for each experiment, even 

though it is classified into different apparent densities based on the 

condition of formation. As will be seen later, ice which produces a 

large number of the secondary ice particles has a microscopically 

irregular shape. Since this irregular shape is one of the factors 

necessary ~or the production of the secondary ice particles, it may be 

inevitable that variations in the data occur. 

3. In addition, as have been described, the errors in estimating 

the evaporation rate and the occasional fluctuation in ventilation 

velocity would contribute to the variation in the data. 

D. Results and Discussions 

1. Appearance of ice used. 

The photographs of ice grown on a rotating bar are shown in 

Figure 3-3. These photographs were taken through a window of the 

chamber by using a camera with close-up ring. It can be seen that 

the lower the apparent density, the more feathery the appearance of 

the ice. The surface of the ice is not smooth but is protruded. 
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Microphotographs of part of the surface of these ice cylinders 

with different apparent density are shown in Figure 3-4. These photo-

graphs were taken with a microscope by immersing an ice cylinder into 

liquid hexane after the ice was grown on a rotating bar. It is 

seen that with the lower apparent density, the water droplets are the 

more lightly attached to each other; and there are many spaces 

between protrusions. The photograph of the ice cylinder of apparent 

-3 density 0.33 g cm shows a quite different character compared with the 

other photographs. This different appearance is probably caused by the 

larger impaction velocity than for those ice cylinders with lower 

apparent density. The water droplets are distorted and are packed more 

heavily in the case of high impaction velocity. It should be pointed 

out that the microphotographs of the ice cylinders of low apparent 

-3 densities « 0.22 g cm ) resemble lump graupel observed in the 

atmosphere (see Plate 138 of Magono and Lee, 1966). 

The contribution of deposition growth to the formation of these 

ice is considered as follows. For ice with a cylindrical shape the 

rate of deposition of vapor per unit area is given by 

1 dm 
A dt = 

x D8p (Sh) 
d 

(3-4) 

where x is the coefficient of surface roughness of the ice cylinder, 

D is the diffusivity of water vapor in air, 8p is the difference 

between vapor density of air containing cloud water and that over ice, 

Sh is the Sherwood number, and d is the diameter of ice (Macklin, 1962). 

The equation (3-4) is derived from the similarity of vapor diffusion 
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and heat transfer. Within the range of experiments the Sherwood number 

which expresses the effect of convection, can be written as 

Sh = 0.615Re· 466 

where Re is the Reynolds number (Gebhart, 1961, Kreith, 1973). 

p ·d·v 
Re = _d_'v_ = _a __ 

v n 

where v is the kinematic viscosity of air, d is the diameter of a 

cylinder, v is the impaction velocity of cloud water, p is the 
a 

density of air, and n is the dynamic viscosity of air. The mean 

(3-5) 

(3-6) 

growth rate per unit area within the range of experiments is given by 

d + d -.534 
i :~ = .257 x v·

466 
( 0 2 1) bp (3-7) 

Here, do is the initial diameter of a rotating bar (0.1 cm) and dl is 

the final diameter of the ice cylinder (0.25 cm). Within the range 

of the experiments the surface temperature of the growing ice is only 

several tenth degree warmer than that of the ventilating air containing 

cloud water. Therefore, the vapor pressure of the ventilating air is 

larger than the vapor pressure over the surface of an ice cylinder. 

Consequently, the ice cylinder grows simultaneously by the deposition 

and by the riming process. The mean growth rate by deposition is 

calculated for ice cylinders having different apparent densities. 

Since no data are available on x, it is assumed that x = 1. Since 

the surface of ice at the initial stage of the growth is smooth, the 

assumption of x = 1 should be reasonable, but x should become larger 
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than 1 after the surface of ice becomes protruded. Therefore, the 

deposition growth rates can be larger than those given in Table 3-1. 

On the other hand, the total growth rate (deposition growth plus 

accretion growth) for an ice cylinder to grow 2.5 mm in diameter is 

obtained from experiments by measuring the weight of the ice and the 

time necessary for an ice cylinder to grow to 2.5 mm. The mean total 

growth rate per unit area is expressed by 

1 dm = M/{~( 0 l)~} 
I 

d~ 

A dt T t 2 
(3-8) 

where M is the weight of ice, t is the time necessary for ice to grow 

to the diameter, dl;do is the initial diameter of a bar; and ~ is the 

length of ice. The values obtained by the equation (3-8) are also 

given in Table 3-1. 

In the table the ratio of deposition growth rate to total growth 

rate is also given. It is seen that for the ice with lower apparent 

density, the growth due to deposition is considerably larger. This may 

be a partial reason for the appearance of ice with lower apparent density 

as shown in Figure 3-4. It should be noted, however, that since the 

value of x in the equation (3-7) is unknown, the ratios calculated are 

admittedly estimates. 

2. Evaporation rate of ice 

In order to obtain the production rate of secondary ice 

particles per unit mass of ice evaporating under the ventilated condi-

tion, the evaporation rate was measured for each experiment. Since it 

was known from preliminary experiments that only ice with a low apparent 

density produces secondary ice particles, the experiments were mainly 

conducted on ice with low apparent densities. 
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rate is also given. It is seen that for the ice with lower apparent 

density, the growth due to deposition is considerably larger. This may 

be a partial reason for the appearance of ice with lower apparent density 

as shown in Figure 3-4. It should be noted, however, that since the 

value of x in the equation (3-7) is unknown, the ratios calculated are 

admittedly estimates. 

2. Evaporation rate of ice 

In order to obtain the production rate of secondary ice 

particles per unit mass of ice evaporating under the ventilated condi-

tion, the evaporation rate was measured for each experiment. Since it 

was known from preliminary experiments that only ice with a low apparent 

density produces secondary ice particles, the experiments were mainly 

conducted on ice with low apparent densities. 
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Table 3-1. The growth rate of an ice ey:inder with different densities. 

Calculated 
Apparent deposition (A) Total B 
density growth rate growth rate( ) 
(g/em) -2 

(g em 
-1 sec ) -2 

(g em 
-1 

sec ) A/B 

0.08 4.28 x 10 -7 2.19 x 10 -6 .20 

0.21 5.55 x 10 -7 4.10 x 10 -6 .13 

0.16 7.15 x 10-7 4.84 x 10 -6 .15 

0.22 6.02 x 10 -7 1.00 x 10 -5 .06 

0.30 6.95 x 10 -7 2.21 x 10 -5 .03 
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Figure 3-6, a - d show the evaporation rate of ice with the 

-3 
apparent densities 0.08, 0.12, 0.16 and 0.22 g cm ,respectively. 

The evaporation rates of ice are plotted as a function of saturation 

ratio with respect to ice. These data were obtained under a condition 

-1 of ventilation velocity 2 m sec • Although the data are variable, 

these figures clearly show that the evaporation rate increases with 

decreasing saturation ratio. From a comparison among the figures, 

it is seen that there is no difference in the evaporation rate as a 

function of ice density within the range of the apparent density of 

ice used in the experiments. 

-1 
In the case of d = 0.23 cm, v = 2 m sec ,and ~ = 1.0 cm, which 

is an average condition of the experiments, the total evaporation rate 

is from equation (3-4) given by 

dm 2 -1 
dt ~ 2.89 • 10 ~p [g·min ] (3-9) 

The evaporation rate for x = 1 calculated from this equation is plotted 

in Figure 3-5, a-d. It is seen that the evaporation rates obtained 

in the experiments were greater than the calculated values. This 

discrepancy becomes greater at lower saturation ratios. This may be 

explained by the fact that the ice used in the experiments had a larger 

surface area exposed to the air flow than an ice cylinder with a smooth 

surface because the ice used in the experiments had protruded surfaces. 

It can be seen from the figures that if the value of x is assumed to be 

3, the evaporation rates calculated by (3-9) coincide with the experi-

mental values of dm/dt. However, it should also be pointed out that 

if the saturation ratio is lower, the mass decrease of ice is not 

only caused by the evaporation process but also by the production of 
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secondary ice particles due to ventilation. The mechanism of the 

production of secondary ice particles will be described later. 

3. Secondary ice production rate as a function of saturation 
ratio and evaporation rate 

Figure 3-6, a - d show the secondary ice production rate per 

1 dN 
unit area, A dt ' as a function of saturation ratio with respect to 

-3 ice with an apparent density of 0.08 and 0.12, 0.16 and 0.22 g cm , 

respectively. All of the experiments were made under the ventilation 

-2 velocity of 2 m sec Since the surface area of ice changes with time 

by the evaporation of ice, the mean surface area is used to calculate 

1 dN A dt assuming that the shape of ice is perfectly cylindrical. 

From these figures it is clear that the rate of secondary ice 

particle production increases with decreasing saturation ratio, at 

least to the saturation ratio of 0.6. If a saturation ratio 

decreases further, the rate of secondary ice particle production 

tends to decrease. This is probably due to the complete evaporation of 

secondary ice particles with smaller size before reaching the sugar 

solution tray. It should also be pointed out that ice with a lower 

apparent density produces larger numbers of secondary ice particles. 

In a series of these experiments, the number of background ice nuclei 

was checked twice a day by sucking subsaturated air through the sytem 

without an ice specimen. The number of background ice nuclei and also 

splinters and fragments from the chamber walls at a ventilation velocity 

-1 of 2 m sec was always less than 1 per minute. Therefore, the effect 

of ice nuclei in the air and ice particles from the ice layer can be 

neglected. 
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It is interesting to compare these results with Latham's (1963) 

experiments. By ventilating frost ice formed on a brass disc by 

-2 -1 deposition, he obtained 16 cm sec when the ventilation velocity 

-1 
was 2 m/sec (saturation ratio of the air was not reported in the 

paper). Latham's value is about one order of magnitude larger than the 

present results. The frost ice in his experiment may have been 

mechanically more fragile than the ice formed by the riming process 

in this work. 

Figures 3-7, a - d show the secondary ice production rate as a 

function of the evaporation rate for ice of apparent densities of 0.08, 

3 0.12, 0.16 and 0.22 g/cm ,respectively. Although, there is consider-

able scatter in the data, it is seen that the secondary ice production 

rate, dN/dt, increases with increasing evaporation rate. 

The secondary ice production rate per unit mass of evaporating 

ice, dN/dm, was calculated by using the data for Figures 3-5, a - d 

and Figures 3-7, a-d. The secondary ice production per unit mass of 

evaporating ice is shown in Figures 3-8, a-d. 

The comparison of Figures 3-8, a - d indicates that dN/dm is also 

larger for lower apparent densities of ice. The maximum number of 

5 secondary ice particles per unit mass is as high as 2 x 10 per gram 

3 of ice for the ice of apparent density 0.08 g/cm. dN/dm becomes a 

maximum when the subsaturation ratio is around .65 or .75. When the 

subsaturation ratio of air is high, dN/dm becomes small. 

4. Effect of ventilation velocity 

From the results shown in the previous section, it is clear 

that the lower the apparent density, the larger the magnitude of dN/dm 

and that the maximum of dN/dm is obtained when an ice cylinder is 
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ventilated with the air at .65 or .75 of the saturation ratio with 

respect to ice. Therefore, in order to examine the effect of ventila-

tion velocity on secondary ice production rate, ice with an apparent 

3 density of 0.08 g/cm was chosen for examination under several ventila-

tion velocities. The results are given in Figure 3-9. 

The figure shows that ventilation velocity is a dominant factor 

in the production of secondary ice particles. The secondary ice 

production rate increases with increasing ventilation velocity within 

the range of the experiments. In order to examine this, dN/dt ob-

tained at ventilation velocities of 0.5, 1.0, and 1.5 m/sec, are 

plotted as a function of dm/dt in Figure 3-7a (page 56). This 

figure clearly indicates that dN/dt is smaller ventilation velocities 

even when dm/dt is of the similar magnitude • . 
5. The effect of the apparent densities of ice 

Using the data obtained for a ventilation velocity of 2 m/sec 

and subsaturation ratio of air between 0.65 and 0.75, the variation in 

secondary particle production as a function of ice density has been 

determined and is shown in Figure 3-10. This figure shows that the 

secondary ice production rate is nearly constant to densities up to 

-3 .22 g cm and then decreases drastically for ice with high apparent 

density. The reason for this decrease is attributed to the physical 

characteristics of the ice having high apparent density. As it is 

seen in Figure 3-4, the appearance of the ice having apparent density 

-3 0.33 gm cm is quite different from those of the ice having lower 

apparent densities. In the case of the ice of apparent density 

-3 0.33 gm cm ,the water droplets are packed more heavily, and therefore 
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the ice appears to be more mechanically stronger. The smaller perme-

ability of air through the ice may be also one of the reasons for this 

decrease. 

6. The size distribution of secondary ice particles 

In order to obtain the size distribution of secondary ice 

particles, slide glasses coated with silicone oil were placed at the 

bottom of the chamber. To obtain sufficient numbers of secondary ice 

particles in a small area of the slide glass so that the size distri-

bution and shape could be studied, several ice specimens with apparent 

3 density of 0.08 g/cm were ventilated at 2 m/sec with air of subsatura-

tion ratio between .65 and .75. 

Figure 3-11 is a photograph taken under the microscope. These 

ice particles are irregular in shape. 

The size distribution obtained from these microphotographs is 

shown in Figure 3-12. In this figure the diameter, D, is defined as 

the length of the average of maximum and minimum dimensions of a 

particle. In the same figure the curve of accumulated percent is also 

drawn, which shows that 50 percent of the particles are smaller than 

10 microns. It can be seen from the microphotographs that the smallest 

particle is about 5 microns in diameter and the largest is about 

60 microns. However, it is possible that there are particles smaller 

than 5 microns because the smallest size that can be identified on the 

photograph is about 5 microns. By assuming that particles are 

spherical the mean volume diameter of these secondary ice particles 

was calculated to be about 16 microns. However, the size distribution 

shown in Figure 3-12 should be regarded as a crude one with the 

following reasons: The distance from the ice cylinder to the bottom 
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Figure 3-11. Microphotographs of secondary ice particles. 
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of a chamber is 27 cm. Although the air flow from the upper part of 

the chamber goes to the bottom of a chamber before diffusing into the 

lower part of a chamber, the air stream expands after passing the 

ice cylinder. It may be a reasonable assumption that secondary ice 

particles reach to the bottom at 0.5 seconds after they are produced. 

Using the diffusion-growth equation of a spherical ice, the decrease 

in the diameter of an ice particle due to the exposure to subsaturated 

air for 0.5 sec is calculated. The results are shown in Figure 3-13. 

In the figure, the final diameter, Df , is drawn as a function of the 

initial diameter, Di • Here, Df is the diameter of an ice particle 

after it has been exposed to subsaturated air for O.S sec. Saturation 

ratio of the air is taken as a parameter. The average saturation ratio 

of the air was 0.7 with respect to ice when the particles were collected. 

Using Figure 3-13, it can be estimated that secondary ice particles 

initially smaller than 7 microns cannot reach to the bottom of a chamber 

and that the particle initially smaller than 8.7 microns could not be 

observed. 

Although it is impossible to make a quantitative estimate, it can 

be inferred that the size distribution shown in Figure 3-12 gives 

smaller fraction at the range of small diameter than that actually 

produced at the surface of ice. It may be also inferred that the 

numbers of secondary ice particles counted in the present study are 

the number smaller than those actually produced at the surface of ice. 

7. The mechanism of secondary ice production 

It has been shown that ice which produces secondary ice 

particles has a featherly appearance and that the surface of such ice 

is protruded. Using a microscope it was observed that under the 
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conditions of ventilation with subsaturated air, the protruded parts 

become thin by evaporation and are blown off. It was also generally 

observed that after the protruded parts disappear as a result of 

exposure to subsaturated air flow, the secondary ice production rate 

from ice becomes smaller. To demonstrate this time dependence, the 

accumulative number of secondary ice particles with time are plotted 

in Figure 3-14. Four cases with different ventilation velocities are 

shown. For the ventilation velocities of 1.5 m/sec and 2 m/sec large 

fraction of secondary ice particles are produced within 2 minutes 

after the exposure to subsaturated air. On the other hand, for smaller 

ventilation velocities the number increases slowly with time. This 

can b,a explained by the following. The drag force per unit area 

exertl~d on the ice by ventilation is expressed by 

where CD is the coefficient of fra.ctiona1 drag, v is the ventilation 

ve10c:tty, Z is the roughness coefficient and p is the density of air. 
a 

Ice h'1S more protruded parts on its surface and consequently a larger 

value of Z at the beginning stage than after it has been ventilated 

by subsaturated air. Therefore, ice receives a stronger drag force 

at the beginning stage of the exposure to subsaturated air than after 

it becomes smaller and smoother due to evaporation. 

From the above considerations, the following conditions must be 

simultaneously present for ice to produce a large number of secondary 

ice particles. 

a. Ice must be lightly packed and the surface of the ice 

must be protruded. The protrusions are essential features of ice 

which is formed by riming process. 
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b. Ice must be evaporated under the condition of ventilation 

-1 
with velocity larger than 1.5 m sec • 

c. The saturation ratio of air must be lower than .8 

(with respect to ice). 

E. Chapter Summary and Conclusion 

1. Summary 

The effects of ventilation by subsaturated air on ice specimens 

formed by the accretion process were reported as a possible mechanism 

of ice multiplication, in this chapter. The following findings should 

be emphasized. 

a. The appearance of ice which produces a large number of 

the secondary ice particles is feathery. Microscopic examination shows 

that the surface parts of such ice are similar to those found on lump 

graupel observed in the atmosphere. 

b. Under similar condition of ventilation velocity and 

saturation ratio of the ventilation air, ice specimens with a lower 

apparent density tend to produce a larger number of the secondary ice 

particles. For an ice specimen with the apparent density p = 0.08 g/cm3, 

a number of the secondary ice particles as high as 2 x 105 per gram of 

evaporating ice were observed. This occurred w~en the ice formed on 

-1 a rotating bar was ventilated with velocity of 2 m sec The satura-

tion ratio of air was 0.66 with respect to ice. With an increase of 

apparent density, the number of the secondary ice particles per unit 

mass was observed to decrease. 

c. Under the condition of a constant ventilation velocity 

-1 (2 m sec ), the production rate of secondary ice particles increases 
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with decreasing saturation ratio of air at least to the saturation 

ratio of 0.6. If a subsaturation decreases further, the rate tends to 

decrease. 

d. The secondary ice production rate decreases with 

decreasing ventilation velocity under the similar condition of sub-

saturation ratio of the air. 

e. It was also found that the secondary ice production rate 

increases with increasing evaporation rate of ice under a constant 

ventilation velocity. However, the comparisons of the data for the 

similar magnitude of evaporation rate show that the secondary ice 

production rate decreases with decreasing ventilation velocity. 

f. From the above findings it was concluded that the 

mechanical break-up of protruded parts on the surface of ice specimen 

being evaporated due to ventilation is responsible for the secondary 

ice particle production. It should be emphasized that preferred 

combinations of ventilation velocity, subsaturation ratio of air and 

apparent density of ice are required for ice to produce a large number 

of the secondary ice particles. Within the range of the present experi­

-1 
ment the combination of ventilation velocity, 2 m sec ,subsaturation 

-3 ratio, 0.65 - 0.75, and apparent density, 0.08 g cm was the one which 

produced the largest number of the secondary ice particles. 

g. The shapes of secondary ice particles were irregular and 

the equivalent mean volume diameter was about 16 microns. 

2. Conclusion 

The purposes of the experiments were first to examine a 

possible role of the interaction of ice formed by the riming '.lrocess and 
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subsaturated air on ice multiplication and second to study the physical 

mechanism responsible for secondary ice particle production due to the 

interaction. 

It was found that ice with a low apparent density formed by riming 

process produced a large number of secondary ice particles when it was 

ventilated with subsaturated air. The production rate of secondary ice 

particles by this process is one or two orders of magnitude greater 

than that from ice while it is growing by the riming process. 

It was found that a mechanical break-up due to ventilation of 

protruded parts on the surface of ice is responsible for the production 

of a large number of secondary ice particles. 
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Chapter IV 

GRAUPEL PARTICLES IN THE ATMOSPHERE 

A. Introduction 

In the previous chapters the experiments on secondary ice particle 

production by the riming process and evaporating process of ice were 

described. It was found that the production rates of secondal~ ice 

particles from evaporating ice were one or two orders of magn:f.tude 

greater than those from growing ice by the riming process and produced 

5 up tC) 2 x 10 secondary ice particles per gram of evaporated j.ce. This 

chapter considers whether physical conditions necessary for tIle pro-

duct ion of secondary ice particles by this process exist in the 

atmosphere. According to the experiments in Chapter III, it "1as con-

cludE!d that the physical mechanism responsible for the production of 

a large number of secondary ice particles is the mechanical bl:eak-up 

of the surface parts of rimed ice with a low apparent density while 

the ice is being evaporated. The combination of the drag force due to 

vent:f.lation and fast evaporation of the ice due to the exposure to 

subsaturated air was considered to cause the mechanical break-up. 

In the atmosphere some of the graupel particles which are formed 

by the riming process of ice crystals or frozen droplets seem to have 

similar physical characteristics to the rimed ice used in the experi-

ments. An initial step in evaluating the likelihood that similar 

secondary ice production occurs in the atmosphere involves; (1) an 

evaluation of the probable occurrence of apparent rimed ice densities 

as low as those used in the laboratory experiments, (2) comparison 

between drag forces acting on ice used in the laboratory, (3) the 

evaporation rate of graupel particles, and (4) the possibility of the 

presence of subsaturated air in and around cumulus clouds. 
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Figure 4-1. Densities of graupe1 particles as a function of their 
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B. Density of graupel 

1. Observational results in field 

Measurements of the density of the graupel have been reported 

by several authors (Nakaya and Terada, 1935, Bashkirova and Pershiana, 

1964, Maruyama, 1968, and Zikmunda and Vali, 1972). All the measure-

ments were conducted in the wintertime on the ground by measuring 

the equivalent diameter of a graupel particle and its mass. In 

Figure 4-1 the density of the graupel as a function of the equivalent 

average diameter obtained by these authors is summarized. The densi-

ties of graupel vary considerably, suggesting that graupel densities 

change in response to variations of cloud temperatures, cloud drop 

size distributions and liquid water contents. The large variation 

in the density may also be caused by different methods of measurements. 

Nevertheless, the figure shows that the density of graupel can be 

-3 as low as 0.1 g cm • Furthermore, it should be noted that the exam-

ination of an individual sample obtained by Nakaya and Terada showed 

-3 density of graupel as low as 0.04 g cm • 

For comparison, the average density of snowflakes obtained by 

Magono and Nakamura (1965) is also cited in the figure. Their data 

include both dry and partially melted snowflakes. The snowflake 

density data of these authors were reanalyzed with all the wet snow-

flake data eliminated by Holroyd (1971). The result is also cited 

in the figure showing that the density of dry snowflakes is less than 

-3 0.1 g cm • 

2. Calculation of the density of graupel 

In order to understand the effects of various physical factors 

on the density of a graupel, the density of a graupel is calculated as 
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a function of its size. Although the assumptions below are far from the 

conditions in a real cloud, some useful implications can be drawn from 

the calculation. The following are the assumptions made: 

a. The graupel particles grow only by the riming process from 

frozen water droplets with an initial diameter of 100 microns. 

b. The shape of the graupel particles is spherical throughout 

their growth. 

c. Liquid water in the cloud accretion zone is constant 

-3 (three cases, L.W.C.=0.5, 1.0, and 2.0 gm are considered.) 

d. The cloud droplets are homogenous (three cases, the median 

volume r=5, 10, and 15 microns are considered.) 

e. The temperature of the cloud accretion zone is constant 

(two cases, Ta=-5 and -10°C are considered) 

f. The density of rimed ice as a function of a parameter 

(-rv ITs) o 0.76 rv 
p = 0.11 (- ~) 

Ts 
-3 g cm (4-1) 

is used (Macklin, 1962). -3 Here, p is the density of ice in g cm ,r 

is the median volume radius of cloud water droplets in microns, v is 
o 

the impaction velocity of cloud water to a graupel particle in 

-1 
m sec ,and Ts is the average surface temperature of a growing 

graupe1 in C. 

g. The fall velocity of a graupel is expressed by 

v = 286dO. 44 , d in cm 

This is an approximatE equation based on those obtained for 

graupels by Zikumunda and Vali (1972) (see Figure 4-2). 
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Figure 4-2. Terminal velocities of graupel particles 
as a function of their diameters. 
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The average surface temperature, T , of a growing graupe1 particle 
s 

is calculated by the heat balance equation (Mason, 1971). 

E R2 VoW{Lf + Cw (Ta-Tm) + Ci (Tm-Ts)} 

2~Rx(2 + 0.54 Re1 / 2){(k (Ts-Ta) + Lv ~pv)} 

Where: 

E = the collection efficiency 

R radius of a graupe1 particle 

V = impaction velocity 
0 

W = liquid water content of a cloud 

Lf latent heat of fusion 

Lv latent heat of vaporization 

Cw specific heat of water 

Ci = specific heat of ice 

Ta = temperature of an environment 

Tm melting temperature of ice 

Ts temperature of the surface of a graupe1 particle 

x roughness coefficient of the surface of a graupe1 

Re = the Reynolds number 

k heat conductivity of the air 

K diffusivity of water vapor 

(4-3) 

pv the difference of vapor density between the surface of a growing 
graupe1 particle and the environment. 

The collection efficiency, E, defined by Langmuir and Blodgett (1946) 

was used. 

83 

The average surface temperature, T , of a growing graupe1 particle 
s 

is calculated by the heat balance equation (Mason, 1971). 

E R2 VoW{Lf + Cw (Ta-Tm) + Ci (Tm-Ts)} 

2~Rx(2 + 0.54 Re1 / 2){(k (Ts-Ta) + Lv ~pv)} 

Where: 

E = the collection efficiency 

R radius of a graupe1 particle 

V = impaction velocity 
0 

W = liquid water content of a cloud 

Lf latent heat of fusion 

Lv latent heat of vaporization 

Cw specific heat of water 

Ci = specific heat of ice 

Ta = temperature of an environment 

Tm melting temperature of ice 

Ts temperature of the surface of a graupe1 particle 

x roughness coefficient of the surface of a graupe1 

Re = the Reynolds number 

k heat conductivity of the air 

K diffusivity of water vapor 

(4-3) 

pv the difference of vapor density between the surface of a growing 
graupe1 particle and the environment. 

The collection efficiency, E, defined by Langmuir and Blodgett (1946) 

was used. 



84 

The average density of a graupe1 particle with diameter, D, is 

obtained by 

p 

D 

f 
o 

2 
pD dD 

-~--------

fDo D2dD 

(4-4) 

The results of the calculations are shown in Figure 4-3, a ~ f. Several 

implications can be drawn from these figures. The lower the temperature 

of the cloud, the lower the density of the graupe1. The accretion of 

larger cloud water droplets produces a higher density graupel. A 

graupel particle grown in a cloud with lower liquid water content has a 

lower density than one grown in a cloud with a high liquid water content. 

The figures show that at the initial stage of its growth, the density 

of a graupe1 particle is low. This results from the small velocity 

of a small particle. As riming proceeds, the impaction velocities of 

water droplets increase, and the temperature of the surface of a 

graupe1 particle becomes warmer, so that rimed water drops spread more 

before freezing. Consequently, the average density of a graupe1 

increases with the increasing diameter. Although graupe1 particles 

observed in the atmosphere are generally formed by the riming of ice 

crystals, the calculations imply that riming on a frozen water droplet 

also produces a low density graupe1. 

From both the observational results and the calculations it can 

be concluded that graupe1 particles of a density lower than 0.2 g cm-3 

are commonly present in the atmosphere and that densities lower than 

-3 0.1 gm cm should not be unusual. However, the following fact should 

be reminded: In the atmosphere graupe1 tend to fall in a constant 
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Figure 4-3c,d. Calculated densities of graupel ~articles as a function 
of their diameters. w = 1.0 glm . 
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Figure 4-3e,f. Calculated densities of graupel ~articles as a function 
of their diameters. w = 2.0 glm • 
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orientation. Consequently the density of the portion which is faced 

toward the falling direction becomes larger than that of the portion 

faced the opposite direction. This is due to the higher collection 

efficiency of the portion which is faced toward the falling direction. 

the non-uniformity in the density have been observed on conical graupel 

by Arenberg (1941), Maruyama (1968) and Knight and Knight (1973). On 

the other hand, the rimed ice used in the present study was formed under 

the condition such that all the surface were uniformly exposed to the 

stream of cloud water. Therefore the density of ice shodld be~more 

uniform. This difference in the physical characteristics of ice may 

yield different result in the occurrences of secondary ice particles 

through the evaporation process of ice. 

C. Drag Force 

It was shown in the previous chapter that the drag force acting on 

an ice specimen was one of the important factors for the production of 

secondary ice particles while the ice specimen are ventilated with 

subBaturated air. 

The drag force per unit area acting on a body is generally 

expressed by 

FD 1 2 
- = - ZC P v A 2 D a (4-5) 

Where Z is the roughness coefficient, CD is the drag coefficient Pa is 

the density of air, and v is the ventilation velocity. The comparison 

of the drag force per unit area on an ice specimen in the experiments 

and on natural graupel particles will now be considered. 
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1. Ice cylinder 

Using the Cn-Re relationship for a cylinder given by Goldstein 

(1965) the drag forces per unit area on an ice cylinder in the experi­

-2 ments are estimated to be 23.6, 14.3, 6.6, and 1.7 dynes cm for 

-1 ventilation velocities of 2.0, 1.5, 1.0 and .5 m sec ,respectively. 

It is assumed that Z is equal to 1. These values are for a temperature 

of -7°C and a pressure of 850 mb. The values of Cn used for the cal­

culations are for a cylinder with a smooth surface in an infinite flow. 

The surfaces of the ice cylinders in the experiments were not smooth 

but protruded. Therefore, the surface roughness coefficient, Z, should 

be larger than 1. On the other hand, if the ratio of length to 

diameter of a cylinder is finite (in the experiments, £/d ~ 4), Cn 

becomes smaller. Therefore, it is assumed here that these opposite 

effects offset each other. 

2. Graupel 

For graupel the Cn-Re relationships were obtained by Zikmunda 

and Vali (1972). The relationships were given by the following equa-

tions: 

98.41 Re-· 77 , for lump graupe1 (4-6) 

73.35 Re-· 73 , for conical graupel (4-7) 

The terminal velocities given in Figure 4-2 are used to calculate the 

drag force per unit area of a graupe1. It is assumed that graupel 

particles observed by Nakaya and Terada, and Bashkirova and Pershina 

were of the lump type. The calculations are made for a temperature of 

-7°C and a pressure of 850 mb. 
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The results are given in Figure 4-4. It is clear that over a 

wide range of size, the drag force per unit area on a graupe1 is 

similar in magnitude with that on an ice cylinder used in the experi-

ments. Although the above considerations are based on crude approxi-

mations, it may be inferred that graupe1 particles in free fall 

rece:lve a similar drag force per unit area as that effective in pro-

duction of secondary ice particles from an ice specimen used in the 

experiments. 

D. Evaporation Rate 

Another important factor in the production of the numerous 

secondary ice particles from an ice specimen was the large evaporation 

rate of the ice specimen. In order to compare the results of the 

experiments, the evaporation rate per unit area of graupe1 particles 

will be considered here. 

1. Ice Cylinder 

For an ice cylinder the evaporation rate per unit area is 

given by the equation (3-9). It has been shown in Figure 3-5 that the 

experimental results of the evaporation rate, which were obtained 

-1 under a condition of ventilation velocity of 2m sec ,were about three 

times greater than those calculated for an ice cylinder with a smooth 

surface. Therefore, within the range of experiments, the coefficient 

of the surface roughness, x, should be written as 3. For a comparison 

of the evaporation rate it is convenient to use the quantity 

(O.615Re· 466) 
y = x d (4-8) 

which is dependent on the dimension of an ice specimen and ventilation 
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(O.615Re· 466) 
y = x d (4-8) 

which is dependent on the dimension of an ice specimen and ventilation 
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intensity. For an ice specimen in the experiment this quantity is 

calculated as 109 cm-l and 96 cm-l for ventilation velocities of 2.0 

-1 and 1.S m sec ,respectively. 

2. Graupel 

Assuming that a graupel is spherical, an equation similar to 

equation (4-8) can be written (Mason, 1971). 

2 + 0.S4Rel / 2 
y x ( d ) (4-9) 

The fall velocities for graupel obtained by Nakaya and Terada (193S), 

Bashkirova and Per shira (1964), and Zikmunda and Vali (1972) are used 

for the calculation of this quantity, assuming that graupel have smooth 

surfaces (x=l). The results are given in Figure 4-S. It is seen that 

the evaporation rate per unit arE!a for graupel particles decreases with 

increasing size and that even under the assumption of x=l, the value of 

Y is larger than that for the ice cylinder for particles smaller than 

800 microns. The surface of a gl~aupel, especially one of low density, 

is by no means smooth but protruded. Therefore, the coefficient of 

surface roughness should be larger than 1 and could be as large as 3. 

So, it can be concluded that if graupels are present in a similar 

degree of subsaturation; they arE~ evaporated with a rate per unit area 

similar to those in the experiments. 

E. Presence of Subsaturated Air in and Around Clouds 

In the previous section it was implied that graupel particles 

in natural clouds may produce secondary ice particles if they are ven-

tilated with subsaturated air. Therefore, the structure of clouds 

should be reviewed briefly with special attention to evaluate the 

possibilities of the presence of subsaturated air in and around clouds. 
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Fluctuations of various properties (temperature, L.W.C., and air 

speed) with respect to time and space within clouds, especially of 

cumulus clouds, are well known. The predominant horizontal scales of 

these fluctuations for hurricane clouds, revealing two peaks in cloud 

properties centered most frequently around 2.5 and 5 to 6 cycles a 

mile, have been examined by Ackerman (1967). More rapid fluctuations 

in visibility were reported by Weickmann and aufm Kampe (1953). Visi­

bility in a cumulus cloud varies largely over distances of a few meters. 

The measurements of liquid water content indicate that cloud 

processes are far from adiabatic, and a dominating role is played by 

the admixture of dry air from outside the cloud (Squires, 1958, Warner, 

1955, and 1970). Squires reported that out of nearly a thousand 

samples of water droplets taken in cumuli, about eight percent of them 

did not have any water droplets; more than half of these were isolated. 

Cloud droplets were found about 200 m away from each side of the 

region of where no liquid water was found. From the study of size 

distribution of cloud droplets Warner (1970) found that bimodel size 

distributions of cloud water droplets are not unusual. Warner sug­

gested that the development of a bimodel distribution is found not 

only around the edge of a cloud but also inside the cloud. Warner's 

explanation for this bimodel size distribution is as follows: If a 

parcel of cloudy air, containing drops whose size distribution has only 

a single mode, is mixed with subsaturated environmental air, all the 

drops will decrease in size. Subsequent mixing of this parcel with 

some of the original cloud will result in the development of a bimodel 

drop-size distribution in the mixture. Records of cloud traverse in his 
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report show that low or null liquid water content is generally in down­

draft regions, sometimes of considerable horizontal extent (three to 

four hundred meters). These observational results show that a cumulus 

cloud contains pockets of subsaturated air. 

Apart from the results of microphysical observations in clouds 

there is additional evidences to support the fact that considerable 

mixings take place in and out of the clouds and that subsaturated air 

exists in the clouds. It is well known that the lapse-rate of tempera­

ture in a cumulus cloud is steeper than the wet adiababic. Stomme1 

determined the fractional amount of the entrainment, level by level. 

The results of his calculation indicate that in the trade wind clouds 

stud:f.ed the amount of entrainment frequently corresponded with a 

doubling of the mass flux of the rising air in 1 km ascent. Ma1kus 

(1954) made improved calculations of entrainment for a trade wind 

cumulus cloud by using the data which were obtained by an airplane 

observation through a cloud. In her paper she distinguished gross 

entrainment and dynamic entrainment. Gross entrainment was defined as 

the total amount of environmental air mixed with cloud air, while 

dynanlic entrainment was defined as the difference between gross entrain­

ment and detrainment. The former corresponds to the entrainment de­

fined by Stomme1, and the latter was originally introduced by Austin 

and Fleisher (1948). Gross entrainment calculated by Ma1kus was 

consistent with the results obtained by Stomme1. Comparisons of the 

amount of gross entrainment and dynamic entrainment indicated that 

gross entrainment greatly exceeded dynamic entrainment at the top of 

a cloud where the wind shear was large and where the cloud had a 

pronounced backs1ant. This indicates a strong mixing process at the 
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level of a cloud top. Calculations by both Stomme1 (1947) and Malkus 

(1952) were based on the concept that the entrainment is due to tur­

bulent lateral mixing. There are other possible mechanisms which ex­

plain the presence of subsaturated air in clouds: The dry air may not 

have moved far from its original position having mixed in situ with 

the saturated, cloudy air rising from below. This model is closely 

related to the bubble theory of convection developed by Scorer and 

Lud1an (1953), according to which the growth of a cumulus is the result 

of the arrival at condensation level of a succession of buoyant bubbles, 

each of which is steadily eroded as it rises. If other bubbles follow 

the same path through the air, they will penetrate further because the 

ambient air has been moistened by the predecessors; by this process a 

cumulus builds up in steps. Another mechanism was proposed by Squires 

(1958). According to Squires, the dry air may originate from the 

region just above the growing cloud top, entering the cloud as down­

drafts and mixing vertically with the updraft. In other words, a 

parcel of dry air which enters the top of a growing cloud by turbulent 

diffusion will be cooled by the evaporation of liquid water and may 

subside into the cloud. 

It has not been confirmed at the present time which of the three 

mechanisms above is the most dominant one for entrainment. However, 

the implication that subsaturated air exists frequently in the clouds 

with respect to time and space should be emphasized here. 

There are several reports of direct observation of relative 

humidity in clouds (Cunningham, 1958, Cunningham and G1ase, 1965, and 

Simpson and Woodley, 1969). All the records of relative humidity ob­

tained in horizontal transverse flights show considerable fluctuations, 
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indicating the presence of subsaturated air in and around clouds. It 

may be inferred that cumulus clouds are nonuniform in structure with 

respect to space and time and that there are always portions in which 

the air is subsaturated such is the case on the edges of a cloud and 

even inside a cloud. 

Contrary to cumulus clouds, which are characterized by consider-

able mixing with environmental air and, consequently, by nonuniform 

structure with respect to time and space, layer type clouds such as 

stratiform clouds and stratocumulus are usually characterized by verti-

cal velocities of low magnitude and by little mixing with environmental 

air except at the top of clouds. This makes the inside structure more 

uniform than that of a cumulus cloud. 

F. Chapter Summary 

The purpose of this chapter was to examine whether physical condi-

tions which are necessary for the production of secondary ice particles 

by the evaporation of ice exist in the atmosphere. Since a graupel 

particle seems to have similar characteristics as those of the rimed 

ice which were used in the experiments, considerations were made on 

a graupel particle with respect to its density, the drag force acting 

on it, and its evaporation rate. In addition, literatures on the 

studies of cumulus clouds were briefly reviewed with special attention 

to the presence of subsaturated air in the clouds. 

Although the density of a graupel in the atmosphere is highly 

-3 variable, a graupel with a density lower than 0.2 g cm is not unusu-

al. The calculations of the density of hypothetical graupel, based 

on simple assumptions, show that if a graupel does not continue to 

grow to a few millimeters, it could be as low as 0.2 g cm-3 even under 
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the conditions of a cloud temperature of -SoC, a liquid water content 

-3 of 2 g m ,and a mean cloud droplet diameter of 30 microns. If these 

physical parameters are lower than the above values, it is likely that 

-3 
a graupel particle will grow with a density lower than 0.2 g cm 

The results of the calculations show that the drag forces per 

unit area acting on graupel particles are similar in magnitude to the 

drag force per unit area acting on an ice cylinder which is effective 

in the production of secondary ice particles. 

The evaporation rates per unit area of graupel particles in free 

fall are, over a wide range of size, possibly as large as those ob-

tained in the experiments if the particles are exposed to subsaturated 

air. 

The presence of subsaturated air, which is the necessary condition 

for low-density rimed ice to produce numerous secondary ice particles, 

is frequently observed in cumulus clouds at all stages of their growth 

and decay. 

From the above results it can be concluded that physical condi-

tions which are necessary for the production of secondary ice particles 

by the evaporation of ice exist commonly in the atmosphere. 
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Chapter V 

IMPLICATIONS OF THE EXPERIMENTAL RESULTS TO THE ATMOSPHERE 

In the previous chapter the physical conditions necessary for the 

production of secondary ice particles by the evaporation process of 

ice exist in the atmosphere were considered. It was concluded that the 

conditions commonly existed in cumulus clouds. 

It seems likely from the previous considerations that secondary 

ice particles could occur when graupel particles with low densities 

encounter subsaturated air in and around a cloud. If the secondary ice 

partieles produced are then incorporated into saturated regions of the 

c1oud~. they would cause substantial changes in the cloud charaeteristics. 

In this chapter a simple calculation is madL by using the data obtained 

from the experiments in Chapter III to consider the likelihood that 

secondary ice particle production by evaporation of ice is actually a 

mechanism for ice multiplication in clouds. 

Calculation is based on the following concc"t. When a graupe1 

particle encounters subsaturated air in or arot. -1 a cloud, it will 

evaporate and produce secondary ice particles. When there is a mixing 

associated with the subsaturated air, a fraction of the secondary ice 

particles may be incorporated into the saturated air hy the turbulent 

mixing before the particles evaporate completely and, 0nsequent1y, 

multiply the ice particle concentration in the saturE <,0,.1 region. 

The results of direct observation of relative humidity in and 

around cumulus clouds (Cunningham, 1958, Cunningham and G1ase, 1965, 

and Simpson and Woodley, 1969) showed that relative humidity in clouds 

could grow into the environments where relative humidity were smaller 

than 50 percent. Furthermore, it was shown that the gradients of 
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relative humidity from saturated regions of a cloud to subsaturated 

regions have large variation. Therefore, ice multiplication due to the 

secondary ice particle production from evaporating graupel in the air 

having different relative humidities will be considered. Although 

the model is simple, some useful conclusion can be reached. 

A. Model and Procedure of Calculations 

The following are the assumptions made for the calculations. 

1. It is assumed that a spherical graupe1 particle with a 

-3 density of .15 gm cm encounters a subsaturated air. This can typi-

cally occur when a graupe1 particle is carried by turbulent motion from 

inside of a saturated cloud into an adjacent dry environment. 

2. In the subsaturated air, the graupe1 particle evaporates and 

produces secondary ice particles in a manner similar to that observed 

in the laboratory. The subsaturated air, in which secondary ice 

particles are produced, is then mixed by turbulent motion with cloud 

air saturated with respect to water. The humidity of mixed air becomes 

saturated with respect to ice after a certain time, T. The time T 

depends on many factors, for instance, the ratio of mass flux of 

saturated air to that of subsaturated air. 

3. The fall velocity of the graupel particle follows the curves 

given by Nakaya and Terada (1935) for the diameter of a graupel 

particle larger than 2 rom and by Bashkirova and Pershina (1964) for 

that smaller than 2 rom (See Figure 4-2). 

4. The secondary ice particle production rate per unit mass oj 

an evaporated graupel is given in Figure 5-1 which is composed from 

Figure 3-8, a through d. 
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5. The size distribution of secondary ice particles is given in 

Figure 3-12 regardless of the relative humidity of air. Since the 

particles are small, the density of the secondary ice particles is 

-3 assumed to be 0.9 gm cm • 

6. The evaporation rate of a graupe1 particle is given by 

(5-1) 

Here, D is the diameter of the graupe1 particle, S is the saturation 

ratio, Re is the Reynolds number, and A and B are coefficients 

(See, for instance, Byers, 1965). X is a roughness factor. Since the 

experimental results in Chapter III showed that the evaporation rate 

of rimed ice with protruded surface is about three times larger than 

that of ice with smooth surface, X is assumed to be three. 

From equation (5-1), the mass of a graupe1 evaporated within the 

time ~t is written as 

where 

~m = , ' (D3 _ D3 
i 6 n n-1) 

D 
n 

(5-2) 

(5-3) 

7. The saturation ratio, S, changes with time from the initial 

value So to the ice saturation Si. It is assumed that the change 

of saturation ratio proceeds as 

where S is 

Si - So 
S = So + T t 

n 

the saturation ratio of 

the secondary ice particles produced 

air 

at 

T - t n' in the subsaturated condition. 

at the time, 

the time, t , n 

The number of 

particles produced at the time, t , is given by 
n 

(5-4) 

t . Therefore, 
n 

spend the time, 

secondary ice 

102 

5. The size distribution of secondary ice particles is given in 

Figure 3-12 regardless of the relative humidity of air. Since the 

particles are small, the density of the secondary ice particles is 

-3 assumed to be 0.9 gm cm • 

6. The evaporation rate of a graupe1 particle is given by 

(5-1) 

Here, D is the diameter of the graupe1 particle, S is the saturation 

ratio, Re is the Reynolds number, and A and B are coefficients 

(See, for instance, Byers, 1965). X is a roughness factor. Since the 

experimental results in Chapter III showed that the evaporation rate 

of rimed ice with protruded surface is about three times larger than 

that of ice with smooth surface, X is assumed to be three. 

From equation (5-1), the mass of a graupe1 evaporated within the 

time ~t is written as 

where 

~m = , ' (D3 _ D3 
i 6 n n-1) 

D 
n 

(5-2) 

(5-3) 

7. The saturation ratio, S, changes with time from the initial 

value So to the ice saturation Si. It is assumed that the change 

of saturation ratio proceeds as 

where S is 

Si - So 
S = So + T t 

n 

the saturation ratio of 

the secondary ice particles produced 

air 

at 

T - t n' in the subsaturated condition. 

at the time, 

the time, t , n 

The number of 

particles produced at the time, t , is given by 
n 

(5-4) 

t . Therefore, 
n 

spend the time, 

secondary ice 



103 

(5-5) 

The time, ted), within which a secondary ice particle of the diameter, 

d, evaporates completely in the air of the subsaturation ration, S, is 

given by: 

d 
ted) = - P A+B f d(D2) 

8(S-1) 
o 

(5-6) 

where p is the density of the secondary ice particles. Therefore 

if thE~ time for a secondary particle with diameter d is 

ted) > T - t 
n 

the particle will survive and will be incorporated into the cloud. 

1be number of secondary ice particles produced at time t , which 
n 

becomE~s effective for ice multiplication is, therefore, given by, 

N = P (d)x t:.N 
n n n 

(5-7) 

where P (d) is the percentage of secondary ice particles produced 
n 

at H which has a diameter.1arger than d. Therefore, the total 
Il 

number of secondary ice particles effective for ice multiplication is 

given by: 

N = I N 
n-1 n 

(5-8) 

B. Results and Discussion 

1. Results of calculation 

The calculations were made for the initial diameters of 

graupe1 between 2.0 rom and 5.0 Mm. Initial saturation ratio of the 

air, So, is varied from .40 to .80 with respect to ice. The time, T, 

in which the saturation ratio of the air changes from So to the ice 

saturation, Si, varies from 2 sec to 30 sec. 
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The effect of the time, T, is shown in Figure 5-2, a and b. In 

the figure, the effective number of ice particles per graupe1 particle 

which are incorporated into the cloud are plotted as a function of the 

time, T. The initial values of saturation ratio, So, are taken as a 

constant. Figure 5-2, a and b, are for a graupel particle having the 

initial diamter .5 cm and .35 cm, respectively. It can be seen that 

the smaller the saturation ratio So, the greater the effective number 

N. This is because the mass evaporated is larger when So is smaller 

and also due to the assumption that secondary ice-particles have a size 

distribution independent of the subsaturation of the air. It is also 

seen that the effective number, N, increases with T at smaller values 

of T and then at still longer times decreases with the increase of T. 

The longer the time T the greater the total number of secondary ice 

particles produced but the greater the loss of secondary ice particles 

due to evaporation. 

In Figure 5-3, the effective number, N, is plotted as a function 

of the initial diameter of graupel for the time T = 10 sec. The 

saturation ratio, So, is taken as .a constant. It is natural that N 

increase with the increase of the diameter. 

Suppose that the saturation ratio of dry air is .60 with respect 

to ice, that by turbulent motion, a graupel particle having the diameter 

.5 cm encounters the dry air, and that this dry air is mixed into a 

cloud, changing its saturation ratio from.6 to 1.0 in 10 sec. In this 

case it can be seen from Figure 5-3 that the concentration of ice 

particles in the region where the turbulent mixing has taken place 

becomes about four times greater than that before the mixing. If the 

same graupel particle experiences similar process a few times in a few 
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minutes, the concentration of ice particles in the cloud could increase 

with the rate of several per minute. 

From the above consideration, in order for ice multiplication to 

take place by the process of evaporation of graupe1 particles, the 

following can be inferred: 

1) A cloud grown in drier environment has a better chance of ice 

multiplication. 

2) The subsaturated air, with which graupe1 particles encounter, 

must be incorporated rather quickly into a cloud. Therefore, 

the region where strong mixing process between saturated air 

and subsaturated air is taking place is required if ice 

multiplication occurs by this process. 

2. Significance of the Process in Clouds. 

As has been reviewed in the previous chapter, cumulus clouds grow 

by entraining a considerable amount of environmental air. For instance, 

Stomme1's (1947) calculation indicates that the amount of outside air 

entrained frequently corresponds with a doubling of the mass flux of 

the rising air in a 1 km ascent. It is probable that by this entrain­

ment process a fraction of the secondary ice particles produced in the 

environment where the air is subsaturated can be incorporated into the 

cloud, resulting in ice multiplication in a cloud. 

J\ccording to Squires (1958), the dry air may originate from the 

region just above the growing cloud top, entering the cloud as downdrafts 

and mixing vertically with the updraft. If graupel particles, which are 

carried to the top of the cloud by updraft, are incorporated with this 

penetrative downdraft, secondary particles could be produced in the 

downdraft. As a consequence, ice multiplication would take place in 

the region where the vertical mixing takes place. 
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3. Effect of Preactivation. 

In the above discussion it was assumed that secondary ice particles 

are composed of pure water substance. However, in clouds, graupe1 

particles are formed by the riming of cloud water droplets. Each cloud 

water droplet should contain a condensation nucleus or some other 

impurity collected by the scavenging process after a water droplet is 

formed. Therefore, most secondary ice particles produced from a graupel 

particle should also retain such impurities. If an impurity is an 

insoluble particle, such as a soil particle, the particle may retain 

a sub-microscopic film or a patch of ice on the surface of the particle 

or may retain embryos of ice in small cavities and capillaries even 

after the microscopic ice is completely evaporated (Mason, 1971). 

Roberts and Hallett (1968) reported that naturally occurring soil 

particles, such as kaolinite, gypsum, calcite, montmorillonite, 

bento~it~, vaterite, albite and glacier debris, upon~n which c~7s~als I 

wfud It~iljl-4) mCl ~ fb....j ~~tJ1,~{/Atn~~1 {'11''''llLtM,,-a~//c.-f' 
can grow again if tHe particles are ~xpos~d1to Jaturated air. This 

property is destroyed within a few minutes by exposure to temperatures 

above -5°C or by exposure to relative humidities below about 30 percent 

with respect to ice. Therefore, it is inferred that some seco'ndary 

ice particles produced from an evaporating graupel particle may be 

reactivated by this mechanism even after the microscopic ice is 

completely evaporated. 

If this mechanism of preactivation is incorporated with the 

mechanism of the secondary ice particle production from an evaporating 

graupel, the latter becomes even more effective for ice multiplication. 

For instance, a graupel particle of 3 mm diameter having an apparent 

-3 2 density of .15 g cm has a possiblity for the production of 1.8 x 10 
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secondary ice particles, if it encounters the air whose relative 

humidity with respect to ice is 70 percent; and it is kept in the air 

until its diameter becomes 2 mm. Since the surface of a graupel having 

a low apparent density is not smooth but protruded, the time required 

for this evaporation process could be no longer than 4 - 5 minutes. 

Suppose that the initial concentration of graupel particles is 1 per 

liter in the subsaturated air, and that while the evaporation of graupel 

particles is taking place, one part of the sub-saturated air is 

incorporated with 9 parts of the cloud air; the former contains the 

secolldary ice particles either as ice particles or as preactivated ice 

nuclei and the latter contains neither ice particles nor ice nuclei. 

In this case, the concentration of ice particles in the cloud after 

the mixing is enhanced from initially 1 per liter to 18 per liter 

within 3 or 4 minutes. Therefore, if the effect of preactivation 

nuclei is taken into the consideration, the mechanism of secondary ice 

particle production can be more effective for ice multiplication. 

C. Chapter Conclusion 

It seems proper to conclude that the multiplication rate of ice 

particles of at least several per minute can be explained by the 

mechanism of secondary ice particle production from evaporating graupels. 

It is interesting to note the observations by Mossop et al. (1970) 

and Koening (1963). Mossop et al. reported that the multiplic.ation rate 

of ice particles in a cumulus cloud was approximately 1 min.-l On the 

other hand, Koenig observed an extremely large multiplication rate of 

2 -1 
approximately 1 x 10 min. • The multiplication rate such as reported 

by Mossop et al. can be well explained by the present mechanism. 
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Chapter VI 

SUMMARY AND CONCLUSION 

The purpose of this study was to examine the roles of the riming 

process on ice multiplication in clouds. Experiments were conducted 

in a cold room to examine secondary ice particle production from 

rimed ice. 

The purpose of the first series of experiments was to study the 

secondary ice particle production from ice during its growth by the 

riming process. The experiments were conducted using cloud water 

droplets with a size distribution of 3 to 20 microns in diameter. Ice 

was formed by ventilating a rotating bar with cloud water at velocities 

-1 of 2.4 to 4.3 m sec Temperature of the air was kept between -7.1 

and -7.3°C. It was inferred that the detachment of pieces of ice 

from the surface structure of growing ice due to strong ventilation 

was responsible for the secondary ice particle production. The number 

of secondary ice particles during the growth of ice were fewer than 10 

per milligram of ice. In terms of the collision number of water drop­

lets, several "10
6

" water droplets were necessary for the production of 

one secondary ice particle. Calculations indicate that at this rate 

approximately 30 minutes are required for the concentration of ice 

particles to be multiplied by 10. In the calculations a cloud having 

-3 the concentration of 500 cm of c!loud droplets with a mean V'olume 

diameter of 15 microns was assumed. This leads to the conclusion that 

secondary ice particle production during the riming growth of ice is 

not a significant process for ice multiplication in clouds. 

The second series of experiments were designed to study the 

secondary ice particle production due to the evaporation process of 
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ice which had been formed by the riming process. In these experiments, 

ice specimens were formed in a similar manner to the riming experiments 

and were then ventilated with subsaturated air at a velocity of 

-1 2 m sec or less. The saturation ratio of the air ranged between 

.96 and .48. The temperature of the air for ventilation was kept at 

-7°C. It was found that large numbers of secondary ice particles were 

produced only from ice specimens with the apparent density of less than 

-3 .22 g cm The number of secondary ice particles per unit mass, dN/dm, 

was as high as 200 per milligram of evaporating ice. The magnitude of 

dN/dm obtained in the experiment was one or two orders larger than 

those obtained in the riming experiment. It was concluded that the 

mechanical break-up of protruded parts of the surface due to ventila-

tion and evaporation of the ice specimen was responsible for the 

secondary ice particle production. The combination of the ventilation 

velocity, subsaturation ratio of the air, and a low apparent density 

of the ice was essential for the production of a large number of 

secondary ice particles. Within the range of the experiments, a ven­

tilation velocity of 2 m sec-I, a subsaturation ratio of .65 - .75, and 

-3 an apparent density of .08 g cm was the optimum combination of 

parameters which produced the largest number of the secondary ice 

particles. 

For these reasons, it is cOflsidered whether natural conditions 

are similar to those of the experiment for evaporation of rimed ice. 

The density of graupel, the drag forces acting on graupel, and the 

evaporation rate of graupel particles were considered. This lead to 

conclusion that graupel particles occurring in the atmosphere commonly 

possess similar physical characteristics. A literature survey showed 
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that the structures of cumulus clouds were by no means uniform with 

respect to time and space and that subsaturated air is present through­

out considerable portions of the clouds at all stages of their growth 

and decay. It was concluded that physical conditions which are 

necessary for the production of secondary ice particles by the evapor­

ation of ice exist commonly in cumulus clouds. 

A hypothetical model consideration was developed in order to 

examine the possibility of secondary ice particle production in real 

clouds by the evaporation process of graupel particles. The model was 

that a graupel particle with an apparent density of 0.15 g cm-3 

encounter a subsaturated air and that the subsaturated is mixed with 

water saturated air resulting in the ice saturated air. The production 

rate of secondary ice particles and the size distribution obtained 

from the experiments on the evaporation of ice were used in the calcu­

lation. The assumption was made that a graupel particle was formed by 

pure water droplets without containing any solid impurities. 

For ice multiplication in the saturated region after the mixing, 

the most favorable condition occurs when the saturation ratio of dry 

air is lower and when the mixing process takes place rather quickly. 

Therefore, the region, where strong mixing process between saturated 

air and subsaturated air is taking place, is required if ice multipli­

cation occur by this process. A cloud grown in drier environment has 

a better chance of ice multiplication. In a convective cloud, there 

is continuous mixing of air by turbulence and by entrainment in and 

around a cloud. There are horizontal motions as well as vertical 

motion. These air motions may sometimes accelerate the process of 

ice multiplication by mixing the cloud air with the subsaturated air 
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which contains secondary ice particles. If the mechanism of 

preactivation nuclei is incorporated with the mechanism of secondary 

ice particle production from an evaporating graupe1, the latter could 

become even more effective for ice multiplication. In any case, in 

order for the mechanism to become effective for ice multiplication in 

a cloud, the presence of large graupe1 particles with low apparent 

densities and their exposure to subsaturated air are essential. It 

seems proper to conclude that by this process the multiplication rate 

of ice particles of the order of at least several per minute can be 

explained. 

In order to verify that ice multiplication due to the evaporation 

of graupel particles occurs in the atmosphere, it is necessary to 

make the following observations: 

1. The measurements of ice crystal concentration should be made 

in clouds with a special attention to the regions in the 

vicinities of subsaturated air especially near cloud edges 

and near the subsaturated air pockets. 

2. The measurements of the concentration of large graupe1 

particles should be conducted in clouds before ice multipli­

cation takes place. 

3. Ice nuclei concentration should be measured in the sub­

saturated air near cloud edges and in clouds. It is essential 

to take and to store samples of air in such a way as to 

prevent ice on solid particles from disappearing (Roberts and 

Hallett, 1968). 

4. Graupe1 particles should be examined if some of the impurities 

contained in graupe1 particles can be activated as "pre­

activation nuclei." To do this, by taking a sample of graupe1 
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on a clean surface the graupel particle should be evaporated, 

and then should be exposed to saturated air, under well­

controlled condition. To avoid the migration of small 

particles contained as impurities, the graupel particle 

should be evaporated slowly. 

5. Ice cystals should be examined microscopically if there is 

any ice crystal which has an irregualr shape in the center. 

If the secondary ice particles start to regrow by deposition 

process before having become smaller than about 5 microns, ice 

crystals with irregualr shape in the center can be observed. 
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APPENDIX I 

DATA OF RIMING EXPERIMENTS 

EXPERIMENT (1) 

Te!!!!. (OC~ 
3 

6V(cm ) 
3 

p (a/em) 6m(ma) N No 6N dn/dm~l/!!!8~ KXl06 

-7.Qt\. -7.4 • 48XlO-2 .25 1.20 18 12 6 5.00 2.228 
-7.3'" -7.7 .70 .23 1.61 17 4 13 8.13 1.372 
-6.7'" -7.3 .47 .26 1.22 11 7 4 3.33 3.343 
-6.9'\. -7.5 .49 .23 1.12 7 0 7 6.37 1.751 
-7.(}I\. -7.4 .50 .27 1.35 9 2 7 5.19 2.149 
-7.2 ± .3 .25±.03 5.60±1.6 2.168±.666 
-----------------------------------------------------------------------------------------------
EXPERIMENT (2) 

-6.8~ -7.4 • 24nO-2 .23 0.55 15 7 8 14.55 1.532 
.... -6.7'" -7.1 .36 .24 .86 11 9 2 2.29 9.750 
N -7.{)I\, -7.4 .17 .24 .41 9 2 7 17.50 1.278 w 

-6.8'" -7.3 .28 .25 .70 10 5 5 7.14 3.120 
-6.9'\. -7.2 .17 .21 .36 12 1 11 29.33 .760 
-7.(}I\. -7.6 .18 .26 .47 6 1 5 10.53 2.116 
-7.1± .3 .24±.02 13.6±8.6 3.092±3.067 

EXPERIMENT (3) 

-6.8'" -7.4 • 93XlO-2 .27 2.50 9 6 3 1.20 7.427 
-6.7'" -7.1 .95 .27 2.56 6 2 4 1.56 5.710 
-7.Qt\. -7.6 .90 .25 2.25 10 3 7 3.11 2.866 
-7.2'" -7.8 .96 .26 2.50 9 5 4 1.60 5.570 
-6.6'" -7.0 .92 .28 2.56 12 0 12 4.68 1.903 
-6.8'" -7.2 .96 .29 2.78 26 4 22 7.90 3.232 
-7.1± .3 .27±.01 3.3±2.3 4.451±1. 923 



EXPERIMENT (4) 

-6.5'" -7.1 • 24nO-2 .28 .68 9 5 4 6.0 2. 785n06 

-7.Qtv -7.6 .26 .26 .93 10 0 10 10.7 1.560 
-6.9'" -7.5 .25 .25 .63 13 4 9 14.2 1.175 
-7.2'" -7.8 .24 .24 .57 8 3 5 8.82 1.894 
-6.8'" -7.2 .26 .25 .90 10 2 2 2.22 7.520 
-6.5'" -6.9 .25 .26 .63 9 2 7 11.05 1.511 
-7.1± .3 .26±.01 8.83±3.9 2.741±2.195 
-------------------------------------------------------------------------------------------------
EXPERIMENT (5) 

-7.1'" -7.7 • 8lnO-2 .32 2.58 11 4 7 2.71 4.318 
-6.7'" -7.1 1.21 .29 3.50 3 0 3 .86 7.800 
-6.9'" -7.3 .81 .34 2.76 11 8 3 1.09 6.127 
-7.Qtv -7.6 .81 .31 2.50 9 0 9 3.60 1.856 
-6.8'" -7.4 .84 .33 2.76 7 1 6 2.18 3.063 
-6.5'" -7.1 1.62 .28 4.54 9 7 2 • 44 15.040 .... 

to.) 

-7.1± .3 .31±.01 1. 81±1. 11 6.367±4.336 ~ 

-----------------------------------------------------------------------------------------------
EXPERIMENT (6) 

-7.2'" -7.7 • 29nO-2 .29 .83 2 0 2 2.40 6.965 
-7.1'" -7.5 .28 .30 .83 5 1 4 4.80 3.483 
-7.2'" -7.8 .27 .30 .80 9 4 5 6.25 2.674 
-6.9'" -7.3 .40 .28 1.13 7 0 7 6.18 2.706 
-7.Qtv -7.6 .29 .27 .77 8 4 4 5.22 3.203 
-7.1'" -7.7 .37 .29 1.07 6 2 4 3.75 4.457 
-7.3± .3 .29±0.01 4. 77±1.356 3. 915±!. 987 



APPENDIX II 

CALCULATION OF THE TIME REQUIRED FOR THE MULTIPLICATION 
BY THE RIMING PROCESS 

The rate of mass increase of a graupel of radius R falling with 

velocity V through a cloud of liquid-water content w, composed of 

smaller droplets having terminal velocities, v, is given by 

dm 2 
dt = E~R w(V-v) (1) 

where m is the mass of a graupe1, E is the collection efficiency. If 

a homogeneous cloud is assumed, the following realtionships are valid 

(2) 

w=n (3) 

where, Pi is the density of a graupel; D is the diameter of a graupel; 

N is the number of water drops composing a graupel particle; n is the 

concentration of water drops in a cloud; and d is the diameter of a 

water drop. From the equations (1) through (3), the following equa-

tion can be obtained. 

dN ~ED2 
dt = -4- n • /w (4) 

where ~v is the relative velocity of a falling graupe1. Combining 

the relationship given by Macklin (1962) 

and 

d A 0.76 
Pi = 3.64(- 2~v) 

s 

~v = 286D· 44 

125 

(5) 

(6) 
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with the equation (4), the following equation is obtained. 

dN 0.75EnN. 73 • dl •89 • (_~) .44 
dt = 2T 

s 

or 

(7) 

By using the equation (7), the times required for the ice concentration 

to become multiplied were calculated. The calculations were made under 

the assumption that 

and 

E = 1.0. 

The following cases are considered: 

-3 n = 50, 100, 200, 500, 1000 cm 

d = 5, 10, 15, 20 microns 

The results of calculations are given in Figure A-I through A-4. 

In the figures, K is the number of collisions which produce one secon-

dary ice particles. 
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Figure A-I. Time required for ice multiplication by grazing 
collision Cd = 5p). 
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Figure A-2. Time required for. ice multiplication by grazing 
collision Cd = lOp). 
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Figure A-3. Time required for. :ice -inultiplication by grazing 
collision Cd· = 151.1>. 
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Figure A-4. Time required for.ice multiplication by grazing 
collision Cd = 20~}. 
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