
SEPTE Mit3ER 198t I "
TRANSLATION, NO. 18

AFCRL RESEARCH LIBRARY

AIR FORCE CAMBRIDGE RESEARCH LABORATORIES
L. G. HANSCOM FIELD, BEDFORD, MASSACHUSETTS

Some Problems in the Theory of the
Formation of Clouds and Precipitation
N. S. SHISHKIN

Translated from Trudy Vsesoluznoqo nouchnogo meteorologicheskogo

soveshchonilo, tom V. Leningrad, Gidrometeoizdot, 1963, pp. 3-9.

Translated by American Meteorological Society, 45 Beacon Street,
Boston, Mass. 02108.

Distribution of this document is unlimited. It may
be releasild to the Clearinghouse, Department of
Commerce, for sole to the general public.

OFFICE OF AEROSPACE RESEARCH

United States Air Force



ioo

~i~LAIEINOTIC

THIS DOCUMENT IS BEST

QUALITY AVAILABLE. THE COPY

FURNISHED TO DTIC CONTAINED

A SIGNIFICANT NUMBER OF

PAGES WHICH DO NOT

REPRODUCE LEGIBLY.



Abstract

HResearch on clouds< and precipitation has undergone considerable development

in the Soviet (mon idling the last forty years. In the pre-war years, a great deal

of data %was collected from the network of weather stations on clouds and precipita-

tion; svnoptic methods of forecasting these phenomena were developed; a substan-

tial amount of laboratory research was carried out on thunderstorm electricity and

the mechanism of precipitation formation; and research wa- begun on clouds in the

vicinity of mountains. Immediately after the war, research was renewed in the

Soviet Union on the active modification of clouds and fog. Physical methods have

been developed for forecasting cloudiness and precipitation, based on the solhtion

to dynamic atmosphere equations and energ•v relationships. In recent years, more

and more effort has been put into cloud research and in
t

r the development of methods

of active modification.
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Some Problems in the Theory of the Formation of

Clouds and Precipitation

1. IN'IHIOll TII

In the 40 years since the appearance of V.1. Lenin's decree on "The Organiza-

tion of a Me-teorological Service in the HSI-SIR, " research on clouds an(J precipita-

tion has undergone considerable development in the Soviet Vnion.

This research ýas originally begun at the Vlain Gcophvsicail Observatory (GGO),

the Central Instituto of Forecasting (TsIP), the Central Aerological Observatorv

(TisAO), the State Hydrological Institute (GGI), and at several institotes of the

Academy of sciences, namely, the Institute of Theoreti, al Geophysics, the Elbrus

expedition, and the Institute of Physical Chemistry.

In 1931, the Institute of Precipitation was founded in \lwscuw ,ith branches in

Leningrad, Odessa, and Ashkhabad. This was the first institute exclusively devoted

to the solution of problems involved in the artificial production of precipitation. In

1934, the Leningrad branch was reorganized into the Institute of Experimental

Meteorology with V. N. Obolenskii as the director. However, at that time, the

state of knowledge about precipitation and the technical possibilities for weather

modification were not such as to hold any promise for solution of the problem of the

artificial production of precipitation or other problems of cloud modification.

In the pre-war years, a great deal of data was collected from the network of

weather stations on clouds and precipitation: synoptic methods of forecasting these

(Heceived for Publication 26 August 1968)
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phenomena were developed: a substantial amount of laboratory research was carried

out on thunderstorm electricity and the mechanism of precipitation formation: and

research was begun on clouds in the vicinity of mountains, along with theoretical

studies on the processes of condensation and coagulation.

The greatest advances in the physics of clouds and precipitation occurred after

World War II. The use of aviation and radar and the development of a radiosonde

network (initiated by P. A. Molchanov) permitted a large amount of observational

data on clouds and precipitation to be collected under natural conditions. This

served as the basis for the creation of the theory of precipitation. Immediately

after the war, research was renewed in the Soviet Union on the active modification

of clouds and fog.

Research on cloud structure was conducted at the GGO, TFsAO, Moscow and

Leningrad Universities, and the Institute of Applied Geophysics of the Academy of

Sciences of the USSR (IPG).

Laboratory research on the mechanism of precipitation formation was developed

at the Institute of Physical Chemistry, the IPG of the Academy of Sciences of the

USSR (AN SSSR), the Institute of Crystallography, the GGO, the T'sAO, Leningrad

State University (LGU), and the Leningrad Hydrometeorological Institute (LGMI).

Radar studies of clouds were carried out at the fsAO and the GGO.

After the war, Soviet meteorology was among the world's leaders both in the

dre, of field and laboratory research on precipitation formation and in the develop-

ment of a theory of precipitation, and it played a prominent role in a number of

directions. It was in the Soviet Union that detailed studies were made on the micro-

structure of clouds (Zaitsev, Selezneva, Borovikov, Gaivoronskii, Minervin,

Chuvaev, Khimach, Nikandrova, and others). The Deriagin School at the Institute

of Physical Chemistry, Nikandrov and Krasikov at the GGO, and others conducted

numerous studies of the mechanism of condensation and coagulation of cloud parti-

cles. In the Soviet Union, the basis for a quantitative theory of rain was laid from

droplet-structure clouds and a theory of h- ",. Physical methods based on the solu-

tion to dynamic atmosphere equations and energy relationships, have been developed

for forecasting cloudiness and precipitation.

In recent years, more and more effort has been put into cloud research and

into the development of methods of active modification. Wide-ranging research has

been conducted in the Ukraine (Ukrainian Hydrometeorological Research Institute

(UkrNIGMI), Institutes of the Academy of Sciences of the Ukrainian SSR (AN USSR),

and Kiev and Odessa Universities) and in Georgia (the Geophysics Institute of the

Academy of Sciences or the Georgian SSR (AN GruzSSR) and the Transcaucasian

Hydrometeorological Rcsearch Institute IZakNIGMI ]

Cloud researchers are no Innger counted by ones or tens; hundreds of people

now participate in this researth. This can be seen from conference participation

on the physics of clouds and precipitation in recent years.

_____._
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2. MilE I'PROBI.EMS IN THE TIIEORI OE PRECIPITATION

Let us dwell in more detail on certain problems in the theory of clouds and

precipitation recently developed at the GGO. As before, attention at the GGO has

been focused primarily on the study of convective clouds.

As previously mentioned, laboratory and theoretical studies of the various pro-

cesses involved in precipitation formation had already begun in the pre-war years.

Direct work on the creation of a quantitative theory of precipitation was begun in

1945-1946. The first step was to compute the growth, of an individual droplet,

dueto condensation and coagulation in a cloud of uniform structure and in the pres-

ence of a constant ascending current. In 1948, droplet growth was computed wi~h

allowance for the change in the size of cloud droplets during the process of cloud

growth (Shishkin, 1948). The calculations were restricted to the initial stage of

precipitation fall from droplet structu~re clouds. Until then, no detailed informa-

tion had been obtained on the form of the size distribution of droplets. The only

clear iesult was that the distribution curve was characterized by the presence of a

single maximum. Kohler's earlier assertion that there are a number of maxima
was the result of incomplete statistics. This was shown conclusively in 1950 by

P. V. D'iacl-.enko (1959). The Smoluchowski formula for the size distribution of

the droplets was used in the computations, although, strictly speaking, that formula
is applicable only to condensation nuclei. The Smoluchowski distribution was deter-

mined by collisions of particles in Brownian motion.

In 1952, work was begun on the development of a quantitative theory of hail

(Shishkin, 1952).

In 1955, the author showed *hat the Khrgian and Mazin distribution (Khrgian,

1952), namely

n(r) = ar
2 e -br

and the Smoluchowski distribution, that is,

n(r) = Ar2 e -Br2

lead to approximately the same result for precipitation both for the time of precipi-

tation and for the rain droplet size (Shishkin, 1955).

In 1960, the computations encompassed the entire period of precipitation (rain

from pure water clouds and hail) with allowance for the washing out of clouds by

precipitation (Barukova, 1960). In this case, it was possible to obtain data on:
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(1) the change in the size of thp prec.. tation particles during the process of rain-

fali r hail, (2) ci. nges in the i,.tensity of rain or hail with time, and (3) the total
amount of fallen precipitation. The problem encompasses the entire period of

precipitation from the clouds, which grow vigorously at a constant rate in the initial

period of development (up to the beginning of precipitation), after which the ascend-

ing currents in the clouds cease. The computations for clouds with a constant as-

cending current are carried out up to the instant thd)t maximum precipitation inten-

sity is achieved.

The extremely time-consuming precipitation calculations were performed by

I. I. Kamaldina, T. S. Uchevatkina, Mu. A. Barukova, and N. S. Shishkin.

Up to the present time, the precipitation calculations made abroad not only do

not encompass the entire process of precipitation formation, but do not even attempt

to compute the growth of discrete droplets with allowance for changes in the micro-

structure of a cloud during the process of cloud development.

At the GGO, in 1961, precipitation calculations were performed for the case

of a cloud with ascending currents of variable velocity. This represents the fur-

thest step in the development of the theory of precipitation. These calculations

were carried out by fu'i. A. Barukova and T. S. Uchevatkina, using the "Ural"

electronic digital computer. Similar, but cruder, calculatior ; were performed at

the Alpine Geophysical Institute by G. K. Sulakvelidze and his associates.

The height-dependent variation of the velocity of ascending currents was as-

sumed in our computations to be the same as that obtained by the slice method,

based on the data of aerological soundings.

An example of the caiculation of the velocity of ascending motions is given in

I'igure 1. The legend designates the actual values of the maximum rate of cloud

development as obtained by G. Z. Eidinova (Geophysical Institute AN GruzSSR)
with range-finder observations of cloud growth. The difference between the theo-

retical and the actual values of the maximum velocity are within the limits of com-

putational error, which in this case is equal to t 4. 5 m/s. An experimental con-

firmation of this curve (velocity vs height) was obtained by G. K. Sulakvelidze and

his associates in 1959 by means of radar observations of the motions in clouds,

employing quasi-constant-level balloons with reflectors.

Figure 2 shows the change in the droplet size vs height in a cloud with an as-

ce•ding current of variable velocity having the same profile as in Figure 1.

The problem of the change in form of the size distribution of droplets during

the process of cloud development is still unsolved. In all calculations, it has been

assumed that only the distribution parameters (liquid-water content, and the radius

of droplets of maximum liquid-water content) vary, while the functional dependence

n(r) is preserved.
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Figure 1. The Rate of Ascending Cui - nts in Clouds vs Height on 6 June 1959,
Based on the Data of Calculations. The "x" sign indicates the actual values of the
maximum rate based on the data of Lange-finding observations
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Figure 2. Height-dependent Variation of Particle Sizes in a Cloud With an Ascend-
ing Current o' Variable Velocity. Curve I shows different values of the initial drop-
let radius; Curve 2 shows the change in velocity vs height; Curve 3 shows particle
growth at a constant velocity equal to the mean valu, of the velocity (10 m/s)
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3. IAI.UI.ATIONS ON THF GROSTTH OF' CON ECTIR'E C'LOUD'OS

It was indicated in the previous section that the fall of precipitation depends

primarily on the conditions of the vertical development of the clouds. It is possible

to calculate the rate of cloud growth from the data of aerological soundings by using

the slice method, which was created in 1938 by J. Bjerknes and developed by

S. Petterasen (1939), A. F. D~ibk (1945), and N. S. Shishkin (1954, 1960). This

method accounts for the release of convective energy during the development of a

certain number of clouds, and for the energy losses from the compensating descent

of the ambient air. The rate of ascent, v, of a cloud mass to level z is determined

by the equation.

2 TO Td n

-2 ) = 06T 0 4;(T w-T)k - S(T w-Td)k (I)

where T is the air temperature at the base of the cloud; Tk is the air temperature

at the top of the k-th layer, T, Twk, Tdk is the temperature of the air rising from

the base to the top of the k-th layer for the wet and the dry adiabat, respectively;

cp is the specific heat of the air at constant pressure; and S is the amount of clouds

(10/10 cloud cover is taken as a unit). The layers are selected from an aerological

diagram, the most useful layers having a thickness of 50-100 mb. Summation is

performed over all layers from the cloud base to the cloud top, which is determined

by the condition

n

E I(Tw-T)k - S(T w-Td ) = 0 (2)

k=l

One can compute the optimum amount of clouds at which the maximum amount

of convective energy is released. It is equal to

n

(Tw - Td)k

and in determined by the condition that is most favorable for the development of

thick convective clouds producing thunderstorms, showers, and hail. At the GGO,

very simple techniques have been developed for graphically determining the quanti-

ties that enter into Eqs. (1), (2), and (3) from an aerological diagram.

II
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As a result of the calculations, it is easy to find the maximum possible height

of the tops of convective clouds, the rate of their vertical development, and the

change in that rate with height and time.

FigUre 3 shows the time-dependent change in the rate of cloud development for

the same vase, as is shown in Figure 1. Here, the conditionof growth are calcu-

lated at different developnint stages as determined by the optimum amount of

cloudiness for the corresponding layers. The clouds are assumed to be cylindrical

in shape and, therefore, the rate of ascent of a cloud mass at a given instant must

be identical for all lavers.

15
Z STAGE

:O0.1

10 11 STAGE
So =0.2

V, m/S

I STAGE
5 So =0 .5

0
0 5 10 15 0 5 10 15 0 5 10 15

MINUTES

Figure 3. Time-dependent Pulsation Changes in
the Velocity of Ascending Currents on 6 June 1959,
Based on Computational Data

It is possible to calculate the rate of both cloud growth and cloud dissipation,

in an unstable stratification of the atmosphere, due to convection with an active

descending current.

The beginning time of each stage is unknown. The solution to this problem re-

quires a detailed experimental study of the diurnal trend of the atmosphere's energy

balance at various heights. Such studies have been begun by N. I. Vul'fson and a

number of foreign scientists. The sequence time of the different stages of convec-

tion development can be roughly determined on the basis of data on both the influx

of solar heat to the earth's surface and the transport of heat in the convection pro-

cess.

Data, which are based on the slice method and the theory of precipitation, have

already made it possible, at present, to forecast precipitation from air mass

showerst and to predict hail conditions.

I
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An alternative forecast for thunderstorms and showers was tried in 1956 and

1957 at 26 Administrations of the Hydrometeorological Service and indicated a mean

accuracy for air mass processes of 92 percent. A total of more than 1500 experi-

mental forecasts was issued.

However, the method of calculation was complex, and the use of the method in

actual operations was difficult. At present, the calculations have been substantially

simplified; and it has been shown possible to predict hail conditions, and the amount

of precipitation from air mass showers.

The method of forecasting hail conditions, which was verified by the author

along with associates from the ZakNIGMI and the Geophysical Institute of the AN

GruzSSR in the summer of 1960 in Alazani Valley, showed a verification of 92 per-

cent after some further improvement. The accuracy of the forecasts was 91 per-

cent for days with actual hail. Of the 21 days with hail in the zone of 100 km radius

around Ruispiri, where the radiosondes were taken, a correct forecast was given

on 19 days. Here, both air mass and frontal cases of hail were considered.

The author's verification of the method of forecasting the amount of air mass

shower precipitation, which was made during the summer of 1960 in the Ukrainian

SSR (in a zone with a radius of about 100 km around the Krivoi Rog radiosonulm.

station) showed the following results.

The verification of the alternate forecasts was 90 percent. The mean error in

forecasting the daily amount of air mass shower precipitation was about 50 percent.

Table 1 presents data on the accuracy of forecasts for 26 days with air mass showers.

Table 1. Forecast Errors

Maximum ambunt of Average amount of
precipitation precipitation per area

>10 mm 5-10 mm <5 mm >0. 5 mm 0. 1-0.5 mm <0. lmm

[ c of 8 27 65 4 38 58cases

The table shows that the largest forecasting errors occurred in a small number

of cases.

This technique must be verified with additional data.

I.
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