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RECENT SWDIES ON HAIL AND HAIL MODIFICATION 

IN THE SOVIET UNION1 

Louis J. Battan 

Institute of Atmospheric Physics 
The University of Arizona 

Tucson, Arizona 

1. Introduction 

On the basis of information contained in the Soviet literature and 

discussions with Soviet scientists, it is clear that since about 1956 

there has been a growing research program in the physics of hail and hail 

modification. Following a visit to the Soviet Union, Battan (1965) 2 

reported his views of the research activities on these subjects. This 

report is based mostly on material published in Soviet journals. 

No claim is made that the summary presented here is complete. It is 

not possible in one short presentation to give many details on such a 

large research program. The interested person is urged to consult the 

literature on which this article is based. 

2. Climatology 

The incidence of hailstorms is not excessive over the vast expanse 

of the Soviet Union except along the southern borders. According to 

data published by Pastukh and Sokhrina (1957), over most of the country 

there are fewer than 2 days with hail per year. There are two regions 

where this is not the case. Along a roughly northeast-southwest strip 

1This research has been supported by the National Science Foundation 
under Grant GP 3884. 

2 Battan, L.J., 1965: A View of Cloud Physics and Weather Modification in 
the Soviet Union. Bull. Amer. Meteor. Soc., 46, 309-316. 



between about Alma-Ata and Samarkand, hail frequency reaches 5 to 6 days 

per year. 

The highest frequency of hail occurs in the region of the Caucasus. 

Just north of the Caucasus Mountains there is an average of 4 to 5 hail 

days per year. South of the mountains in the state of Georgia the fre

quency is as high as 8 hail days per year. 'Ihe number of days with hail 

is about 4 per year in nearby Armenia and Azerbaidzhan. 

In eastern Georgia the width of hail paths averages 200 to 300 m 

and seldom exceeds 1 km (Bartishvili, et al., 1961). The storms have 

durations of 1 to 3 hours and usually produce "hail roads" less than 10 

km long but sometimes they may be as long as 80 km. 

'Ihe figures just cited explain in large part why most of the 

research on hail in the Soviet Union is concentrated in the Caucasus. 

A large program is being conducted under the supervision of A.G. 

Sulakvelidze at the High Mountain Geophysical Institute in the republic 

of Kabardino-Balkariya on the north side of the mountains. The Geo

physical Institute of the Georgian Academy of Sciences has an extensive 

research program in Georgia. One of the chief scientists is A.I. 

Kartsivadze. Scientists from the Institute of Applied Geophysics and 

the Central Aerological Observatory near Moscow and the Main Geophysi

cal Observatory in Leningrad have worked in the Caucasus on various 

research expeditions. 

3. Forecasting hail 

A considerable amount of research on the forecasting of hail has 

been conducted by Shishkin (1962). He has developed a procedure for 

using the slice method to calculate the vertical distribution of tem

perature of a rising parcel of air as a function of height. This infor

mation is then used to calculate the vertical distribution of vertical 
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velocity. Shishkin also has proposed techniques for forecasting the 

fraction of the sky covered by clouds. On the basis of hail data 

collected over the western section of the Soviet Union, Shishkin pre

pared Fig. 1. It can be seen that this diagram suggests that hail can 

be predicted on the basis of the calculated maximum vertical extents 

and vertical velocities in the cloud. Shishkin noted that these 

quantities are related in a linear fashion and forecasts need be based 

on only one of them. On the basis of observations in the Alazani 

Valley a relationship was found between hail formation and 11 total dew

point spread" at 850, 700 and 500 mbs. Shishkin offered Fig. 2 for 

hailstorm forecasting. On the basis of independent data he claimed that 

for days in which hail actually fell the "forecast accuracy" was 92 per 

cent. The scheme tends to forecast hail too often. 

It is worth noting that Shishkin's scheme does not include entrain

ment of air, the effects of liquid water on buoyancy, the drag of the 

cloud. Furthermore, it does not include provisions for dynamical inter

actions on a medium or large scale. In his tests Shishkin used the 

"morning aerological soundings" and stated that the forecasts are 

suitable for areas within 100 to 200 km of the radiosonde station. He 

further asserted that the best results occur "in the case of air-mass 

processes." 

A number of papers have proposed necessary cloud conditions for the 

formation of hail. For the most part they start with a slice-method 

forecast of the distribution of buoyancy and vertical velocity. 

Some of the early work at the High-Mountain Geophysical Institute 

led to the conclusion that the vertical extent of the cloud was an 

important factor in determining whether or not the cloud would produce 

hail. Kiryukhin and Sulakvelidze (1961) stated that the necessary but 
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not sufficient conditions for hail formation were the following: 

1. Thermal instability through a 3 to 4 km depth of the atmosphere. 

2. Large vertical extent of the cloud (6 to 8 km). 

3. Development of clouds to temperature levels where drops freeze 

(-12 to -16°C). 

-4. Strong vertical velocities (10 to 20 m/sec) lasting long enough 

to allow large quantities of liquid water to accumulate above 

the level of maximum updraft speed. 

Later articles, written by scientists from the same group, dropped 

the requirement of large vertical extent for hail clouds. It is expected 

that large vertical velocities lead to clouds with large vertical extents 

and that for this reason, the former adds little additional information 

for forecasting purposes. 

Sulakvelidze (1962) has stated that the following conditions must 

be met in order for hail to form by natural processes: 

1. Temperature of the cloud top must be below the level of natural 

nucleation--between -14 and -20°C. 

2. When the level of maximum vertical velocity is below the level 

of 0°C, the vertical velocity at the 0°C level must exceed 

12 m/sec. 

When the level of maximum vertical velocity is above the level 

of 0°C, the maximum vertical velocity must exceed 12 m/sec. 

3. The radius of the hailstone at 0°C level must be greater than 

the radius reduction by melting as the stone falls to the 

ground. 

4. The distribution of vertical velocity must be such as to lead 

to the accumulation of liquid water between the levels where 

temperatures are between -1 and -8°C. 
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Glushkova and Lapcheva (1961) had earlier reported the same criteria 

except for small differences in the temperature limits. 1hey proposed 

that in condition (1), the temperature should be equal to or less than 

-12°C, the value they called the level of natural nucleation. In condi

tion (4) the high liquid water should accumulate between -2 and -12°C. 

They also stated that in "an overwhelming majority of cases" these four 

conditions are sufficient as well as necessary for hail to form. 1hey 

also presented equations for calculating the maximum hailstone size and 

the quantity of precipitation. In each instance the most critical 

parameter is the maximum vertical velocity. 

In a later paper, Bibilashvili, Lapcheva, and Sulakvelidze (1963) 

repeated the conditions reported by Sulakvelidze in 1962 and further 

proposed specific conditions for forecasting hail from slice-method cal

culations. 1hey proposed that hail should be forecast when the maximum 

vertical velocity exceeds 10 m/sec and the temperature at the level of 

maximum updraft speed is between -10 and +0.5°C (Fig. 3). Based on a 

study of 133 cases, it was stated that not a single case of showers or 

dry thunderstorm occurred when these conditions were met. In 1964 

Sulakvelidze indicated to the author, during a visit to his Institute, 

that the temperature and vertical velocity criteria for hail have been 

somewhat modified. 

Glushkova (1964) has also discussed the forecasting procedure 

developed by the High-Mountain Geophysical Institute and has reported 

results of predicting hailstone size. She notes that the forecasting 

scheme does not take the vertical distribution of moisture into account. 

4. Some properties of hailstones and hailstorms 

Bibilashvili (1961, 1964) has reported results of measurements of 

the updraft (W) profiles in convective clouds. Neutral-density balloons 
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carrying radar targets were released into the bases of convective clouds. 

Sixty balloons entered clouds. A summary of 17 observations made in 

cumulus congestus and thunderstorms is shown in Fig. 4a. Ihe updraft 

reached an average maximum speed of about 7 m/sec at an altitude of 

about 4 km. In 25 cumulus clouds the corresponding quantities were 

4 m/sec at about 3 km (Fig. 4b). The author indicated that above the 

level of W there is an accumulation of liquid water providing W 
max 

exceeds the terminal velocities of the large drops. The author expressed 

the view that a cumulus congestus cloud evolves from a series of "ther

mals" with characteristic lengths of 700-900 m and times of several 

minutes into a "jet" in the form of a sustained updraft. 

In a lengthy article Bartishvili, et al., (1961) have summarized data 

collected during the El'Brus and Alazani Expeditions during 1955 to 

1959. Of particular interest were measurements of cloud-droplet-size 

distributions, water content and vertical velocities. Droplet sizes 

were measured by dropping a so-called "throw-out trap" through 9 cumulus 

congestus and flying an airplane-mounted instrument through clouds on 

10 flights. 

In the lower parts of cumulus and cumulus-congestus clouds the 

following conditions were found: droplet diameters were mostly 12 to 

20 microns with about 1 droplet per cubic meter with a diameter between 

40 and 100 microns. 
3 

Liquid water contents were 0.5 to 1.0 g/m. In 

the upper parts of the clouds the liquid water contents were 10 to 100 

times larger than near the base. The value averaged between 25 and 

30 g/m3 . Droplets with diameters of 600 to 700 microns were observed 

(no concentrations given). 

The aircraft flights showed the following temperature differences 

between cloud and environment air: 
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Lower part of clouds 

Middle part of clouds 

1 to 2°C. 

Near zero 

Upper part of stable clouds -0.2 to -0.6°C 

On the basis of the observed droplet information cited above, 

calculations were made of the growth of hailstones as a function of 

vertical velocity and the vertical extent of the clouds. It was con

cluded that most growth takes place in a region of high liquid-water 

content just above the 0°C isotherm. During 1956 to 1958 this occurred 

between -8 and -12°C. When the height of maximum vertical velocity was 

far below the zero degree level, only rain fell. 

The fall speed of hailstones was studied in the laboratory. 

Plasticine models were allowed to fall in a tank filled with water. A 

total of 120 experiments were conducted with models having the follow

ing shapes: spheres, pear-shaped and hemispherical. Ihe experiments 

were used to evaluate coefficients for fall velocity equations. They 

were applied to ice particles falling in air. Table 1 was calculated 

3 for spherical hailstones of density 0.7 g/cm falling in air at various 

altitudes. 

Table 1. Calculated fall velocities in meters per second of spherical 
hailstones (abstracted from Bartishvili, il al., 1961) 

Diameter Height above sea level (km) 
(cm) 0 1 2 3 4 5 

0.5 7.7 8.2 8.6 9.0 9.5 10.0 

1.0 10.8 11.5 12.1 12.8 13.4 14.1 

2.0 14.4 16.2 17.1 18.0 19.0 20.0 

3.0 19.3 19.9 21.0 22.0 23.2 24.5 

4.0 21.8 23.0 24.2 25.4 26.7 28.3 

5.0 24.3 25.8 27.1 28.4 30.0 31.6 
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Tests were made in which spherical hailstones were dropped in a 

wind tunnel at a height of 2.2 km MSL. The differences between calcu

lated and measured speeds were reported to be within the experimental 

errors of 10 to 15 per cent. 

Equations were developed for calculating liquid water content and 

precipitation quantity on the assumption that the updraft increases 

linearly with height to a value W and then decreases linearly with 
max 

height. Ihe results are similar to those reported by Kiryukhin and 

Lyubchenko (1963) in the sense that they show that the liquid water 

2 
content depends mostly on (W ) and is independent of the size of 

max 

the cloud. Table 2 presents the results of calculation of liquid water 

(L.W.C.) and quantity of precipitation (Q) as functions of W • max 

Table 2. Liquid water content (L.W.C.) and quantity of precipitation 
as functions of maximum vertical velocity (W ) . max 

w (m/sec) 15 20 25 30 35 40 45 ·so 
max 

L.w.c. 3 {g/m ) 2.5 5.7 9.0 13.5 18.0 23.0 31.0 36.0 

Q (tr.lll) 2.5 5.8 9.5 14.0 18.0 23.0 31.0 36.0 

It is stated that in a limited number of cases the quantities in 

the table are in agreement with measurements. 

A theoretical study of the effects of orographically induced 

gravity waves on hail clouds has been made by Vul'fson, !,! al., (1964). 

Ihey concluded, on the basis of numerical calculations, that with strong 

winds and small stability, clouds over the Alazani Valley could be stimu

lated to produce hail if other factors were favorable. 

Litvinov (1958) concluded the alternation of layers of clear and 

opaque ice in a hailstone is caused by the accumulation of different 

rates of supercooled water. Voronov (1964) measured the density of 
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hailstones in the Samarskiy Mountain Range in Georgia. Most stones had 

diameters of 0.7 to 1.0 cm but some were as large as 2.0 to 2.2 cm. Ice 

3 
densities ranged from 0.4 to 0.87 g/cm. It was calculated, based on 

observations obtained at an altitude of 2 km, that the diameter of a 

falling hailstone would decrease less than 1 mm in melting under the 

0°C level. Geyvandov and Mazin (1965) prepared nomograms for estimating 

the melting of hailstones. 

5. Radar observations of hailstorms 

Radar observations of hailstorms were started in 1960 in Kabardino

Balkariya, Lapcheva (1964). She reported that echoes have a consider

able slope in the direction of cloud movement. Precipitation was ob

served to fall in the rear section of the cloud while hail grew in the 

forward part. Lapcheva found the echo summit temperatures and signal 

intensity were different in shower clouds and hail clouds and suggested 

these two factors could be used to identify hail clouds. 

In another paper by the same group, Yefimov, Lapcheva and 

Sulakvelidze (1963) discussed the analysis of data collected in 1961 

and 1962. 1he radar set had the following characteristics: A = 3.2 cm, 

Pt= 50 kw, 1 = 0.5 µs; 9 = 3° and antenna diameter of 70 cm. 1hey 

observed 24 echoes from hail clouds with tops at -30°C or lower. Hhen 

the temperature was above -30°C (16 cases), only rain fe11. They 

suggested that summit temperature could be used as a criterion for dis

criminating between hail and rain clouds but indicated that the -30°C 

threshold might not hold in other regions. They also found that echo 

intensity of hail clouds was about five times greater than that of in

tense rain showers. 

Borovikov, Kostarev and Shupyatskiy (1964) reported the results of 

radar observations made during the Samsarskiy Expedition (in the Samsar 
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Valley) 1961 and 1962. Ihey concluded that hail should be expected if 

the radar observations show all of the following: 

1. 

2. 

3 6 3 Radar reflectivity is equal to or greater than 10 mm /m. 

The zone of high reflectivity has a thickness exceeding 3 km 

and is in the upper part of the cloud or symmetrical in the 

cloud. 

3. Ihe zone of high reflectivity is entirely or mostly in a region 

of negative temperatures. 

4. The height of the echo top exceeds 9 km and the echo thickness 

exceeds 6 km. 

They proposed that the results of seeding can be observed by noting 

(1) reflectivity decreases, (2) change of vertical distribution of re

flectivity, (3) radar indications of change of phase or (4) development 

of characteristic changes of radar image of echoes. 

Morganov and Shupyatskiy (1964) discussed another radar investiga

tion conducted during the Samsar Valley Expedition in 1961-1962. It was 

concerned with the use of radar for the evaluation of hail modification 

experiments. They noted that it would be valuable if radar could detect 

the formation and spread of the "crystallization zone," and that this 

cannot be done on the basis of signal intensity. On the other hand 

they expressed the view that it can be accomplished by means of polari

zation measurements. A rotating quarter-wave grid array was installed 

in the antenna of an ARS-3 radar set. A 14.5 cm metal sphere suspended 

from a balloon was used to check the system. Clouds were seeded by means 

of rockets transporting dry ice, and aircraft dispensing "various re

agents." The abstract says nothing about cloud types or their proper

ties. The abstract states: "From an analysis of the material contained 

in this paper, it is clear that the polarization method enables one to 
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record the phase transformations in the cloud which are caused by the use 

of artificial reagents and in so doing to serve as one of the criteria of 

the effectiveness of the overall cloud-modification effort." 

6. Hailstrom modification 

Virtually all the experiments at hailstorm modification have involved 

seeding with ice nuclei. Both dry ice and silver-iodide have been em

ployed. In early tests, silver iodide nuclei were dispersed from the 

ground. In later work artillery and rockets have been used extensively. 

Balabanova, et&,, (1959) discussed cloud modification investigations 

conducted during May to July 1956 on the El 1 Brus Expedition. It was 

carried out jointly by the Institute of Applied Geophysics, Institute of 

Geophysics of the Georgian Academy of Sciences and the Department of 

Atmospheric Sciences of Leningrad State University. Attempts were made 

to modify active convective clouds by overseeding them with silver-iodide 

nuclei. The authors estimated that to insure overseeding in the light of 

such factors as photolytic decay, it would be necessary to disperse about 

7 kg of AgI per cubic kilometer of air between -5 to -10°C. During a 

7 day period, 14 experiments were conducted in which AgI was burned in 

fires of red phosphorus at the ground. On 3 other days AgI and red 

phosphorus plus gunpowder were carried into clouds on balloons. 

The following conclusions were reached on the basis of these tests: 

1. If meteorological conditions are correct, precipitation can be 

stimulated from cumulus congestus by seeding from the ground. 

2. As a result of seeding, radar echoes form 1.5 to 2.0 km lower 

than do natural echoes. 

3. Ground seeding requires rising currents. In some cases they 

did not exist at low levels. 
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4. The transition from cumulus congestus to hail clouds is rapid. 

Thus for purposes of hail modification it is necessary to seed 

early in the life of the cloud. 

5. The efficacy of seeding the warm part of a growing convective 

cloud with hygroscopic nuclei should be investigated. 

Bartishvili, il !!l,., (1961) in discussing work of the El 'Brus Expedi

tion from 1955-1959 considered the following cloud modification techni

ques and the cloud conditions under which they are most likely to be 

successful: 

1. Ice-nuclei seeding to change the supercooled state of the cloud. 

2. Water spray or hygroscopic-nuclei seeding to introduce large 

drops and disturb the droplet spectrum. 

3. Water-spray or co2 seeding near or under the cloud base to 

weaken the updraft and produce a downdraft. 

They concluded, "In our opinion the most effective means for 

combatting hail is continuous and total crystallization of the super

cooled part of the cloud beginning with the temperature of -2°C." They 

noted that until one knows the time and place of appearance of hail 

centers, very large quantities of ice nuclei are required. They calcu

lated that 8 to 12 kg would be needed for one hailstorm lasting 2 to 3 

2 hours and 40 tons to protect the Alazani Valley (5,000 km) for a period 

of 6 to 8 hours. With these results in mind, they further concluded 

that it was very important to be able to predict when and where the 

hail-formation centers would occur and to develop techniques for "con

tinuously introducing small quantities of substances into a given place 

in a cloud . 11 

In 1962 Sulakvelidze (1962) (manuscript received November 1960) 

again considered techniques of hail modification. Two possible schemes 
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were considered: (1) overseeding with ice nuclei at -1 to -2°C, and 

(2) producing large drops in the lower parts of cloud on the assumption 

that the large drops will freeze and lead to more hailstones but smaller 

ones than would have occurred naturally. Sulakvelidze proposed that if 

each large drop does not become a hail embryo, hailstorms cannot be 

modified by producing more large drops. Sulakvelidze stated that if 

hailstone growth occurs mostly at -1 to -8°C, then there is doubt that 

overseeding with AgI could be used to prevent hail, because AgI nuclei 

do not become effective until the lower limit of this temperature range. 

The general view of the articles cited above considered that the 

most promising scheme for suppressing the fall of damaging hail was to 

overseed potential hail-producing clouds in order to prevent the growth 

of hail. 

On the other hand, Bartishvili, et al., (1963) reported a series of 

tests in the Alazani Valley during 1958 to 1960 in which clouds were 

seeded with small quantities of ice nuclei dispersed by rockets. They 

were launched from 12 locations scattered over a distance of 50 km in 

the Tsiv-Gamborskiy and Kakhetinskiy Ranges. The rocket stations were 

situated at elevations between 1 and 2 km. The so-called "Soviet anti

hail rocket" could disperse either 75 g of AgI or 200 to 250 g of co2• 

During the period 1958 to 1960 there were 50 experiments with AgI and 

10 with co2• 

There were 35 experiments in which clouds extending to about 4 km 

and "not containing the solid phase" were seeded with 75 to 675 g of 

AgI or 500 to 1000 g of co2• Another group of experiments involved 

clouds with tops extending to 5 to 7 km and temperatures below -20°C. 

Ice crystals were already present in some clouds. Two to three rockets 

led to precipitation and cloud dissipation. If this did not occur, a 
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double or triple dose of rocket firings led to dissipation. 

A third group of tests involved seeding of masses of thick cumulus 

and cumulonimbus. In 15 to 20 minutes after seeding the cloud "wall" 

began to settle, usually accompanied by precipitation. 

During two seasons of the Alazani Expedition, not a single hail 

fall occurred over an area of 500,000 hectares (sic). It was concluded 

that the results "make it possible to begin the experimental and practi

cal protection of agricultural crops in the Georgian SSR." 

In 1961 and 1962, hail suppression efforts in the Alazani Valley 

in Georgia were continued by the scientists of the Institute of Geo

physics of the Georgian Academy of Sciences (Bukhnikashvili, et!!,!., 1964). 

The sizes of the area "protected" were 50,000 and 80,000 hectares in 

1961 and 1962 respectively. Seeding was done during September and 

October 1961 and it was reported that hail fell on 0.4 per cent of the 

protected area whereas it fell on 6.7 per cent of the unprotected 

control area. During the period 15 April to 15 October 1962 hail was 

forecasted on 45 days and occurred on 23 days. A total of 119 hail 

centers were subjected to modification; 19 carried hail, 96 had indi

cations of hail, and 4 were not dangerous from this point of view. 

The abstract of this paper gives no information on size or location 

of the control areas, the number of storms seeded or the seeding tech

nique. However, it is almost certain that the seeding was done with 

AgI dispersed by means of rockets. 

Sulakvelidze, et al., (1964) report the start of a program of seeding 

cloud by means of artillery shells containing ice nuclei (Fig. 5). The 

object of the seeding was to produce many small stones in place of 

fewer large ones which might have grown naturally. The specific aim 

of the operations was to prevent the fall of hailstones with diameters 
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greater than 1 cm. Two types of experiments were conceived. One set 

was concerned with clouds from which hail was already falling and the 

tests were directed at stopping hail formation. The second set of 

experiments was aimed at preventing hail formation by seeding early in 

the life of the cloud. These are called "prophylactic" experiments. 

The artillery shells were fired into the cloud at about the -6°C level, 

the region of the cloud where supercooled liquid water was expected to 

be concentrated in the form of large drops (Fig. 6). 

In 1961, six experiments were made with clouds having hail. "These 

experiments gave reliable results." During the period April to June 

1962, seven tests were made on hailing clouds. A barrage of "7 to 10 

shells led to the cessation of the falling of hail. Graupel began to 

fall from the clouds subjected to modification, followed by liquid 

precipitation." In the abstract, no times are given for the sequence 

of events. In one case hail started to fall again but it was beyond 

the limits of the target area. "In 36 of the 37 prophylactic experi

ments, precipitation began after modification by 1 or 2 shells; in 

some cases liquid precipitation fell. In one case graupel measuring 

less than 4 mm fell from a modified cloud followed by rain." On the 

basis of these experiments, the authors concluded that their "method·can 

be recommended for the experimental-practical testing in the national 

economy.'' 

The available information indicates that most of the hail modifi

cation work in the Soviet Union involves seeding with artillery (High 

Mountain Geophysical Institute) or rockets (Institute of Geophysics of 

the Georgian Academy of Sciences). The reports received to date make 

it important to investigate more extensively the pyrotechnical techni

ques for ice nuclei production. Kuligan and Vernidub (1964) have 
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studied the properties of silver-iodide and lead-iodide nuclei produced 

in various ways. They used the information they obtained to develop 

pyrotechnical substances employing PbI. The various mixtures give about 

3 x 1012 nuclei per gram of AgI at -10°C. One compound is being produced 

for use in the nose cones of civilian anti-hail rockets. 

7. Particular points of interest 

On the basis of the information summarized in this report and the 

earlier reports by this author, a number of features of the Soviet pro

gram on research on hail processes and hail modification deserve particu

lar notice because they point to various avenues of investigations. 

A great deal of the hail modification work in the Soviet Union is 

based on a specific cloud model. The critical feature is the structure 

of the updraft. Although one paper by a member of the High Mountain 

Geophysical Institute indicates a tilting of the radar echo, the hail

storm model is treated as if the updraft were essentially vertical. 

Secondly, it has been concluded that the updraft in hail clouds reaches 

a maximum in the vicinity of the 0°C isotherm and then decreases rapidly 

upwards. This leads to an accumulation of large supercooled water 

droplets in the zone where temperatures are between about -1 and -10°c. 

Calculations and measurements have been reported of liquid water contents 

3 
averaging 20 to 30 g/m. It is important to check the updraft structure 

and distribution of liquid water in convective clouds and in hailstorms 

in particular. 

If the Soviet views on the vertical structure of the updraft are 

correct, it might be possible to explain the geographical distribution 

of the hail-thunderstorm ratio. The argument runs that unless the up

draft maximum is not near the melting level, the accumulation of super

cooled water needed for hail will not occur. If the accumulation occurs 
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at warm temperature, a sudden rain shower may be produced when the weight 

of accumulated water exceeds the buoyancy forces. If the accumulation 

occurs at very cold temperatures, natural nucleation causes a great many 

small ice particles in the form of graupel. 

In a number of papers the level of natural nucleation is given as 

-14 to -20°C. Ihe upper end of this temperature range is somewhat warmer 

than commonly considered to be the case. Since the efficacy of all ice

nuclei seeding techniques depends critically on this factor, it is impor

tant that additional observations be collected in various geographical 

areas to develop more information on levels of natural nucleation. 

It is surprising that the slice method has apparently given such 

good results in the forecasts of vertical profiles of velocity in view 

of the fact that the theoretical model does not include (1) entrainment, 

(2) humidity of the air, (3) negative buoyancy effects of liquid water, 

and (4) drag effects of cloud. 

Additional studies are needed of the fall speeds and melting rates 

of hailstones. Most studies in the past have involved spherical stones. 

Research needs to be done on spheroidal, hemispherical stones as well 

as those having irregular shapes. 

Techniques for measuring the draft profile and the vertical distri

bution of the microphysical properties of hail clouds need concentrated 

attention. Since manned aircraft flights through active hail-producing 

clouds are hazardous, other schemes must be developed and employed. 

The use of artillery and rocket techniques for dispersing nuclei 

needs additional investigation. Careful investigation of pyrotechnical 

substances are needed to ascertain ice nuclei production by AgI, PbI, 

or other mixtures. Consideration should be given to the use of artillery 

or rockets for delivering the seeding agent into convective clouds at 

the right place and time. 
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The most efficacious means of employing indirect probing schemes 

such as radar need further study. The value of polarization measure

ments to locate ice crystal and hail zones needs restudy. More exten

sive use needs to be made of pulsed-doppler radar for the measurement 

of draft profiles and particle sizes in convective clouds. 

-18-
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