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PREFACE

In the late 1950s, a team of researchers at the High-Altitude Geophysics
Institute began to investigate the formation of convective clouds, the ultimate
goal being to develop methods for the modification of hail processes.

A specific feature of the project was its combined approach to the subject,
thanks to which it was possible to cope not only with the above-mentioned
problem but also with many other interesting topics in the physics of the
atmosphere and related areas. Among these were radar techniques for the
detection of hail cells, estimation of rainfall by radar, fall speeds of systems
of particle in viscous media, determination of the coefficient of capture for
particles of commensurate dimensions, design of a non*fragmenting anti-
aircraft shell, artificial crystallization of supercooled drops, and so on.

The investigations finally produced a model of a shower-producing cloud
which, though it may not describe the whole complex of processes involved
in the formation and occurrence of convective precipitation, does at any
rate provide a satisfactory answer to many of the questlons with which we
were concerned, regarding the origin of hail and heavy showers.

To test this model, a hail-prediction technique-iwas worked out. The high
accuracy of the technique permitted further research progress, including a
number of short-range forecasts.

The book consists of five chapters. Chapter 1 considers the thermo-
dynamic conditions for the onset of convection, which lead to the formation
and fall of shower-type precipitation and hail. Chapter 2 describes a hail-
forecasting method, Chapter 3 a method for forecasting showers, and
Chapter 4 a method for forecasting thunderstorm phenomena. Finally, in
Chapter 5 we present some practical recommendations for the preparation
of forecasts, as well as results of tests of the various methods, carried out
in various Soviet institutions.

Section 1.6 was written by G. K, Sulakvelidze, Section 3.8 by N. M,
Mal'bakhova and Section 3.9 by Ya. G. Sulakvelidze. Chapter 4 makes use
of material kindly made available by V. A. Belentsova.

The authors take this opportunity to express their gratitude to one of the
pioneers of cloud research in the Soviet Union, B. V. Kiryukhin, for his in-
valuable comments, which were largely responsible for the publication of
this book. Thanks are also due to N. L. Lebedeva of the Moscow State
University, to three senior workers at Gidromet-tsentr SSSR, A. A, Bachurina,
N.,P. Luzhnaya and S. I, Ponomarenko, for their useful remarks, and to all our
colleagues at the High-Altitude Geophysics Institute who participated in the
preparation of the monograph.



This book is intended for meteorolopy students at hvdrometrorolopicnl
institutes, universities and other institutes of Irarning, ccoirntific workergs,
graduate students and specialists working in cloud phyricn and artificial
weather control,

The authors hope that the baok will be of armirtanee (o practienl
meteorologists in actual forecasting work, and alro i revenrchera enpaged
in the study of convective cloude and the thermodynamies of the smtmeaiphere,
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"INTRODUCTION

The prediction of hail, shower-type precipitation and thunderstorms is
of essential importance for the national economy of the Soviet Union. Un-
fortunately, the methods currently available for this purpose cannot
always meet the increasing demands of the economy.

Extensive research in cloud physics, conducted at the High- Altitude
Geophysics Institute, has produced new methods for the prediction of these .
phenomena. Historically speaking, the origin of this research and the
impetus for its development lie in the need for techniques to combat hail
damage.

The considerable losses inflicted by hail on agriculture in the southern
regions of the USSR presented meteorologists with the task of working out
some method to modify the natural process. In contradistinction to most
other countries engaged in this problem, Soviet researchers first concen-
trated their attention on the mechanism of formation of shower-type
precipitation and hail. Since 1965, investigations have been under way at
the High~Altitude Geophysics Institute under the supervision of one of the
present authors /88 /. A specific feature of this research is the inter-
disciplinary approach to the project, which called for the participation of
workers in various specialized fields. Special attention was also paid to a
highly diversified complex of terrestrial and airborne observations of the
development of shower- and hail-producing clouds, made under field
conditions.

In the course of this work, an attempt was made to determine the de-
pendence between stratification, which determines the thermodynamic
conditions, and the formation of precipitation. That the latter depends on
the energy of air instability due to high lapse rates and humidities was
established back in the 19th century /41, 42,43 /. Various attempts have
been made to discern a correlation between the magnitude of the instability
energy and the type of precipitation. Investigations have shown that
positive instability energy, as established by morning radiosonde,
does not necessarily imply the occurrence of precipitation.

Researches carried out at our Institute /24, 91/ have shown that in order
to establish a correlation between instability energy and precipitation one
should consider not the entire instability energy, defined on the emagram
by the area between the curve of state and the stratification curve, but only
the instability energy of what is known as the active cloud-formation layer
(that is to say, the layer of air between the condensation level and the leve]
at which the updrafts attain maximum speed).

By analyzing the instability energy of the active cloud-formation layer
and atmospheric stratification, one can estimate the kind of precipitation
forming in a cloud and also predict the fall to earth of hail and shower-type
precipitation.

vii



In 1960, the first attempts were made to corroborate the hail-formation
mechanism evolved at the Institute on the basis of atmospheric stratification
data. It was found that these data provide not only an answer to the question
of whether hail can form in a cloud, but also an estimate of the size of the
hailstones that will reach the ground. Afterwards, this method for the
prediction of potential hail formation was developed by one of the present
authors into a method for the prediction of hailstorms.

It is extremely difficult to work out a method predicting the amount of
shower-type precipitation, as its origin and evolution is conditioned by a
host of factors, all of which must be taken into account. Attempts on the
part of several investigators to solve this problem by establishing a
correlation between the amount of precipitation and vertical velocities
have failed to yield reliable results.

Current techniques for predicting the amount of shower-type precipitation
schematically reflect conceptions as to the accumulation of moisture and its
resolution as rain. In view of the complexity of the process whereby
moisture accumulates in a cloud, the structure of cumulonimbus clouds
and the distribution in time and space of updrafts, one cannot hope for a
practically acceptable method unless more detailed consideration is taken
of the interaction between the various factors that produce and maintain
the process.

A method for predicting the amount of shower-type precipitation has
been worked out in connection with the need to estimate the resolution
time of air instability. It was the solution. of the latter problem, combined
with data of atmospheric stratification and certain ideas as to the formation
mechanism of shower-type precipitation, that enabled one of the present
authors to propose a method to this end.

Both of the above-mentioned methods are based onour conceptions as to
the origin of shower-type precipitation and hail and as to the thermodynamic
conditions that must prevail in the air for these phenomena to begin and
develop.

Belentsova, in her method of storm prediction, adopted a slightly different
approach. The high reliability of the previous two methods suggested that
all processes associated with convective clouds are conditioned primarily
by thermodynamic conditions. On this basis, Belentsova tried to identify
the atmospheric conditions most favorable for storm formation. She found
that in middle latitudes storms can be predicted unambiguously on the basis
of atmospheric stratification data.

For clouds to form the air must contain condensation nuclei, while hail
formation requires crystallization nuclei and storm formation implies the
presence of electrical charges. It seems that in middle latitudes the
zxg&;osnifn&?isiry fil‘ any of these processes, that is to say, the requisite
solely on the pref/aei‘i?x? tclioﬁd‘ h;ll- or storm_—Producing elements, de}?end
cize on ot of g thermo ynamm' condlt%ons. Formulas for hailstone

. precipitation are derived using data on the initial and
terminal the.rmodynamic state of the atmosphere. The quality of the practical
ercaiciog Reb stormes o e i Yilde gh scouracy i

- i, , ‘ e amount of shower-type precipitation. It has
now gained wide acceptance in practical work at Gidrometsluzhba, *

* [ Main Administration of the Hydrometeorological Service, USSR Council of Ministers. ]
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True, this principle is useless if one wishes to describe how the air
changes from one state to another or, consequently, to demonstrate the
mechanisms of moisture accumulation and electric-charge formation.
However, the present authors were not concerned with this formulation
of the problem.

Many investigators, such as List and Braham, hold that an exhaustive
systematic model of the shower cloud must include both the microphysical
and the thermodynamic processes that take place in the cloud. Without
disputing this obvious truth, we would nevertheless point out that many data
on shower-type precipitation may be obtained by a more detailed analysis
of the thermodynamic processes occurring in shower clouds. For example,
apart from the above-mentioned successes, a knowledge of the change in the
overall energy of the atmosphere before and after the development of con-
vection enables one to calculate the amount of precipitation reaching the
ground, o estimate the fotal guantity of water generated by the cloud, and
S0 on. )

Particular atiention should be paid to the role of water vapor in the
development of convection, as its condensation causes rapid ascent of air in
convective clouds.

ix



Chapter 1

CONDITIONS FOR FORMATION OF CONVECTIVE CLOUDS

1.1. CRITERIA OF AIR STABILITY

A convective cloud forms in the atmosphere as a result of updrafts. The
ascent of bodies of air may be highly localized in a homogeneous air mass
(intra air-mass processes), or it may extend over cohsiderable territories,
incorporating air masses possessing properties other than those of the
original one (frontal processes).

There are two principal methods of treating the ascent of air masses; the
first, the "parcel’’ method, determines whether ascent is at all possible, while
the "slice" method considers the actual ascent. The parcel method considers
the vertical adiabatic displacement of an air '"parcel, ' that is to say, an
elementary volume of air, unmixed with the surrounding air which is in
static equilibrium. If the forces acting on the parcel after displacement
tend to return it to its former position, the air is in stable equilibrium,

If the forces accelerate the vertical motion of the parcel, the air is in un-
stable equilibrium; and if the net total force acting on the parcel is zero
one has a state of neutral equilibrium. Since friction comes into play only
after the onset of motion, it may be neglected to a first approximation in
stability calculations. The assumption that the environment is in static
equilibrium implies that the vertical components of the force of gravity and
the pressure gradient are in equilibrium, according to the equation

If the air parcel is not in static equilibrium, it follows from Newton's
second law that the resultant of the two forces induces a vertical accelera-
tion dw/dt:

dw __ ____1_ oP 1.2
v (1.2)

p oz’

where p is the density of the displaced parcel. One considers quasistatic
processes in which P’=P, i. e., the pressure acting on the accelerated parcel
is equal to the pressure of the environment at that level. Eliminating the
pressure gradient from the equation and expressing p in terms of tempera-
ture, we obtain

de _ gfw—1) (1.3)

at a



The right-hand side of Eq. (1.3) may be expressed in terms of the lapse
rate /181/:

dw

—:Tr—:_!f:'uro‘—7\"/.,”*'(7_7WH‘3~2°)" (1.4)

where y,, and v are the lapse rates for the rising particle and the surround-
ing air, respectively, w is the vertical speed of displacement of the parcel],
g the acceleration of gravity, Teand Twu the temperatures of the surrounding
air and the rising parcel at the initial level, and z the height which the
parcel attains from height 2.

If the parcel is displaced from the level z=0, where it is in thermal
equilibrium with the surrounding air (To=T,, ), then

dw gz (1—1w) (1.5)
dt 7 '

Hence the medium is in unstable equilibrium if y>v,, in neutral
equilibrium if y=y,, and in stable equilibrium if y<y,,.

The parcel method provides a certain estimate of the vertical stability
of the air, However, it presupposes that the surrounding air is undisturbed;
this assumption is undoubtedly artificial, since the updraft will necessarily
create a compensating subsidence in the environment,

This downdraft is taken into consideration in the slice method, first
proposed by Bjerknes /116 / and further developed by Peterssen /156 / and
Shishkin /94—101/. The basic assumptions of the method are as follows:
the downdraft occurs along the dry adiabat, the updraft along the wet
adiabat; the quantity of rising air is equal to the quantity of falling air,

oT o7 . .
T = 0, and there are no horizontal movements of air,

According to the slice method, the possible onset of convection depends on

the ratio of the mass M of rising air to the mass M” of falling air /116, 63/.
The stratification is stable if

1= Yw- M

.,d__,;v\ Wr (1‘6)
neutrally stable if

{—tw_ M

F;"_ S (1.7)
and unstable if

I dw~, M

F;V> ot (1.8)
where vy, is the dry adiabatic rate,

Thus:

a) I v—yw<0, va—v>0,i.e., y<vy,,

: the air is stable irrespective of the
horizontal extent of the motion {masse peet

s M’ and M"),



b) If y>v4, then, whatever the horizontal extent of the motion (i.e., for any
mass M’), the air is unstable. In these two cases the slice method yields the
same conclusions as the parcel method.

c) If y=y,, the air is stably stratified. Here the slice method implies a
stability criterion other than that of the parcel method.

d) If yw<y<yq, which occurs quite commonly, stability depends not only
on the magnitudes of v, y,and y, but also on the mass ratio M’/M”. If the air
is originally at rest and subsequently an updraft is triggered, kinetic energy
of vertical motion will develop only if the masses of rising and falling air
satisfy the inequality

Tawsy M
Lt (1.9)

If y is close to yy, the air is unstable only to small disturbances (mass
M), Isolated cumulus clouds will be observed, with weak vertical develop-
ment. If y is much larger than vy, the air is unstable for a wide range of
parcel sizes. Cumulus clouds will cover a large portion of the sky, showing
both weak and strong vertical development.

Research at the High-Altitude Geophysics Institute has provided some
additional insight on the development of convection when y,<y<ys. Two new
concepts were introduced. TFirst, the "cloud-formation layer" is defined to
be the layer between the condensation level z. and the convection level z,.
The boundaries of the layer may be determined by the air pressure P, and
P, at these levels. The "active cloud-formation layer' is that between the
condensation level z. and the level at which the temperature difference
between the stratification curve 7T,, and the curve of state T, is a maximum.
This is the level of maximum updraft speed w=, in the cloud and we therefore
call it the "maximum speed level." The boundaries of this layer are also
determined by the appropriate pressures P, and P,,.

It was found that a criterion for the development of convection may be
based not only on the ratio of masses of ascending and descending air cur-
rents, but also on the mass ratio of the air layers participating in convection,
which in turn are determined from stratification data.

When y> y*, where

P,—P
=t (Ta— W) pc—va‘ (1.10)

convection may develop; when
<7 (1.11)

the air is stably stratified.

It is clear from (1.10) that if the vertical thickness of the layer between
the maximum speed and convection layers is small, i. e, , the mass m; of
this layer approaches 0, then y* is approximately equal to the wet adiabatic
lapse rate; in other words, the condition for development of convection may
be determined by the "parcel” method, provided the 'parcel” is assumed
to be rising in saturated air.



Another consequence of (1.10) is that if the lower (active) and upper
layers contain equal masses of air, i. e., Pp—P,=Py—P,, then

S (1.12)
since P, ~P, =P¢ ~ P+ Pn—Py, SO that the criterion for convection is
> l‘l.i)ﬁ (1 .13 )

A similar convection criterion was worked out by Shishkin /98/: the special
case of (1.10) with m;=m,. In the great majority of cases m,<m,, s0
Shishkin's inequality is a sufficient but by no means necessary condition for
convection to occur. Convective clouds will form whenever the lapse rate
y satisfies inequality (1.10). Thus inequality (1.10) provides an unambiguous
answer to the question of when a convective cloud may form, regardless of
the horizontal extent of the convection cell.

One of the present authors had previously obtained slightly different
expressions for the equilibrium lapse rate; these formulas were essentially
the same as (1.10), though more cumbersome.

1.2. DISTRIBUTION OF UPDRAFT SPEED IN A
CONVECTIVE CLOUD

The main factors in formation of convective clouds are updrafts, which
determine both hail size and the amount of shower-type precipitation from
the cloud. Investigations of vertical air currents at the High-Altitude
Geophysics Institute since 1956 have produced some quite detailed material,
providing a good basis for a model of the updraft distribution in time and
space. When a cumulus cloud begins to form, the masses of air ascend in
separate thermals (bubbles). The size of the bubbles and their internal
temperature distribution have been studied in detail by Vul'fson. Typical
of this early stage of convection are Cu hum. and Cu med. clouds. As the
cloud grows, the thermals overtake one another and aggregate in the central
region of the cloud, forming an updraft. If the air is highly unstable, thermals
may aggregate below the condensation level, and the updraft occupies the
central portion of the cloud, from its base to the upper levels (Cu cong., Cb).

In thick convective clouds, beginning approximately from the cloud base,
the speed of the updraft increases almost linearly with height, reaching a
maximum before the cloud top and then decreasing linearly to the top
/8, 11/' (Figure 1), According to observational data, the maximum updraft
;peed In a cumulonimbus cloud is 25—60 m/sec /102/. Downdrafts appear
in the cloud when precipitation begins.

The level at which the updraft speed w,, reaches its maximum is denoted

by zn. Experimental data show that the updraft speed is the following
function of z:

w(z\=w,,+(w,,,—fwu)§l; at 0<z< 2,0 (1.14)



z—z,
Zt— 2y

1]

) at z,<zgz. (1.15)

where wois the updraft speed at the condensation level z=0 (the cloud base)
and z, the height of the cloud top.
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FIGURE 1. Distribution according to height of updraft speed
in a convective cloud.

1) Cu and Cu med., 2) Cu cong. and Cb. -

Calculations have shown that w,, may be derived from stratification data
by either parcel or slice method; later we shall discuss this in more detail.
The updraft speed depends on the instability energy of the air. It is worth
mentioning that Eqs. (1.14) and {1.15) are in good agreement with theoretical
calculations of Gutman /31 / and Lebedev /55/, and they have also been
corroborated by data from experimental observations in middle latitudes
(Caucasus, Transcaucasia, Middle Asia) and in the tropics (Cuba).

Data of some investigators /20,21, 76,120, 159/ have shown that updraft
speed depends not only on height but also on the lateral distance from the
cloud center. It also varies with time. In Cu the updraft speed w is at
most several m/sec(Bibilashvili)or less, while some U. S. investigators
have shown that in mature Cb it may reach as much as 65 m/sec /102,103 /.

Figure 2 is a plot of updraft speed vs. time (curve 1), based on data of
Shishkin /98 /, fitted to an analytical distribution curve (curve 2).

Analytically, the draft curve is a parabola:

w(t) =W, — 5 (1.18)

where { is the time, P a parameter whose value, as derived from boundary

conditions, is 3.8 - 103 sec/cm. )
The updraft speed decreases along the horizontal cross section from

the center of the air jet to its boundary. )
Vul'fson /20, 21/ has shown that the maximum updraft speed varies

over the cloud cross section as follows (Figure 3):



w(x):w,,,(l——';—z—,)_':—. (1.17)

where x is the distance from the cloud center to the point at which the
speed is measured and R is the cloud radius.

w m/sec

1 1 I 1 1
-40 -30 =20 -10 0 10 20 30 40t,m

FIGURE 2. Updraft speed vs. time.

An analysis of data of Pinus (Figure 4) shows that the updraft speed may

be expressed as a function of the horizontal cloud coordinate as follows
(Figure 3):

w(x)=w,e ", (1.18)
where a=2. 10712 ecm ™2,
w m/sec
12

10x km

———g

b

FIGURE 3. Updraft speed vs. horizontal cross section of cloud

a) experimental, b) analytical. Data of: 1) Byers and Braham,
2) Pinus, 3) Vul'fson.

l?yers and Braham /120/, analysing experimental data, obtained the fol-
lowing equation for the updraft speed:

2
w(x) = w, — 55, (1.19)

where P=4.5- 10%cm /sec.
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FIGURE 4. Distribution of updraft speed in upper part of cumulonimbus,
after Pinus.

The updraft curves plotted in Figure 3 on the basis of Eqs.{1.17),{1.18)
and (1.19) show that the updraft speed in a cloud is a complicated function of
the parameters and of time, so the problem of the behavior of updraft speed
still lacks a definitive solution.
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FIGURE 5. Distribution of updraft speed in cumulonimbus,
after Byers and Braham.

1.3. ACTIVE CLOUD-FORMATION LAYER

Up to the present, no quantitative correlation has been determined between
the instability energy and the process of cloud formation. Attemptg to cor-
relate the instability energy E with the amount of precipitationor withhail-
stone size have not been successful /4/. For this reason, many authors use
updraft speed or cloud thickness rather than instability energy when calculat-

ing various cloud parameters.



The hailstone radius may be calculated from stratification data /87, 90/,
according to the equation

w?

r = —a—:”L“ (1.20)

where p is a parameter depending on the density of the hailstone and on the
density of the air at the fall-ox‘lt level of the hail; a good average value for
this parameter is 2.3+ 103em? - sec™); wn is the calculated updraft speed.

The maximum amount of precipitation from one convective cloud may
be determined from the formula

u"

Qm Q’"}Z',"" Prrs (1‘21)

where ». is the air density at level um.

Equations (1.20) and (1.21) show that the hailstone radius and the amount
of showery precipitation depend on the square of the maximum updraft speed,
i, e., on the instability energy of the air masscs.

The instability energy is defined as the work done by the buoyant force

in displacing unit mass of air from one level to another. Its analytical
expression is

pl
15=—2.3R7[(Tw—- T)d log P. (1.22)

where R is the specific gas constant of dry air, 7,—T7 the temperature dif-
ference between the rising air and the surrounding air. The right-hand side
of this equation is represented onthe aerologicaldiagramby theareabetween
the isobars P, and P,, the wet adiabat and the stratification curve.

Research at out Institute has revealed a clear-cut correlation not between
the entire instability energy and the cloud parameters, but only between that
part of the energy enclosed between the condensation level and the calculated
maximum speed level, on the one hand, and the cloud parameters, on the other.

The thermal energy E,, convertible into kinetic energy when an air mass
rises above the condensation level is given by

pm
E,,,=—2.3R£ (y— T)d log P. (1.23)
14

The difference between Egs. (1.22) and (1.23) is that in the first the
integration is performed in the pressure interval [P, P,], i. e., from the
condensation level to the convection level, whereas in the second it extends
from the condensation level to the level of maximum updraft speed, i. e.,
over the active cloud-formation layer. We now define the efficiency n by

7= TezTan, (1.24)
c

where T.is the temperature at the condensation level, Ty, the temperature

at level w,, rising along the dry adiabat from the condensation level. The
equation then becomes



Pﬂl
E,=—23Ry| (T,— T)dlog P. (1.25)
PC

For water to accumulate in a convective cloud, creating conditions for
shower-type precipitation, it is necessary that wn>v4, Where vy is the
fall speed of a drop of radius r=2.5 to 3.0 mm. A suitable value of vy is
103 cm/sec. Thus the kinetic energy of a unit mass of air for which Wn>Ug
must be more than 5 105 erg. Consequently, the inequality

E,>5-10° erg (1.26)

is a precondition for shower-type precipitation. In order to establish a
relationship between the instability energy, calculated from the emagram,
and weather phenomena, it is convenient to iniroduce a dimensionless
parameter I, defined as the ratio of the kinetic energy of the air mass bet-
ween levels 2, and 2, to the critical kinetic energy necessary for formation
and falling of shower-type precipitation:

Ep
=2 (1.27)

Summarizing the above discussion, we may now state that the condition
for shower-~type precipitation from a cumulonimbus cloud is

E>1. (1.28)

It has been shown that in middle latitudes the energy condition for
formation of hail in a convective cloud is that the updraft speed exceed
20 m/sec. This can happen only when

£ > 25. . (1.29)

This condition is necessary, but not sufficient, for hail to fall, since the
hail may melt away as it falls through the warm layers of air if the hailstone
radius is less than 1.5 cm, If the radius is larger, melting has a negligible
effect on hailstone size, even when the zero isotherm is as much as 4 km
above the surface. On the basis of these data, it has been concluded that a
necessary and sufficient condition for hail to fall from cumulonimbus
is

£ > 55. (1.30)

Thus, when the instability energy of the air is positive, the correlation
between the type of weather phenomenon and the instability energy may
involve four cases:

a) < 1: no shower-type precipitation formed;

b) 1 <2< 2.5: rain;

c) 2.5 <¥<5.5: shower-type precipitation, possible hail;

d) => 5.5: hail. ) )

In case (c) one must determine r from (1.20) and reckon with melting
of hail below the zero isotherm /90/. Thus, the dimensionless parameter 2



enables one to predict the type of precipitation reaching the surface.
Analysis of the instability energy of the active layer in 28 actual hailstorms
in the North Caucasus in 1966 and 1967 showed that in all cases 2.6 <2< 20,
in full agreement with conditions (c) and (d) above. However, we shall show
below that the potential formation of storms and hail depends not only on the
instability energy but on other parameters of convective clouds. Thus,

the methods used in predicting these phenomena are based on their mechan-
ism of formation, using data on atmospheric stratification. What is new here
is the conclusion that all processes in the air are influenced by the instability
energy of the active layer, not by that of the entire convection layer as
believed till recently /4/.

1.4, CALCULATION OF MAXIMUM UPDRAFT SPEED

All processes taking place in a cloud depend on the instability energy
of the active layer, and hence on the maximum updraft speed w,,, We
calculate w,, by the slice method, As shown by Eq. (1.9), instability of the
layer depends not only on the lapse rate but also on the mass ratio of
rising and falling air. There are several methods to determine updraft
speed; of these we mention those of Lebedeva /56, 57, 58/ and Shishkin /97/,
and the parcel method /156, 181/,

In Lebedeva's method, one determines AT,,, that is, the average deviation
of the curve of state from the stratification curve (Figure 6), on surfaces at
steps of 100 mb. Using AT,, one calculates the average speed of the con-
vection current. At AT,, =60°, for example, w,, =13 m/sec /56 /. However,
the occurrence of hail and other harmful phenomena depends not on the
average of the updraft speed butonits maximum, The parcel method
computes the updraft speed without allowance for heat lost due to the
compensating subsidence of dry air /156,181 /. At each level, the force
acting on a parcel of density different from that of the environment is the
resultant of the Archimedes buoyant force and the force of gravity:

diz Tw—- T

-;“—,-"—-g 7 (1.31)

The work performed by this force in displacing the particle over an
elementary distance 4z is

da =gl g (1.32)

This work is converted into kinetic energy of the rising particle.
Standard equations of statics yield an expression for the updraft speed:

42 = 23R(T,- - 1)d (-~ log P), (1.33)

where the appearance of the factor 2.3 is due to the passage from natural
to decimal logarithms,.
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FIGURE 6. Average speed = of convection current vs, average
deviation of curve of state from stratification curve,

On the aerological diagram, d (log p) is the differential of the ordinate:
—d (log P) = dy. (1.34)

Finally /63/,
&~ B{(Ty— T)dy, (1.35)

where B=2.3 is a constant.
The equation for the kinetic energy per unit mass of cloud air is

5 =16, [(Tu— T) ~ S (Ty— T)]. (1.36)

If clouds develop at several atmospheric levels, with different lapse
rates y,, the formula for the kinetic energy per unit mass cloud air may
be written

-5 " =, 2. {Tw-- T — S (Tw— Tahel- (1.37)

where T is the absolute temperature of the air at the cloud base, T, the
temperature at the upper boundary of the k-th layer, Ta and Tg,

the temperatures of the air rising from the lower boundary o.f the g -th layer
to its upper boundary along the wet and dry adiabats, respectively, Cs the
specific heat of air at constant pressure, nthe efficiency of conversion of
thermal to kinetic energy, So the optimum cloudiness for maximum release

of convective energy, calculated by Shishkin as

/Z(T e (1.38)
]’ Z(Tw—Td)k
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However, Shishkin's formula was obtained for the speed at which the
cloud tower grows and is the averaged spced of ascent of the cloud mass
in the layer. A new formula for the maximum updraft speed has therefore
been proposed /25, 26/. The kinetic energy of the layer is gencrated by
the difference in heat content between rising and falling air. The tempera-
ture difference between rising and falling air may be calculated by Bjerknes!
slice method, which reckons with the compensating subsidence of the sur-
rounding air that accompanies the ascent of an air parcel. Bjerknes con-
siders a horizontal layer of air which is large enough to include several
rising and falling currents.

At the initial moment, the air temperature and pressure are assumed
to be uniform in the horizontal plane. By assumption, the risging mass M
is equal to the falling mass M, in keeping with the law of mass conservation,
Then A'w’'=—Aw, where A’ and A are the areas of the layers covered by
masses M’ and M, respectively, and ' and w their average vertical velocities,
The rising mass follows the wet adiabat, the falling mass the dry adiabat.
The temperature excess AT (Figure 7) of the rising mass over the falling
mass is

AT = T¢ - T = (TA — ’{w’H"’) "'(T\V”‘Td'&"f) =
= Ta = Tyt (a1 == i) = = Y@ =)t
, . A
A (= el A ) = w 11(1—7\9 -~ (e T)]. (1.39)

and since w't=Az, we have

AT == Az (~(-—*{w\~-§z—‘»(~(d—-‘)], {1.40)
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FIGURE 7. Effect of compensating currents in environment.

AB — initial temperature distribution; AC ~— adiabat of tising
air; ED - adiabat of falling airi T~ Tp— temperaturc excess
in rising air at presswe P /156/,

Inves:tigations by Bjerknes, Peterssen and others have shown that thick
convective clouds occupy from 0.1 to 0.2 of space, while the downdrafts w are
distributed over an infinitely large area. Therefore, to determine the
temperature difference between the rising and falling air, one assumes that

the ratio fA— is equal to zero, and

12



ATr=Tc—T,=8z(y—1y,). (1.41)

Thus, if the stratification curve is divided into several layers and
the wet adiabat considered for each separately, the temperature difference
between rising and falling air may be determined from Eq. (1.41).

The level of maximum updraft speed is identified with the level at which
n
EI(TW—— T)i=AT... . Above this level the updraft speed decreases, owing to the
penetration of air into layers of negative buoyancy. The energy accumulated
in the lower active layer is consumed to overcome the resistance of the
downdrafts above this level. The change of heat content per unit column of
air in the layer from the surface to the maximum updraft speed level is

zm
e=c,z,( (T — T)pdz. (1.42)
This integral may be expressed as a sum of two integrals:
e Zm
@=c,|f (Ty- Tpdz+[ (T, - Dpdz | (1.43)
2 E

where z. is the condensation level. Since

Zc Zm
J (Ty—T)edz [ (T,— Dpdz, (1.44)
2, "'C
we may assume that
8=c,] (T,—T)pdz (1.45)
Zc
By standard equations,
pdz = — 2, (1.46)
g
hence
e dP
8=c,] (h—T)(~2). (1.47)
c

The development of a convective cloud is envisaged as a thermodynan?ic
cycle, consisting of two adiabats (air rising in the cloud along the v;{et adiabat
and a compensating subsidence of surrounding air along the dry adzab.at‘) and
two isobars (horizontal displacements completing the cycle). The efficiency
of this process is n=7Tc— Tyn/Te- ‘ )

The kinetic energy of a single air column taking part in the convection
process, at the maximum speed level, is

2
= n 1.48
Ekin =p2,n—§-. ( )
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It is assumed that the pressure in the surrounding air is cqual to that in
the cloud — the process is quasistatic. The pressure at any level is given
by a standard formula:

i
i n

,f dl):»:f godz, (1.49)

where zo is the absolute geopotential at sea level, which is zero; hence

-

z = Fom P (1.50)
" &ar

Inserting this into Eq. (1.48), we obtain

bl
Py—Ppr Tm

=l T, (1.51)

Ly ==

Comparing Egs. (1.47) and (1.51), we obtain the following formula for the
updraft speed of a single column of air:

m dr )
% e, | (T (- ) (1.52)
¥

w:'.“ pPap
-7 = T‘Cp‘)’ (Tw'" T)[-— p(l’g— I’m) ]'

Taking the constant P through the integral sign and assuming that (Po—P.,)
and P are equal (for thick convective clouds this assumption causes a small
error in the calculated updraft speed), we obtain

. .
?-,;ﬂ:'r,c},"‘ (Tw—r)(~—%). (1.53)

Pe

The %ntegral on the right of this equation may be solved using the
aerological diagram. The geometrical representation of the integral is

the area between the curve of state, the stratification curve, and the isobars
P. and P,

On the aerological diagram,

Ya P
j.\'d_v=j (Tw— N d(—log P):%ﬂ_ (1.54)
5 =

N c

In view of (1.53) and (1.54), the formula for the maximum speed is

2

5 =1, 0T,( log P, — log P,). (1.55)
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where AT, is the maximum deviation of the curve of state from the strati-
fication curve.

Table 1 lists some maximum speeds as calculated by the different
methods we have discussed. It is clear from the table that the wn values
calculated by Shishkin's formula and by Eq. (1.55) are almost the same
Nevertheless, there is a difference, which increases when the Zm level.
becomes lower. For example, if z¢ is at 2000 —2100 m and zm at 4000 m
then Eq. (1.55) yields wm as 3.5 m/sec, whereas Shishkin's formula givés
16 m/sec, which is close to the value given by the parcel method. This is
probably because Shishkin's method disregards the mass of the convecting
layer.

It should be noted that the calculation of maximum speed and temperature
at this level is based on the stratification curve of the air mass in whichthe
clouds are developing, For reliable prediction, therefore, it is highly
important to extend the stratification curve in time right up to maximum
cloud development. This may be done as described in the handbook /18/.

TABLE 1. Comparison of maximum speeds calculated by the slice method (1),
the parcel method (2), and Eq. (1.55).

. Condensa-~
Pate Time,| Height, tion @, m/sec
hrs m
level, m M as | oo

24V 1964 3 5600 2500 23 15.5 25.0
4/VI1 15 7400 2100 33,2 33.0 420
14Vi 9 7400 1500 32 30 38
28]V1 3 1000 2100 16 35 149
21Vl 3 7400 2100 26 28 34.5
A 3 4000 1500 22,0 13.5 24,
2/VIHI 3 6200 1700 20 20 284
6JV1 1965 9 5600 1500 240 26.0 33.0

The updraft speed depends on the liquid water content of the surrounding
air. If the environment air is dry, some of it will penetrate the developing
cumulus cloud and move along with the cloud air. This entrainment changes
the lapse rate. The mixed air is unsaturated and contains liquid water from
the cloud. Upon saturation, some of this water evaporates and as a result the
temperature of the cloud air falls. This temperature drop in the updraft
may create negative buoyancy, which retards further growth of the cloud
/74, 75/.

Slavin /85/, attempting to allow for the entrainment of surrounding air
in the growing cloud when determining air instability, proposes the following
formula for the terminal temperature of the rising air when cooled by en-
trainment of surrounding air, from the condensation level up to 500 mb:

AT-_-kAT_S'aV""S%v, (1.56)

1 4 0.28; av
where AT is the temperature difference between the surrounding air and

the rising air (including the entrained air), Sy,,the specific humidity at the
700 mb surface, S,,, the maximum specific humidity at the 700 mb surface,
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AT, the deviation of the temperature of the adiabatically rising air from the
temperature of the surrounding air. The factor & depends on AT, :

k=0.6 — 0.0247,, (1.57)
AT = AT, (1.58)

where AT is an indicator of the magnitude of convective instability, AT,
the temperature difference between the cloud air and the surrounding
medium on the assumption that the convection process is adiabatic. In
Slavin's method one assumes that the condensation level lies near the
850 mb surface and the temperature at the condensation level is given by

Te= Tag+ 1. (1.59)

Eq. (1.59) was derived from statistical studies. Allowance is made for
vertical currents caused by friction at the earth's surface by introducing
a correction to the temperature of the 500 mb surface, depending on the
curvature of the isobars near the ground. Faust has calculated that if the
isobars show cyclonic curvature of radius 1000, 500 or 250 km, the tempera-
ture at the 500 mb level (during the period from 3 hours before maximum
development of convection, corrected for isobar curvature) drops by 1.0,
1.4 or 2°, respectively; if the curvature is anticyclonic the temperature is
raised by the same amount. When the isobars are straight the correction
is AT"=0,

Austin /113 / proposed a simple graphical method to allow for entrain-
ment of air. This involves mixing of the rising air with the surrounding air
at constant pressures, followed by saturation of the mixture in a wet-bulb
thermometer process. Figure 8 illustrates the process. The point 4
corresponds to air in the cloud at a certain level P,, where it is mixed with
the surrounding air. Two parts of rising air are mixed with one part of
environmental air. The unsaturated mixture is represented by the point B.
The air is then saturated at constant pressure by evaporation of water
previously condensed in the rising current. The saturated mixture is
represented by the point C. Without entraining any air from the environment,
the air rises along the wet adiabat CA’. After mixing with surrounding air
LE’ at pressure P,, the state is represented by the point B’, while C’ re-
presents the saturated mixture in terms of its wet-bulb temperature.

Thus, instead of the wet adiabat AD, which would correspond to rising air in
the absence of entrainment processes, the change of state of the air when
these processes are included is represented by the curve CC’. The dryer
the rising air, the lower is the instability energy of the air mass.

According to U. S. studies of storm structure in 1945 /117 /, air is
entrained by growing cumulus clouds at a rate of approximately 100% for
an ascent of 400 mb, i. e.,the mass of rising air is doubled for every
490 mb. The mixing process must fit these results. For example, in
r%sing 100 mb, one part of surrounding air is mixed with four parts of rising
air, but over 200 mb there is one part of surrounding air for two parts of
rising air. The entrainment rates are derived from empirical data. It
follows from this discussion that allowance must be made for entrainment
of dry air into the cloud when calculating maximum updraft speeds.
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FIGURE 8. Entrainment of surrounding air into a cloud.

According to data of Stommel /166/ and Malkus /145 —147/, the maximum
entrainment for air bubbles of diameter 500 m ranges from 0.5.1075 to
1.0- 10-5cm=!; per 100 mb, this gives 0.8 parts of surrounding air to one
part of rising air. Other entrainment figures are obtained for bubbles of
different diameters. The best method seems to be Austin's since (among
other things) Slavin's method allows for entrainment in the layer from
850 to 500 mb only, whereas maximum updraft speed may occur at any
isobaric surface. Glushkova /25,26 / calculates entrainment of the sur-
rounding air by layers. The temperature difference AT, in Eq. (1.55) is
replaced by a parameter AT, including entrainment. The basic assumption
is that, for each ascent of 200 mb, two parts of rising air are mixed with one
part of surrounding air. The method is illustrated in Figure 9. Investiga-
tions of the development of cumulus clouds have shown that entrainment
is maximal when the average relative humidity in the layer 850 —500 mb
is less than a certain critical value, taken to be 60%. Therefore, if the
average relative humidity in the 850 — 500 mb layer is less than 60%, the
construction of the curve of state must include entrainment (mixing adiabat),
replacing AT» in Eq. (1.55) by AT.— the maximum deviation of the curve of
state from the stratification curve with allowance for entrainment. The
magnitude and level of maximum updraft speed givenby Eq.(1.55) agree with
experimental data.

Condensation level

FIGURE 9. Construction of curve of state with allowance for
entrajinment of surrounding air into the cloud.
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During a 1960 expedition to the Kabardino-Balkar Autonomous SSR,
observations of the development of thick convective clouds were made at
the village of Chegem (700 m above sea level). An artillery range-finder
was used. The azimuth, angle of elevation and range were measured at
15 —30 second intervals. The maximum growth rate of the cloud tower
for the period from May 28 to June 15, 20 m/sec, was measured at 12 noon
on June 14. As the updraft speed in the cloud is double the growth rate of
the tower /169, 32/, it was possible to compare the observed maximum
tower growth rate with the figure calculated by Eq. (1.55). The results are
shown in Table 2.

TABLE 2. Comparison of measured maximum
growth rate of cloud tower with calculated
maximum updraft speed in cloud, 1964

wo, m/sec
Date Time
meas. | calc.
29,V 14 35 70 193
8IVI 9 00 110 197
10/V1 10 00 93 22.1
14,1 12 00 200 428

In addition, during the 1964 anti-hail expedition to the Kabardino-Balkar
Autonomous SSR, several observations were made of the zone of maximum
radar reflection from the cloud, during a period extending from development
up to beginning of precipitation. The level of maximum radar reflection was
found to coincide with the level of maximum updraft speed (Table 3). It is
thus reasonable to conjecture that measurement of radar reflection is a good
way to calculate maximum updraft speed. Speeds calculated by this method
are quite close to those observed in convective clouds.

TABLE 3. Comparison of calculated maximum
speed level with measured level of maximum
radar reflection, 1964

Level, m
Date Time
meas. calc,
3V 11 54 5900 5600
15 25 5800
3IV1 13 20 5600 5600
20 15 5700
4/V1 14 05 5500 7400
14 05 5500
15 00 7400
5/V1 14 45 7200 7400
10)V1 17 21 7200 7400
12/vi 15 20 7000 7400
15/v1 17 16 5600 5000
2vit 14 53 6000 5600
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1.5. EFFECT OF VERTICAL WIND SHEAR ON
DEVELOPMENT OF CONVECTION

A change of weather at any point is conditioned by diverse factors, which
may be divided into three groups: 1) circulation, 2) transformation and
3) orographic factors /36/.

Circulation factors effect weather changes via movements of air masses,
atmospheric fronts, cyclones and anticyclones, as well as evolution of the
latter. It is these that cause the most significant weather changes. They
may be classified as inertial, advective and dynamic factors. While ad-
vective changes of meteorological elements take place in both steady and
unsteady (accelerated) air, dynamic factors are operative mainly in the
latter,and also in the development of convective motion in the atmosphere.

Recent research has shown that convection may set in and develop not
only as a result of nonuniform heating of different portions of the earth's
surface (thermal convection), but also owing to dynamic causes (of a thermal
and dynamic nature); the latter produce small-scale turbulence which, under
certain conditions, will develop into organized convection. Major factors
in this process are friction with the underlying surface and sharp changes
of the wind-speed vector with height.

The development of atmospheric convection requires a certain reserve
of positive instability energy, which depends on the distribution with height
of the air temperature and the wind-speed vector, as these determine the
nature of air turbulence. The characteristic measure of turbulence is
the Richardson number Ri, which may be found from the equation /47 /

Ri=£ (yd— 7 (1.60)
- T (0a 2
o)
where T is the average air temperature in the layer, —0—"—is the vector of

dz
the change in wind speed with height. The critical Richardson number is
unity. At Ri<1 turbulence will arise and intensify at Ri>1 it will weaken.
It is evident from (1.60) that the sign of the Richardson number depends
on the relationship between the dry adiabatic rate and the actual lapse rate.
We have Ri=0 at y=v,, i. e., at neutral equilibrium in free air, Ri>0 atv<v,,
i. e., at stable equilibrium relative to the temperature regime. Thus, when
the air is stable we may find Ri>1. Consequently, a necessary condition
for the air to be unstable is the inequality

ey

Hence
_ T {ou\?
Ta— 1~ 'E(?z‘) :
Finally,
T (ouy , . (1.62)
—g'(;,;;) V>



According to this inequality, an air mass may become unstable when the
lapse rate y is less than the dry adiabatic rate y4, but in combination with

T du\e

the characteristic dynamic factor —?( - it musti exceed v3. This means

that when the wind changes sharply with height, convection may arise at low ¥y
values, when the thermal stratification is stable if the dynamic factor is
ignored. One might say that the variation of wind with height introduces

a certain additional thermal gradient, which is added to the lapse rate vy

and is therefore called the "thermal equivalent of vertical wind gradient.”
When the wind changes slowly with height, this factor is small and may be

du

disregarded; but if, say, ;72 m/sec per 100 m height, its value is

1.0 —1.3° per 100 m. If the air contains a significant amount of moisture,
it will suffice if the left member of Eq. (1.62) exceeds the wet adiabatic rate
vw. This increases the importance of the dynamic factor, which causes the
total gradient to move cven more rapidly to a value sufficient for vertical
movement. Dynamic factors may stimulate the development of convection
even when there is no possibility of thermal convection as an independent
process; conversely,thermal convection may set in under conditions of
weak dynamic convection. In many cases these processes reinforce and
complement one another, presenting a unified picture of atmospheric in-
stability.

On the basis of his experimential work, Skvortsov /84/ proposed what he
calls a multistage model of convection. First, usually in the morning, small-
scale turbulence carries water vapor and heat from the ground to a height
of 50 —100m. At this height vortices (thermals) form on a larger scale
and these continue to raise heat and moisture to greater heights.

Recent investigations /17, 18, 46, 72, 73, 90, 172, 173/ have shown
that vertical wind shear has a very considerable influence on the develop-
ment of convection. There is at present no generally accepted view of the
role of wind shear in this context, though it is generally agreed that it can-
not be considered in isolation from updraft speed.

On the one hand, upon increasing wind shear, the degree of turbulence
increases, and there is a higher probability of large "turbulent masses”
which may initiate convection. On the other hand, theoretical studies by
Turbnikov /19/ have indicated that strong wind shears inhibit the growth
of convection. In each specific case, therefore, whether convection will
actually ensue depends on the mutual relationship of the different effects
of vertical wind shear,

Gandin /24 / states that if the wind direction in a convective layer does
not change with height but wind speed does change, there arise two-dimen-
sional cells {Figure 10), shaped like elongated bands of ascending and de-
sending motion lying along the wind direction. But if both the direction
and the speed of the wind change sharply with height, it is apparent that this
cellular circulation, which, together with gravity-shear waves, is a form
oi‘ organized medium-scale atmospheric movement, cannot possibly take
place.

Vorob'’eva and Trubnikov /19, 93/ investigated the structure of cellular
f:onvection when the wind vector can be resoclved into two components: one
independent of height, the other possessing a vertical profile of nonzero
curvature. Calculations showed that one then obtains two-dimensional
cells lying along the second component of the wind vector.
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FIGURE 10. Scheme of cellular circulation near upper boundary
of stratified cloud (after Zaitsev and Ledokhovich).
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) cloud thickness; #.) thickness of subcloud layer with marked
cellular circulation (100—200m); #;) thickness of cloud layer

with marked cellular circulation (50—100 m); ) layer of air
showing periodic horizontal fluctuations of temperature (150 —300 m);
w ) warm; c) cold; wavelength ?,y~800m.

We must also dwell briefly on the effect of wind shear on periodic motion
in the air., Periodic motion is one of a number of quite widespread types of
medium-scale motion in the air. When unstable, such motion produces
vortex formations of various sizes. Some of these, such as cyclones and
anticyclones, occupy considerable areas. They are formed upon disintegra-
tion of waves whose wavelengths are hundreds and even thousands of
kilometers. Small-scale vortices form upon the collapse of waves of
a few kilometers wavelength. An example of such short waves in the
atmosphere is provided by the gravity-shear waves which form as a
result of friction forces and develop thanks to the mechanical potential
energy of air parcels.

Information about gravity-shear waves may be found in Laikhtman /54/,
Haurwitz /132 /, Gandin /22 —24/, Naito /153 /. Three-dimensional waves
have been studied by Sekera /161 /, Doi 125/ and others. According to
Sekera (and also Brunt /119/ and others), whenever cloud bands were
observed lying parallel to the wind, indicating waves just under the inversion
layer, the lapse rate y was found to be higher than the dry adiabatic rate vy,
This implies the presence of vertical wind shear independent of height.

There are only few studies of waves in clear air, as the lack of visual
indications makes their investigation quite difficult. Most of the data are
obtained from observations of clouds at wave crests. The material is
usually the fruit of airborne observations, though data from meteorological
satellites have also been used. Geometrically regular cloud structures
were observed in approximately 15% of cases (Vel'tishev), and cloud strips
in 13% of cases. Banded (wave) structure was usually a characteristic
of cumuliform clouds. The direction of the bands coincided most frequently
with that of the wind near the ground, and with increasing height the wind
veered relative to the bands. In the 1 —2 km layer the angle between wind
and bands reached # 10°. When the cloud bands were long, one usually
observed lapse rates of 0.7 —0.8° per 100 m (almost adiabatic), and the wind
speed was higher than when the clouds were randomly distributed. In ad-
dition, in most cases the wind direction did not change with height,

Similar data have been cited in work by other authors. For example,
on the basis of analysis of radar information about precipitation over Japan,
Doi /125/ concluded that well-defined bands of precipitation (and hence also
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of clouds) were observed in 849 of cases when there were vortical wind
: . thi .
shears of %":-,\3 m/sec per U km, and in 557, of eases when ;-2 7m [nec

per 1 km,
Most of the cases in which there were no bands were registered on days

when -—:—:—:—'ﬂ-f3 m/see per 1 km in the cloud zone, The precipitation bands

were usually clonpated along the wind direction when the wind was elightly
veering with height, i. ., changing direction slightly. The experiments ilso
showed that if the vertical shear of wind speed was not large, the cloud
strips lay perpendicular to the wind,

It should be noted that according to Veltishey the mutunl oricniation nf
waves and wind depends on the temperature 7, the wind speed o, the lapse
rates and wind gradients, the curvature of the vertical profiles and the
naturce of the change in wind dircetion with hefght, 1o rhowed that the
change of wind speed has less offect on the direction of the waves than the
change of wind dircection with heipht, This conciusion iy somewhat it
variance with the results of Sekera and Dof, aceording to whom the chanpe
in wind speed is decisive for the orjentation of the waves,

Shmeter /18,73,102,103, 111/ studied the effeet of vertieal motion in
thick convective clouds on the wind field, To determine how the character-
istics of wind disturbance near thick convective cloude deprnd on updraft
speed, wind shear and turbulence, he conducted o numerical experiment,

The result wasg that the magnitude of the disturbanee depends primarily
on updraft speed and wind shear, turbulence playing only o secondary role,

In 1959 —~ 19635, working with a specially cquipprd TU~104 laboaratory
airplane, Shmeter made several hundred wind measuremoents using Doppler
apparatus, and mcasurements of updrafts asing equipment to register the
vertical speed and acceleration of the plane ag well as the anple of pitch,

On the basis of these data, he discovered certain regularities in the formantion
of Cb banks at high wind shears, When the external wind shear was Iarge,
the air rose behind the cloud top, and a =ystem of waves formed shead of
the top, similar to that observed when air flows past solid obstructions. At
the crests of these waves the updraft speed reached 23 m/see, and the total
thickness of the wave zone was several kilometers,

Shmeter's observations showed that the conditions at the crests of such
"ecloud waves' are favorable for stormy development of Cu cong, , provided
the tops of the latter reach the wave zone, so that a whole band of Cu clouds
gradually grows in frent of the "mother" cloud (cumulonimbus), The new
clouds are formed in a chain-like process, The formation of banks of Cb
parallel to the wind is also furthered by the induced subsidence of air in the
lower regions of the atmosphere, a common occurrence ahead of rapidly
moving cumulonimbus clouds,

Pastushkov /72 / used numerical integration of the hydro- and thermo-
dynamic equations of the atmosphere to investigate the effect of (external)
wind shear on the development of isolated cumulus clouds. He made three
series of computations, including 13 cases which difiered both as to initial
instability energy FE, and as to the magnitude of shear. 1His conclusions
from the experiment were as follows:

1. The growth of a cumulus cloud by resolution of atmospheric instability
is a nonstationary process, not only during the actual growth of the cloud but
also after it has reached maturity, The main factor preventing stationarity
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is the conversion of kinetic energy of convective motion into kinetic
energy of turbulence.

2. From 80 to 80% of the latent heat of condensation released during
convection is consumed to create potential energy of wet air and condensa-
tion products. The remaining 10 —20% are divided up among the kinetic
energy of convective motion and kinetic energy of turbulence. The ratio
of the two factors depends on the stage of growth of the cloud. While it is
growing, E.>E, while in the mature and dissipation stages Eoa>E..

3. The principal parameters conditioning the growth of the cumulus
cloud are the initial reserve E;of instability energy, the external wind
shear u’ and the degree of turbulence,

4, The life cycle of a cumulus cloud may be divided into an active
stage, which lasts about 15 min (this figure decreases with increase in £,
increases with increase in u’ and in degree of turbulence), and a dissipating
stage, whose length is conditioned largely by the same factors but most
significantly by the degree of convective turbulence. The entire life cycle
lasts from 30 to 60 min.

5. The terminal result of convection is a new state of the atmosphere,
practically free of convective motion,

Thus, almost all of the latent heat of condensation released during
convection is consumed in heating the air, increasing the potential energy
of moist air and condensation products and the kinetic energy of turbulence.

6. The entire range of wind shear values may be divided into three
intervals as regards its influence on the growth of cumulus clouds. Thus
the half-plane (u’, Eo) is divided into three regions (Figure 11 ):

a) |l <y
b) wie <o} <ug
c) (| >ug,

The decisive parameter for u, and >, is E,. As the latter increases,
the critical shears increase. This is represented by two demarcation curves
which divide the («/, Eg) plane into the three shear intervals specified above.
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FIGURE 11. Decrease in convection expressed in terms of wind
shear u; and initial moist-instability energy Eo.

Figures above isolines represent rates of decrease.
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When |u'l <uy o (Ep) the wind shear, whichslows down the growth of Cu, has
practically no effect on the extremal characteristics of the cloud; at
Wy <] & uie,the slower growth of Cu is accompanied by a decrease
in its characteristies; at |n';.-u#:q convection is either entirely suppresscd
or, having reached the stage of Cu, is dissipated.

It is noteworthy that as the instability energy decreases the transition
from one convective regime to the other is sharpened, Pastushkov sugpests
that this may be one of the reasons for the predominant growth of a few iso-
lated cumuliform clouds from the total cloud mass which remains at the fair-
weather stage.

Thus, there are considerable divergences of opinion as to the influence of
wind shear on the development of convection,

A. N. Koval'chuk of the High-Altitude Geophysics Institute has studied
the effect of vertical wind shear on hail precipitation, ag a special case of
the above general discussion, This is a highly topical subject in view of the
wide range of hail-suppression research being done m the USSR {gec Chap, 2),
We present some preliminary results of an investigation of the effect of
vertical wind shear on the development of atmospheric convection, obtained
at the Institute during the combined hail-suppression expedition to the Caucasus,

The results are summarized in Table 4 and Figure 12, Figure 12 shows
the distribution profile of vertical wind shear »” for different types of weather,
Also shown is the distribution with height of updraft speed w, caleulated by
Glushkova's method /25/. It should be clear from the data of Figure 12
and Table 4 that in cases of great development of Cbh below the maximum
speed level, wind shear reaches consider magnitudes, up to 20 m /sec per
1 km. In some cases, higher shear values are observed at 8 —92 km, from
7 t0 25 m/sec per 1 km. On the other hand, when stratification is unstable
and negative wind shears are appreciable below the maximum speed level,
no development of thick convective clouds was observed, These results
are only preliminary,

In order to determine the effect of wind shear on the development of

. ou N .
convection, -5 was calculated from data of radiosonde obrervations made

on and around the date of maximum convection, for singular points of the
wind. The values of w, and wind shear values in m/scc per 100 m, calculatec
for the subcloud layer, were plotted. This laver was selected because the
major factor in the development of convection is the layer from the ground

to the condensation }evel. It turned out that when hail fell the value of

du
.~ fluctuated from 1 to 6 m/sec per 100 m.,  Similar values of L;“_ were
ur

recorded on days characterized by the development of shower-producing
clouds.

It is noteworthy that, in cases showing no thermal instability, large wind
shear resulted in the formation of cumulus, cumulus cong. and sometimes
even cumulonimbus.

Thunderstorm phenomena were recorded at maximum speed 5 m/sec

and higher, hailstorms at 15 m/sec and higher. Apparently, an increase in

on
- in the layer from the surface to the condensation level stimulates the

o.nset of convection, but if there is no thermal instability above the condensa-
tion level thunderstorm and hail clouds will not develop.
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TABLE 4. Calculations of vertical wind shear

Hkm |w_mjsec “ %m/sec H xm }w_mjsec ‘ %’—m/sec

m mjsec | per km m m/sec per km

Kuba-Taba

May 10, 1965, 1445 hrs. Development of thick Cb, hail
14 -~ -206 ~18 56 1Hh4 20 14
145 — 28 56 72 150 19 16
22 — 60 200 82 18 —12 —~12
29 14 56 50 92 72 158 15
30 16 26 260 104 18 80 60
42 72 1206 100

June 18, 1965, 1210 hrs. Development of Cb

1t 10 24 17 565 164 28 20
1 83 22 42 105 73 168 34 20
285 52 14 14 §25 172 54 60
305 58 10 ~80 999 132 90 90

3 70 20 b6 105 100 26 20
3145 76 14 140 110 86 80 160
425 100 60 75

Osetiya, Ardon

May 26, 1968, 1330 hrs. Development of Cb

10, — 1 0p 06 { 6O 176 31 18
15 14 09 18 | 70 160 70 70
20 30 13 26 84 122 54 37
30 62 43 45 94 86 126 126
35 124 32 09 100 — ] 130
40 170 —42 -84 102 — 40 200
475 180 -33 —37 110 - 30 37
525 180 25 50 121 - 98 98

Khutor Vesely:

July 4, 1968, 1050 hrs, Development of Cb, soft hail, 0.2 — 0 3 mm
15 04 11 07 57 164 82 o4
20 02 70 140 73 132 165 90
31 66 40 35 825 104 592 59
425 128 151 140 |

July 7, 1968, 1100 hrs. Development of Cb, hail .
20 - 25 1.2 43 64 —11 —55
31 04 21 23 o8 150 no 78
35 06 02 06 84 130 —17,3 63
41 22 05 0,7 88 120 35 116

July 17, 1968, 1100 hrs. Development of Cb, hail
18 — —60 -39 58 268 35 24
20 — —23 —76 75 274 46 27
31 30 50 55 85 192 135 135
32 36 53 106 95 96 70 70
44 118 41 3t 11,0 — 96 62
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Hkm |w m/sec il l‘%'f:_ m[secl H w u 2 mfsec
m m/sec per km km )@ misec] e "Iper m
July 30, 1968, 0600 hrs. Development of Cb, hail
2.0 — —24 —14 5.8 152 16 1.1
3.1 4.5 53 58 75 25.7 —34 3.2
3.7 43 5.3 9.0 8.5 24.1 84 84
4.1 43 4.0 100 10,9 - 312 13.0
44 47 50 160
August 1, 1968, 1100 hrs. Development of Cb, hail =1 cm
2.25 2.8 16.0 72 73 13.8 77 45
25 35 -38 —1.2 7.6 12.1 23 7.6
3.0 53 —5.1 10.2 8,25 3.5 175 250
4925 8.8 3.3 42 94 — 16.2 133
56 14.5 22 1.5
Osetiya, Ardon
August 11, 1968, 1100 hrs. Hail
07 — 45 6.3 5.8 236 9.0 120
1.0 — 14 4.6 6.0 224 3.0 100
14 - —1.2 —30 70 22.8 5.2 5.2
15 — 0.1 1.0 74 226 32 8.0
1.8 — —10 --33 84 232 —35 —40
20 — 10 3.3 9.4 8.0 ~52 5.0
22 - 1.0 5.0 101 — 12.8 18.0
38 10.2 48 3.2 115 —_— 3.2 22
43 130 —3.0 83 12.1 — 8.8 1.4
50 186 1.0 14
Khutor Veselyi
August 17, 1968, 1100 hrs. Hail
32 6.2 6.2 L9 74 17.8 1.3 0.7
36 8.8 0.2 0.4 8.1 126 80 80
4.2 10.8 —2.5 —5.0 9.5 — 76 70
4.4 11.0 0.1 0.3 106 —_ 26 23
58 18.8 3.3 2.4 it — -28 5.6
August 25, 1968, 1100 hrs. Developmient of thick Cb

1.5 — 33 2.2 59 214 40 3.3
18 — 14 46 7.5 204 7.8 4.9
24 — 7.0 116 8.5 17.4 ol 9.1
29 - 5.6 11.2 95 10.8 14 11.4
44 9.0 124 8.2 10.7 2.4 8.0 66
48 116 44 146

August 27, 1968, 1030 hrs. Development of Cu cong. no storm ot hail
32 34 48 1.5 8.8 15.2 34 2.5
44 8.0 15.7 130 9.3 15.0 3.3 7.0
58 17.0 -97 —~73 9.6 150 2.5 8.3
7.5 15.8 7.2 40 10.6 — 7.2 72
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Ou_ e ur au
mjsec | mise H km @, mfsec 9z

kM w mfsec
n per km m/sec per km

August 31, 1968, 1105 hrs. Cb, bhail = 1.5 cm

1.3 40 20 1.5 42 122 -1 —5.5
1.5 0.0 03 1.5 43 13.2 ~11 —110
1.6 0.4 1.2 1.2 5.75 220 26 1.9
20 20 2.2 5.5 7.4 234 8.5 5.0
3.1 6.6 64 5.7 8.35 19.0 78 80
40 11.2 —27 —3.0 9.4 142 —5.7 —5.1

To determine the effect of wind shear on precipitation processes, the
change of wind speed vector in the vertical layer 2.5 —30 km (the accumula-
tion zone /90/) was examined. At wind shears over 2 m/sec per 100 m,
no falls of hail were observed. This may be because high wind shear in the
accumulation zone prevents the formation of hail, as conjectured previously
by Sulakvelidze /90/ and Koval'chuk.

In the future it will be necessary to extend these studies to the effect
of wind shear on changes in the thermodynamic state of the atmosphere, and
to examine the effect of negative wind shear on the development of convec-
tion.

1.6. SIGNIFICANCE FOR CONVECTION OF LATENT
HEAT OF PHASE TRANSITIONS

We now consider those forms of atmospheric energy which are converted
into kinetic energy of air masses upon the development of convection, and
also induce lifting and subsidence of air. It is agssumed throughout that the
speed of horizontal air currents is zero or, at least, of constant magnitude
and direction, while convection is developing.

According to meteorology textbooks, the total energy of an air parcel,

assuming no horizontal currents, is defined by the following differential
equation:

d® =c,dT + Agdz +d %, (1.63)

where ® is the total energy per unit mass, T is the temperature, A the
thermal equivalent of work, g the acceleration of gravity, z the height,
w the speed of displacement of air masses, ¢, dT=dl the change of internal

energy per unit mass of air, dli=Agdz and dK:d%g— the ¢hange of potential

and kinetic energy, respectively, per unit mass of air.

On the basis of Eq.(1.63) for an adiabatic process, the equation for the
total energy per unit mass may be written

a0



dd = df + d\l 4+ dK. (1.64)

A few remarks are necessary cohcerning Eqgs. (1.63) and (1.64).

First, in order to calculate the total energy of an air mass, it is con-
venient to use the energy equation for a unit column of air rather than
Eq. (1.64), which refers to unit mass, and involves integration with respect
to height, a rather difficult task.

Second, not all the quantities entering into the equation for total energy
per unit mass depend only on the state of the mass itself. The internal
energy [ depends on the state of the mass, the potential energy II on the
position of the mass relative to the origin. On the other hand, the kinetic
energy depends both on the state of the parcel itself and on the atmospheric
stratification.

We should therefore describe II only as the "total energy per unit mass,
given the stratification of the atmosphere," rather than the "total energy
per unit mass.' Hence it is necessary to find some parameter character-
izing the total energy reserves of the parcel, independently of the stratifica-
tion. This function should reflect all the energy of the parcel (or of the
air column), not only the part that can be converted into kinetic energy.

To examine the energy aspect of the processes taking place in the
atmosphere, it is convenient to consider those points in time at which
the kinetic energy is zero, in other words, to consider the atmosphere
before and after the development of convection. When this is done, the
kinetic energy must also be assumed to be zero and one must consider all
the energy, allowing for the possible release of heat due to condensation
of water vapor contained in the unit air columamn.

Let us calculate the total energy of the air mass in a column of unit
cross section extending from the surface z to the 200 mb level, this being
the level at which the great majority of convection processes terminate.

At this level the water vapor content of the air is so small that condensation
cannot significantly affect the energy state of the atmosphere.

Under these conditions, the differential of the total energy is

d® = ¢, Todz + Agzodz -+ I - 0.622 — pdz. (1.65)

where e is the partial pressure of water vapor, P the pressure of dry air,
which may be assumed equal to the atmospheric pressure, ¢ the density of
air, L the latent heat of condensation.

Integrating Eq.(1.65) from P, to P, and from 2z to 2y (where P, is the
pressure at the surface z and P, the pressure at the upper boundary z,
of the troposphere), a few simple manipulations yield

P, z

u
L -
2%[ T,(P,— P,) +0.622—£75—(P— dP]—gfx.ode- (1.66)
u Zo

Eguation (1.66) defines the total energy of an air column of unit cross
section before the onset of convection, when the kinetic energy of the air
mass is zero. The functions e=f(g), y=f(e) and ¢=f:(z) may be found from
the emagram, and ® may then be calculated.
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The energy that may be released in condensation of water vapor is
obtained from the second term on the right of Eq. (1.66).

Given the instability energy of the atmosphere, one can determine the
maximum updraft speed, the amount of precipitation that can be supported
by the updraft, and so on. However, we have not yet considered questions
relating to the energy of convection, which is converted (or may be con-
verted) from thermal to kinetic when the instability is resolved.

To simplify the calculations, we replace the integrals in Eq. (1.66) by
sums, dividing the intervals [P, Py] and [z, 2] into i layers, in which y, re-
mains constant and e, and p, vary linearly with height. Thus, for the i-th
layer:

. Pt Rai _ em t+ey
T=T p=—g = &=—75

where the subscripts "0'" and '"u" indicate the appropriate parameter values
for the lower and upper boundaries of the layer, respectively. We shall
consider the average height of the i-th layer.
Equation (1.66) may now be written .
¢, L - Pu n o
D= —Afl[ T, (P.—P) + 0.622;,—,— Ze, ln7,u—i] - glf:_‘ip,'r, (22, —22).  (1.87)
'

[E]]

A few simple manipulations give

n

c I P n -
w2 1 - P+ 062 Yyemit] - 268 uaTA.  (1.68)

=1

where AT is the difference between the temperature of the air at the lower
and upper boundaries of the layer, 'z is the average height of the i-th layer.
Calculation of @ using (1.68) involves no difficulties.
To estimate the energy of the process, we have to know not only the
actual value of @ but also how it changes during the process. This informa-
tion may be derived from Eq. (1.68), provided we have at our disposal data
of atmospheric stratification before and after the disappearance of instability.
We use one prime to denote parameter values before the onset of the

process, double primes to denote values after its termination. Then, for a
pseudo-adiabatic process, we have

c . . n )I .
—;;’-[(Tu =T WP~ P+ ().622-;— E (e; ln-l—'.’—' —e in —i—'ﬂ)]
o !
ral

Pul ui
"

2 ¥ (#,87,— #AT,)Z= A0, (1.69)
'The energy of phase transitions is usually embodied in the buoyancy,
which, unlike enthalpy or potential energy, depends not on the entire reserve
of phase-transition energy but only on the part convertible into kinetic
energy under the specific conditions. To compare the thermal energy
that‘may be converted into kinetic energy during convection, when the ascent
of air masses is accompanied by phase transitions, with the energy released
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upon transition of only potential energy into thermal energy, we consider
the maximum updraft speeds for both processes.

As the kinetic energy is proportional to the square of the updraft speed,
while the horizontal cross section of convective currents and their lifetime
in the absence of phase transitions (clouds) are smaller than when clouds
develop, it follows that the ratio of squared velocities of these processes
is a good measure of the contribution of the energy released in phase
transitions relative to the contribution of the energy produced by change
in potential energy during convection.

It is known from numerous observations under field conditions, both in
the USSR and elsewhere, that the maximum speed of convection currents
in a cloudless atmosphere, w,,, very rarely reaches 3 m/sec. When con-
vective clouds are formed, the maximum updraft speed wo, is frequently
more than 30 m/sec.

Thus the ratio of kinetic energy of convection in phase transitions, £,,

to the corresponding energy when there are no phase transitions, £, , may
be expressed by

Es _ %, 302
—E—:—:u:" :T:IOO. (1.70)

¥
cm

In other words, the energy released in phase transitions and converted
into kinetic energy of convection is one hundredfold greater than the potential
energy convertible into kinetic energy of convection.

The occurrence of shower-type precipitation, hail, hurricanes and other
phenomena is probably due mainly to the release of latent heat of condensa-
tion. Evaporation from the surface of wet soil, seas, oceans and other
reservoirs leads to the accumulation of considerable quantities of water
vapor in the troposphere; this is accompanied by an accumulation of energy
which may be set free as latent heat in phase transitions,

Water vapor accumulates in the troposphere, creating large reserves of
latent heat of phase transitions, and under suitable conditions this is con-
verted into energy of convection currents. Evaporation may go on for days,
weeks, and sometimes even months without any precipitation taking place;
the water vapor may then be converted into drops, releasing latent heat, at
one location, within a few hours. This apparently explains the large amounts
of kinetic energy involved in shower~type precipitation.

It is quite possible that convection in the troposphere accompanying fronta
and intra air-mass processes is due mainly to the release of latent heat of
phase transitions upon condensation of accumulated water vapor. The heating
of the ground during daylight hours, mixing of air masses of different tem-
peratures, and lifting (intrusion) of warmer masses are only the immediate
causes of the conditions favorable for release of this latent heat.

It is no accident that hurricanes arise only when the surface temperature
of the ocean reaches 28°, for this increases the water vapor content of the
lower layers of the atmosphere to 40 g/kg. Hail processes in Transcaucasia
and in the North Caucasus have been observed only when the temperature
at the condensation level exceeds 6°, which implies a water vapor content of
approximately 10 g per kg air. It is thus evident that a certain quantity of
water vapor must accumulate in the air, sufficient to provide phase transition
energy supporting the process in question. For example, to support hail
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processes, the requisite gquantity of water vapor ir.l the lower layers is
10 g /kg; the corresponding figure for hurricanes is 40 g/kg. .

Changes in enthalpy, occurring in the absence of confiensatlon prc?c'esses,
bring about a vertical redistribution of air masses of different densities;
they cannot cause updrafts with a large vertical velocity component, All
processes of formation and development of convective clouds are due to the
release of latent heat of condensation, which heats the ascending air. This
heating causes a-significant increase in buoyancy and hence also in velocity
of the updrafts in clouds; it is a self-generating process.

The development of convective clouds favorable to synoptic processes
depends on the amount of water vapor that the process in question converts
into drops or into ice crystals, and on the energy released thereby due to the
latent heat of phase transitions,

In the sequel we shall have to make allowance for the approximate
proportion of water vapor converted into drops and, on this basis, to calculate
the energy that may develop for a given atmospheric stratification.

1.7. ON THE FORMATION OF CUMULONIMBUS

The accepted classification of clouds /2/ specifies two main varieties
of cumulonimbus: calvus (Cb calv. ) and capillatus (Cb cap. ). The latter
category includes cumulonimbus incus (Cb inc. ). This classification is
based on external morphological features of the cloud, thus being dependent
on visual observation from the earth and disregarding the dynamics of cloud
development. A better basis for the classification of Cb is the delimitation
of the stages in the life cycle of these clouds, suggested by Byers and
Braham /120/.

Examining the evolution of cumulonimbus clouds, these authors divide
the life cycle into three stages: growth, maturity and dissipation. This
division depends on the type of distribution of large-scale vertical move-
ments within the cloud. The first stage is characterized by updrafts
throughout the cloud. At maturity, the lower part of the cloud includes
regions in which downdrafts prevail. Finally, the dissipation stage exhibits
prevailing downdrafts throughout the whole cloud.

According to research at the High-Altitude Geophysics Institute, one
should divide the life cycle of the cloud into four stages. The first is the
formation of individual small clouds with convective ascent of air in
isolated thermals; the second lasts from the earliest formation of updrafts
to accumulation and dissipation of moisture in the cloud (from 1 tol.5 hours);
the third stage consists of precipitation and parallel accumulation, and the
f9urth is the disintegration stage. The other classifications combine the
first two stages into a single stage; this is unjustifiable, as the time required
f<?r the thermals to coalesce into a draft fluctuates between fairly wide
limits, while the accumulation time of the moisture necessary for the occur-
rence of shower-type precipitation is relatively constant.

Studies by Balabuev /2/ of the conditions for formation of cumulus
congestus have shown that the period during which the cloud develops from
Cu hum. to the Cu cong. stage fluctuates considerably: rapid development
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lasts about one hour, whereas cases of very slow development may take up
to 4 hours, with Cu med. forms predominating.

The Cu cong. stage may be the last, so that the Cb phase never appears.
Howeve’r, when the cloud does develop into Cb, the process is faster than the
preceding slow stage in the Cu cong. phase. The entire process, up to and
including formation of Cb inc., usually lasts at most one or two hours, some-
times even less. The instant at which the process speeds up is marked by
increased fibrillation of the cloud and appearance of virgas which rapidly
reach the ground, so that precipitation begins. The whole is accompanied
by various storm phenomena.

Under less favorable conditions, when the early stages produce numbers
of smaller clouds rather than a single mass, further development is also
typified by masses of more or less limited size. When the processes are
rapid and accompanied by shower-type precipitation, thunderstorm pheno-
mena and falls of hail, the cloud masses form via merging of smaller clouds.
Several Cu cong. approach to windward, with subsequent growth of cloud
towers, ultimately producing Cb calv. and merging with the original cloud.
Four or five such stages are observed, at intervals of from 15 to 30 min
(only in intra air-mass or weak frontal processes). In the process, the
anvils begin to form and grow to leeward of the cloud mass; only after
approach of the fourth or fifth cloud do anvils begin to appear to windward
as well. The result is a large Cb cloud, accompanied by heavy hail or
showers.

The whole formation process of such a cloud (from the onset of rapid
growth to full development) rarely lasts more than 2 or 3 hours.

The specific form of the process depends on the complex of all pre-
vailing meteorological conditions, i. e., on the nature of the synoptic
process, the atmospheric stratification and the diurnal evolution of the
stratification. Thus the phase of cloud development from Cu fr. and Cu hum.
to the first stage of Cu cong. occupies a long period, of the order of 4 hours.
The updraft speed increases with height until the cloud reaches a level
where the lapse rate ¥ becomes equal to or less than y,,/26,90,98/. When
Cu med. reaches the Cb inc. stage, the rate of growth of the cloud gradually
falls off. Precipitation and the concomitant downdrafts lead to a "cut-off"
of the thermals rising from the underlying surface, so that the "supply' of
water vapor to the cloud from below is halted and the vertical motion inside
the cloud disappears. The upward growth of the cloud ceases entirely.

According to the conception developed at our Institute /90/, the updraft
speed in the cloud increases with height, reaching its maximum wnin the
middle or pre-top region of the cloud, and then decreases toward the top.
As a result, a large quantity of water accumulates above the wn level.
Recent theoretical and experimental work /90,102,112,131, 168/ has con-
firmed the existence of this zone, in which the humidity is several factors
higher than the maximum humidity possible for adiabatic ascent of moist
air. It is known as the "accumulation zone." The accumulation of such
large quantities of water, equal to the critical liquid water content for )
precipitation to occur, above the maximum speed level requires a certain
time, called the "moisture accumulation period." The length of this period
depends on what point of time in the development of the cloud is defined
as the beginning of the process.
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Goral' /27 / proposed a method for determining the accumulation time
of water in the accumulation zone as a function of liquid water content ¢ in
the lower region of the cloud and the concentration N, of giant condensa-
tion nuclei. The specified water contents were 1,2 and 3 g/m?, and the
concentrations of giant condensation nuclei 0.1,1 and 10 m~3, Fixing
these values, Goral' used the most typical values leading to the formation
and fall-out of shower-type precipitation. According to his plot of the
accumulation time 71, as a function of liquid water content in the lower
region of the cloud and the concentration of giant condensation nuclei,
one can determine 1, from known values of ¢ and N, (see Figure 40),

However,these parameters are different in each actual case of shower-
type precipitation and are difficult to determine. When solving various
problems, therefore, particularly when predicting the amount of precipita-
tion, one should adopt some average figure for the moisture accumulation
time. Thus, at moderate values of the water content, ¢=1 to 1.5 g/m3,
and of the concentration of giant condensation nuclei, Ny=1 m~3, shower-
type precipitation may take place within one hour (see /27 /). This agrees
with observations of the development of clouds with vertical development
/90,98,2/. The averaged accumulation time may satisfy the demands of
qualitative analysis of precipitation-formation processes, but it should not
be used for qualitative evaluation of precipitation. For the latter purpose
one should determine the accumulation time of moisture in the high-water-
content zone for each specific developing cloud; in other words, one must
work out the time during which Cu cong. is converted into Cb, when the
updrafts in the cloud die out completely in the upper region of the cloud.

Research with this aim is now under way at the High-Altitude Geophysics
Institute.
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Chapter 2
HAIL PREDICTION

Investigation of the hail-formation process is of considerable value for
the national economy, as it should further the development of methods to
modify hail phenomena. Government-sponsored insurance against hail
damage is an extremely costly business, and so hail prevention would have
a significant economizing effect. It has been established that the annual
damage to crops in hail-prone regions reaches 30%. In some regions,
where large hailstones are common, crops may be completely destroyed.
For example, hail damage in Nal'chik on June 9, 1939, destroyed 60,000 ha
of wheat and 4,000 ha of other crops. In the Gomel' region during 1950,
hail destroyed more than 13,000 ha of crops, a loss of at least 5 million
rubles. A detailed account of hailstorms in the USSR and data on the
frequency and average number of hail-days in different regions may be
found in Pastukh and Sokhrina /109/. The regions of the USSR in which
hail is of particularly high frequency are the Caucasus /107 /, Ukraine,
Moldavia, Middle Asia and the Far East.

Qutside the Soviet Union, hail occurs most frequently in Italy, France,
Switzerland, USA, China and India /170,122,126,157,160,167/. The
annual hail damage to crops in the USA is about 300 million dollars.

It should be noted that it is difficult to speak meaningfully of the frequency
of hailstorms: hail is a local phenomenon so that stations spaced far apart
do not always record significant falls of hail. For example, during the
Mushtinskaya Expedition of the High-Altitude Geophysics Institute in 1961,
11 hail incidents were observed over an area of 60,000 ha, whereas the
nearby meteorological station of Shadzhatmaz, well within the working area
of the expedition, recorded only one. The true incidence of hail must
therefore be determined on the basis of Gosstrakh figures for hail damage.

Beckwith /114/ writes that a fourfold increase in the number of stations
recording hail yielded a corresponding increase (from 11 to 40) in the
number of recorded hail incidents (the observations extended over a
period of seven years).

2.1. METHODS OF HAIL PREDICTION

The hail-prediction method most widely used in the USSR is that of
Shishkin. It is based on theoretical assumptions originating at the Boeikov
Geophysical Observatory: hail will reach the ground without melting
provided the average cloud-growth rate exceeds 2 to 3 m/sec /96, 101/.
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The potential rate of development of convective clouds as a function of
the variation of temperature with altitude is calculated by the layer method
/97/. The upper boundary of a mature convective cloud is set at the height
at which the updraft speed is zero. The calculation is done on an aerolo-
gical diagram. Hail prediction makes use of figures for the maximum
possible thickness of clouds. The total dew-point deficit at levels of 850,
700 and 500 mb is also taken into consideration.

The reliability of the prediction is measured by the quantity

1
Ah'*_ B —“2—‘(31\— By + Cy o
= ArB+C 100%,

where A is the number of days on which the prediction is "hail expected,"
Ap is the number of days on which hail actually falls, B is the number of
days on which the prediction is "possible hail," B, the number of these days
on which hail falls, B, the number of days without hail, C the number of
days on which the prediction is "hail not expected, ' and C, the number of
these days without hail.

Thus, the ""possible hail' predictions are considered to be 50% accurate
both when hail falls and when it does not. This is clearly due to the fact
that the "possibility'' of hail falling is inevitably bound up with cloud thick-
ness. When the calculations show that the maximum possible cloud thick-
ness is 7.5 km and the total dew-point deficit at levels 850, 700 and 500 mb
reaches 20°, hail will fall with 100% probability. But there are cases when
no hail falls despite the cloud thickness reaching as much as 10 km.

A popular hail-prediction method in the USA is that of Fawbush and
Miller /126 /. They assert that hail grows in the temperature interval
0 —10°. Assuming that the growth of hail is possible only if the updraft
speed is sufficient to support hailstones, they suggest determining the up-
draft speed at the —5° isotherm. A shortcoming of this method is that the
updraft speed is calculated at a level where the ambient temperature is
—5°, while it is well known that hail formation depends not only on tempera-
ture but also on the liquid water content of the cloud. In some cases of high
water content, hail may grow at temperature —20°. Consequently, the speed
thus determined is not really the maximum updraft speed supporting hail.

Apart from prediction methods, attempts have been made at climatological
and synoptic analysis of hail-days. Typical of this approach is the work of
Gigineishvili in Eastern Georgia /29/ and of Muller in Switzerland /151/.
These authors study the synoptic conditions for the formation of hail phe-
nomena; they determine regions in which these conditions are most favor-
able and also regions in which the intensity of the hail processes falls
sharply. One thus has the possibility of determining favorable conditions
for the development of thick convective clouds, but a fully reliable prediction
of hail requires determination of its potential formation within a cloud.

2.2, THE MECHANISM OF HAIL FORMATION

Va}rious theories of the mechanism of hail formation have been advanced,
both in the Soviet Union and elsewhere. We shall discuss only those based
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on ph;?rs:ically Jjustifiable assumptions or those which have served as a
tranmhopal stage for further research into the physics of convective clouds.
The flI“St theory of hail formation was suggested by 1879 by Reynolds,

anfl later improved by Schumann, who considered the growth of spherical
hailstones by acquisition of supercooled cloud drops. Schumann was the
first to work out the heat balance equation for hail; this was later made
more precise by Ludlam, who experimentally determined the transfer rates
of heat and water vapor /139 —142/,

The first physically justifiable theory of the formation and growth of hail
was proposed by Findeisen in 1938 /127/. It was based on Bergeron's
assumption that the main reason for the consolidation of cloud drops is
migration of vapor from supercooled drops to ice crystals in the upper
mixed region of the cloud /115/.

On this basis, Findeisen postulated the existence of nuclei of crystalliza-
tion (sublimation) /127 /. No drops condense at these nuclei, but once they
have been raised by updrafts to a critical temperature they trigger subli-
mation of ice crystals. According to Findeisen, the average critical
temperature over land ranges from —19.4 to —20°, and over sea from —8 to
—10°. These figures are characteristic for the most commonly occuring
nuclei of crystallization; depending on the type of nucleus, the critical
temperature may sometimes be as much as —6°,

Employing Bergeron's theory and his concept of sublimation nuclei,
Findeisen developed a theory of the mechanism of precipitation in cumulus
clouds. The theory provides for five stages in the development of cumulus.

Stage one is the growth of the cloud up to the critical temperature level
(—19, —20°). During this time the cloud consists of only liquid drops, while
in its upper region supercooled liquid particles begin to accumulate,

During the second stage, the cloud top rises above the critical tempera-
ture level, where, together with supercooled drops, ice crystals begin to
form and grow at nuclei of crystallization., The upper region of the cloud
takes on a mixed structure, At the beginning of this process, the number
of ice crystals is far less than the number of supercooled drops, so that
the mixed region is characterized by a rapid growth of crystals due to
migration of vapor from supercooled drops to ice particles.

The ice crystals develop as soft hail until they become too large to
be supported by the updrafts. Falling into the supercooled region of the
cloud, they coalesce with water drops, causing them to freeze and producing
small hail and finally hailstones, which subsequently fall to earth as hail
or rain, depending on the thickness of the supercooled region of the cloud,
the updraft speeds and the altitude of the 0° isotherm.

Findeisen asserted that sublimation growth of hail may take place not
only above but also slightly below the 0° isotherm. He called the second
cloud-growth stage the hail stage. At this stage the cloud consists of
warm water drops (below the 0° isotherm), hail pellets and supercooled _
drops (from the 0° isotherm to the critical temperature level), small h'ful
and supercooled drops (near the critical temperature level) and soft hail
and supercooled drops (above the critical temperature level). ' _

The third stage of development is what Findeisen calls the first rain stage.
Ultimately, the second stage produces a substantial reduction in the m{mber
of supercooled drops; conditions are no longer suitable for the form'atlon
and growth of hail by accretion of supercooled drops, and tl?e soft‘ hail formed
above the critical temperature level can grow only to the dimensions of
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small hail. As the particles fall into the warm layers of air below the 0°
isotherm, they melt and heavy showers result. At this stage, the cloud
consists of liquid drops (below the 0° isotherm), supercooled drops and .
small hail (from the 0° isotherm to the critical temperature level), soft hail
and supercooled drops (above the critical temperature level).

At the fourth stage of development, Findeisen's "'second rain stage, "
the number of supercooled droplets has been reduced, the dimensions of the
small hail pellets are also small, and moderate rain falls to the surface.
The composition of the cloud is now: drops of water (below the 0° isotherm),
a thin layer of small hail and supercooled drops (near the 0° isotherm),
and soft hail (above the 0° isotherm).

Finally, once the above-described processes have drastically reduced
the number of supercooled drops, hollow crystals form in the upper part
of the cloud, and in the region of the 0° isotherm these become snow flakes.
Slight rain falls. Findeisen called this the residual stage (Figure 13).

= (o IS e O E Mty fpe [ it

FIGURE 13. Development of shower cloud according to Findeisen.

a) preliminary stage: b) hail stage; c) first rain stage: d) second rain stage; e) residual stage;
1) falling raindrops: 2) falling ice pellets; 3) water-drop clouds; 4) 1ce-crystal clouds;

1, 1V) supercooled droplets; I, VI) soft hail; I, V1) small hail; V) hail; VII heavy rain:
IX) hollow crystals; X) moderate rain; XI) snow flakes; XII) slight rain.

Findeisen's theory was the first attempt to explain precipitation on
the basis of the physics of the processes taking place in a cumulus cloud.
Many of its basic postulates are still valid: the growth of hail by accretion
of supercooled drops, the dependence of hail size and intensity of preci-
pitation on updraft speed, and so on. It is quite clear, however, that these
first attempts could not possibly encompass the full range of the processes
occurring in a cumulus cloud. First, Findeisen's conception implies that
any cloud reaching the second stage of development will necessarily produce
hail, which then becomes a heavy shower, Moreover, since the difference in
height between the 0° isotherm level and the critical temperature level varies
over a relatively small interval, as does the liquid water content in the de-
veloping cloud (which is bounded above by the adiabatic water content), it
follows that any such cloud would produce hailstones of approximately the
same size,

Findeisen ignores the possibility of liquid drops forming anew in the
cloud while precipitation is in progress, and there are several other con-
sequences of his theory that have not been confirmed in practical work.

Further investigations of convective clouds have yielded new hail theories.
In 1961, Weickmann /172 / proposed a detailed description of the mechanism
of formation of cumulus cong., according to which the principal factor in the
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formation of such clouds and of hail are updrafts., The updraft speed is
determined by the difference between the temperature of the air rising
along the wet adiabat from the condensation level and the temperature of
the surrounding air at that level.

Weickmann's formula for the updraft speed » in a convective cloud as
a function of the difference AT between the temperature T of the surround-
ings and the temperature T, of the cloud (AT=T,~T):

_ 1/ dAT
=Y (2.1)

where 4 is the diameter of the ascending air bubble in meters, ¢ a constant
equal to 2 m' . sec”! (when ATand T are measured in degrees), and w is
in units of m/sec. Weickmann postulates that, owing to circulation of air
in the ascending bubble, the updraft speed v, at the center of the bubble is
double the updraft speed v, at the top of the bubble:

vo=2v,. (2.2)

In a hail cloud, the convective cells coalesce into a cylindrical jet of
rising air which Weickmann calls a tube. The distribution of updraft speed
along the axis of this tube is shown in Figure 14,
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FIGURE 14. Distribution of updraft speed, after Weickmann.

According to Weickmann's data, drops rising in the cloud freeze at the
—30° level. Air pollution may raise the crystallization temperature to —15
or —16°, ‘

Weickmann made allowance for the latent heat of condenszatlon and also
for the heat of condensation released by additional sublimation of water va-
por on ice crystals when the air is rising in the tube.. The total heat loss

due to these two processes causes, in his opinion, an increase of approxi-
mately 1 —2 km in the height of the cloud.
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Analyzing the work of List /137, 138/, Macklin and Ludlam /143/,
Weickmann was able to derive a simple formula for the fall speed of a
hailstone as a function of its diameter:

v=28Y/d , (2.3)

where v is the steady fall speed of the hailstone under the sole influence of
gravity in m/sec, and d the hailstone diameter in mm. In the derivation,
the drag coefficient is taken equal to unity, a clearly exaggerated figure.
In addition, no allowance is made for the changes in the density of air
with altitude.

Using calculations of Kessler /135/, Weickmann proposed the following
formula for the liquid-water content of the cloud:

5g =27 348, (2.4)

where Ag is the liquid water content in g/m3, ea the density of air. Values
calculated from this formula are in good agreement with those obtained
from the equation worked out at the High-Altitude Geophysics Institute
(see Chap. 3).

Analyzing these data, Weickmann postulates the following four pre-
conditions for a thunderstorm:

1. The buoyancy as determined by the temperature difference between
updraft and environment can support all the accumulating water,

2. The accumulating water particles are large, but not so large as
to induce a downdraft,

3. The crystallization of cloud particles and condensation of water
vapor sets free enough heat to create an equilibrium between the additional
air mass entering the upper region of the cloud and the updraft,

4. The downdrafts accompanying the occurrence of precipitation lie
outside the main updraft tube.

According to Weickmann, the fourth condition is decisive; in support
of this view, he cites a storm which occurred in Calcutta on June 18, 1958,
when the height of the radar echo reached 16 km, the top of the cloud being
22—23 m high. The diameter of the cloud anvil was 100 km. The total air-
flow through the cloud was 12,000 km?, In Weickmann's opinion, a few
minutes after reaching maximum height the cloud disintegrated without
any precipitation having occurred, due to downdrafts caused by the action
of gravity on the water that had accumulated in its upper regions. The
conditions were not suitable for the growth of hail. To determine the
conditions for hail formation, Weickmann considers the horizontal move-
ment of the storm cloud, taking into account the velocity and direction of
air current in the lower layers of the atmosphere — the principal source
of air supply to a storm cloud.

The cloud acts as an obstruction for the horizontal currents, which
therefore flow around it and ascend; when the air is unstable, this may
create anew hail-formation cell. This focus forms in the rear of the pre-
cipitation (relative to the direction in which the cloud is advancing). The
changes in the speed of the horizontal currents at high altitudes cause
wind shear and drift of the anvil. According to data of Newton and Katz /154/
the thunderstorm cell moves in the direction of the wind at the 750 mb level.

40



In addition Weickmann considers the formation and growth of new thund
storm cells, which, according to Newton, lie on the right flank of the ad—er-
vancing cloud.

All these factors cause a visible displacement of the hail cell relative
to the surface, toward the right of the wind velocity vector at the 750 mb
level (Figure 15).
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FIGURE 15. Motion of hail cloud (after Weickmann).
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Weickmann considers two types of storm.
1. Storm without wind shear. Wind shear ig defined as a sharp increase

in %in the upper region of the cloud, where u ig the horizontal component
of the air-current speed. X % is zero or varies slightly with height, the
storm cloud will either remain motionless in space or migrate uniformly
due to the wind, while continuing to develop vertically. The anvil is sym-
metric about the cloud axis (updraft tube). Because of this distribution of
horizontal air-current velocities, the moisture accurmulated in the cloud
suppresses updraft and the thunderstorm cell collapses before large )
hailstones can grow. This is precisely what happened in the above-mentioned
Calcutta storm. If the air remains unstable after disintegration of such a
hail focus, a new focus may form, in any direction relative to the old. In
Weickmann's opinion, no hail can form unless wind shear is present.

2. Thunderstorm cells whose upper regions extend up to altitudes at
which wind shear is observed. This is the case for frontal clouds, gale
clouds (Weickmann's terminology) and, apparently, cl.ouds whose top-s
penetrate jet streams. In this case the cloud top (anvil) must extend in the

direction of the wind at high altitudes.
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Weickmann remarks, however, that in some cases this tendency is not
observed and the hail cell pierces the jet streams, moving together with
them and not changing the vertical position of the updraft tube. Using slow-
motion photography, Weickmann was able to show that the cloud top is
entrained by the jet stream only when the updraft speed is less than the
horizontal velocity.

The same conclusion was reached previously by Douglas and Hitschfeld
/124 /, on the basis of radar investigations of hail cells. Analyzingthe results
of these observations, Weickmann concludes that even in the presence of
wind shear the updraft tube may maintain its original vertical direction.

He considers conditions under which the top of a thick cumulus cloud, formed
by an updraft in the tube, may be diverted by horizontal currents as a result
of wind shear (Figure 186),

FIGURE 16. Effect of wind shear on shape of hail cloud, after Weickmann.

1

The law of mass conservation implies a balance of the following three
air currents: F, — the current throughout the vertical tube, F, — the current
through the polysphere, and F; — the current through the polycylinder.

On this basis, Weickmann finds the relationship between the updraft speed
v1 at the top of the tube, the speed u of the horizontal current, the radius r of
the tube and the radius R of the polycylinder of rising cloud air entrained
by the horizontal currents. His formula is

R=2r)/ 2, (2.5)

Since the updraft may drift only when u>v;, Weickmann's equation (2.5)
reduces to the inequality

R < or (2.6)

Weickmann holds that if u<wv, the top of the updraft tube does not drift;

it remains vertical and the horizontal current flows round it, entraining the
cloud mass around the tube.

a4n



Weickmann substantiates these ideas by a series of aerosynoptic
examples.. One consequence of his approach is that the presence of wind
shea.r, which removes accumulated water from the cloud top, increases the
lifetime of the t}}understorm cell. Moreover, the horizontal air current
acts as a pulverlzer, accelerating the divergence of cloud masses at the
top of ‘t}-le tube. Th.ls leads to an increase in updraft speed within the tube.
II.'I addition, the horizontal current flowing round the tube and the precipita-
tion zone creates a ~head behind the cloud. As we have already stated, when
the a}r is unstable t%us may create anew hail-formation cell in the rear of the
previous one, slowing down the motion of the storm relative to the earth.
Zaubner and Gantry believe that these factors explain various incidents of
heavy precipitation, such as a storm in Florida in which 400 mm fell in a
space of 5 hours. Figure 17 is a model of a thick cumulus cloud, showing
its behavior with and without wind shear. On the basis of experimental
data, Weickmann assumes that wind shear capable of causing outflow of
cloud air from the updraft tube must be located in the tropopause region,
where the density of air is approximately a quarter of its density at the
condensation level near the base of the tube. He states that in order to
preserve the balance between the mass of the air drawn into the tube at the
condensation level and the air drawn out at the top of the tube by wind shear,
the velocity of the horizontal currents at the top must be four times that of
the updraft at the base. TUnder these conditions the thunderstorm cell will
be in equilibrium. New cells form most frequently on the right flank of the
original cell.

In Weickmann's opinion, hail forms in the region of maximum updraft
speeds, most frequently in the rear of the storm. Growth may take place
in a range of temperatures from 0 to —30° in the hail cell. Analyzing
the formula and size of the falling hailstones, he concludes that cone-shaped
stones may be formed at the initial developmental stage of the cloud. All
large hailstones are spheroids. They are opaque, sometimes showing 22 to
23 alternating layers of opaque and spongy ice. According to Weickmann,
large hailstones may form due to collisions of smaller stones, which then
freeze together; he emphasizes that the formation of a hailstone requires a
large quantity of supercooled water. Whether the ice that forms is trans-
parent, porous or opaque depends on the relative proportions of supercooled
droplets and ice particles.

Figure 17 shows the different stages in development of a cloud, with and
without the presence of wind shear. When there is wind shear, the speeds
of the updrafts observed during the first stage depend only on the buoyancy
at each level. At this stage, the cloud has still not reached the level at which
wind shear is appreciable.

At the second stage, the cloud reaches a level of horizontal air movement
with strong wind shear. An anvil is formed, extending along the direction of
these movements, and precipitation begins in its forward part. Two types
of motion may be observed in the cloud: updraft, accelerated by the pul-
verization effect, and horizontal drift in the upper region of the cloud.

At the third stage, the upper part of the cloud reaches the crystallization
level and the entire anvil crystallizes. Precipitation occurs in the frontal
part of the cloud and in the anvil, and 2 growing cumulus cloud forms b_el.ow
the anvil. Downdrafts arise in the frontal part of the anvil, where pr_ec1p1ta-
tion is in progress. At this stage, then, the cloud contains updrafis in the
rear of the main thunderstorm cell, updrafts just below the cloud anvil,
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horizontal currents in the upper regions and downdrafts in the frontal part
of the main cloud. Ice particles falling from the anvil evaporate beneath
the cloud. The weight of the moisture accumulating in the cloud cannot
suppress the updrafts, as the bulk of the water reaching the upper portion
of the tube is carried off by wind shear.

.

FIGURE 17, Development of a thick cumulus cloud, after Weickmann.

1) strong wind shear: 11) no or weak wind shear.
Stages: a) cumulative, b) mature, c) dissipation: 1) flow, jet;
2) glaciation.

At the fourth and last stage, the cumulus cloud formed below the anvil
reaches the lower boundary of the latter. Ice particles from the anvil fall
into this "forward' cloud, grow by accreting the liquid fraction and, falling
in the frontal part of the cloud, produce showers. Weickmann's scheme
may thus be summarized as follows. Cloud particles grow in the tube of the
main convective cloud while ascending to the level of the anvil, continuing to
grow in the anvil and later while falling in the secondary cloud. At surface
level, this is expressed first in heavy showers from the secondary cloud,
subsequently in weak showers from the frontal part of the main cloud. At
this stage one observes updrafts and downdrafts in the main (rear) and
secondary clouds, and horizontal flow in the anvil.

This scheme is rather artificial, since it dictates formation of a cloud
beneath the anvil as a prerequisite for the occurrence of shower-type
precipitation. Radar has not confirmed this type of cloud structure; more-
over, studies of updraft in convective clouds have failed to detect the pattern
of updrafts and downdrafts suggested by Weickmann, Weickmann holds that
this stage in the growth of the cloud is stable, since it does not imply ac-
cumulation of water, as would be necessary to suppress the updraft,

When there is no wind shear, the first stage in the development of the
thunderstorm cell (Figure 17) is the same as when wind shear is present.
At the second stage, the cloud reaches the natural crystallization level,
and the young anvil is symmetrically placed with respect to the cloud axis.
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The cloud contains only updrafts due to thermal convection (buoyancy,
according to Weickmann). The weight of accumulated water in the anvil
suppresses the updrafts. During the third stage, ice crystals, grown by
water vapor migrating from cloud drops to ice crystals and also by ac-
cretion processes, begin to fall (within the cloud). The speed of the updraft
is reduced and showery precipitation begins, At this stage, updrafts are
observed in the cloud; these introduce an additional contribution of water
to the cloud and support it, and downdrafts are triggered by the precipitation,
By the fourth stage, the updrafts have disappeared owing to the pressure of
the overlying layers of water. Large ice pellets begin to fall from the cloud
in showers. The anvil disappears and the cloud itself gradually dissipates,
producing relatively weak showers.

This scheme does not explain why, when the air possesses a high degree
of instability, the updrafts envisaged at the third stage cannot create a new
storm cell. In Weickmann's opinion, the lifetime of a thunderstorm cloud
is much shorter in the absence of wind shear than when the cloud grows
under the influence of wind shear.

The truth of the matter is that Weickmann's theory explains only the
formation and growth of cumulus congestus, not the mechanism of hail
formation. Above all, Weickmann's assertion that large hailstones cannot
form when there is no wind shear is unacceptable. For example, on May 29,
1962, a cloud was reported in North Caucasus whose radar reflection zone
remained completely motionless during its entire life cycle. It was prod-
uced by thermal convection, the pressure field showing a low gradient.
According to radar data, the cloud top reached the —32° isotherm, and the
radar reflectivity from the cloud was in agreement with the reflectivity
of hail cells. Adetailed investigation was made of falling precipitation in
the growth region of this cloud., A survey of hail damage in the area estab-
lished that hail had fallen over an area of approximately 12 km?; the hail-~
stones were slightly elongated ellipses. In the central part of the region,
the layer of hail was as thick as 5—7 cm, while the diameter of the hailstones
exceeded 3.5 cm. Such cases of high-altitude calm are comparatively rare,
but they serve to demonstrate that hail may also form when there is no
wind shear.

Neither can we agree with Weickmann's opinion that hail can grow
rapidly at the level of the —30° isotherm. At such low temperatures, only
very small drops may remain in the liquid state, and their contribution to
the total liquid water content of the cloud is at most 1 g/m3, while the co-
efficient of capture for hailstones of radius more than 1 cm is very small.
It is readily shown that under such conditions the growth of a hailstone from
diameter 0.1 to 1 or 2 cm would require at least 60 to 80 minutes. However,
we know from radar data that the time necessary for formation of hail in
this way is only a few minutes. Moreover, the maximum dimensions of the
hailstones that can form in a cloud are determined primarily by the updraft
speed or, in Weickmann's terminology, the buoyancy of the cloud, not by the
magnitude of horizontal wind shear.

In 1965, Dessens published a new model of a hail-producing clouFi 1122/,
according to which hail is formed in thick cumulonimbus clouds .(Flgur'e 18).
Figure 18 illustrates a model of a thick cumulus cloud, in which small
water droplets of 10y diameter and concentration approximaFely 500 cr.n'3
are lifted in updraft tubes to the level of natural crystallization. Stau*’cm.gr
from —12°, isolated ice crystallites appear in the updrafts, in concentration
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1-10-3 cm™3, This conceniration does not vary until the —32° isotherm is
reached, but above that it increases by about three orders of magnitude.
Below —35°, all the drops become crystals, either by sublimation growth of
heavy particles and migration of vapor from drops to ice crystals, or as

a result of freezing of the remaining drops. This temperature is the lower
bound for the existence of supercooled droplets. As a consequence of this
process, the anvil of the Cb cloud consists entirely of ice crystals, since it
lies above the —35° isotherm; downdrafts appear alongside the updrafts,
and carry ice crystals into the middle region of the cloud, between the 0 and
—35° isotherms (Figure 18, a). These crystals, re-entering the jet of rising
air, induce what Dessens calls a natural seeding process (self-seeding).
The concentration of ice crystals in the temperature interval from —12 to
~32° rises to 1—10 cm ™3,

L1 1
30 60 90 m/sec
FIGURE 18. Diagram of hail-producing cloud, after Dessens.

a) without wind shear (self-seeding): b) with wind shear;
1) droplets; 2) hail.

At such concentrations, the redistribution of moisture among "competing"
ice crystals makes the formation of large hailstones impossible, Con-~
sequently, in any convective cloud in the first stage of development hail-
stones may appear and grow only before the onset of self-seeding. Self-
seeding halts the growth of hail.

Dessens asserts that before self-seeding begins hail may fall only for
short periods, on the average 1 to 2 minutes and never more than 8 minutes.
Hail of this kind cannot cause damage to agriculture. The first stage of
hail growth proceeds by sublimation, as in the Bergeron-Findeisen theory,
and later by accreting supercooled water droplets. When the liquid water
content of the cloud is low, hail grows in a dry regime, implying no danger
to agriculture. On the other hand, conditions of high liquid water content
produce dense, transparent hailstones, and these may be quite destructive.
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Acc.ording to Des.sen'.s s.cheme, the main growth of large hailstones takesg
place in a zone of high liquid water content, and the concentration of the hail
embryos must be_ small, In the absence of wind shear, this process cannot
produce large hail,

Large, dangerous hailstones may be formed only when there is wind
shear, which transports small ice crystals to the boundary of the main
cloud mass so that they no longer participate in the self~seeding process,
thus limiting the growth of large stones. Wind shear acts as a filter, re-
moving small ice particles from the cloud and leaving only large ones.

In addition, it causes an increase in updraft velocities, via the pulverization
effect. A diagram of a hail-producing cloud under these conditions is given
in Figure 18, b,

Such are the general lines of Deggens! theory of hail formation. He holds
that in all cases an increase in nuclei of crystallization inhibits the growth
of hailstones. His scheme does not explain a basic phenomenon — the accu-
mulation of a large mass of supercooled water in the upper region of the
cloud. Moreover, it implies that every cumulonimbus cloud that has de-
veloped up to the level of the —12° isotherm should (at least initially)
produce hail (as implied also by Findeisen's theory). However, this has not
been confirmed by observations,

The most detailed account published recently outside the Soviet Union,
discussing the distribution of air currents in convective clouds that produce
hail, is the paper of Browning and Ludlam /121 /. Basing their arguments on
radar, visual and synoptic obgervations, they analyzed the hail-formation
conditions in a storm at Wokingham (July 9, 1959). They reached the con-
clusion that the precipitation from a hailstorm cloud forms a wall athwart
the direction of the storm. The width of the wall is about 10 km, its height
also 10 km. The lifetime of a single storm may reach 12 hours. Browning
and Ludlam reasoned that a thunderstorm may arise only under conditions
of characteristic wind shear, the direction of the storm coinciding in mag-
nitude and direction with the wind speed at the middle level of the tropo-
sphere. Noting that severe storms arise only at frontal sections, they state
that the most widely-held theories of the formation of a simple storm, ac~
cording to which cool air displaces warm air at low levels, do not provide
a satisfactory explanation of the facts observed in actual thunderstorms.

Browning and Ludlam recorded the distribution of airflow most charac-
teristic for thunderstorm processes. Figure 19 shows the distribution of
updraft and downdraft in a convective cloud according to their data.
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FIGURE 19. Development of hail-producing cloud, after Browning and Ludlam,
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Warm masses of air, encountering the precipitation wall, rise and, upon
reaching the level of the —40 or —50° isotherm, change direction, creating
wind shear. Cold air masses meeting the wall partly move downward, in-
tensifying the precipitation, or flow around the barrier.

According to this conception, then, wind shear is not formed by the
variation with height of the horizontal wind component, as proposed by
Newton /155/, but as a result of two currents with different wind direc-
tions converging near the wall. The airflow generates a circulatory move-
ment of cloud droplets and these, growing to a size sufficient for precipita-
tion, produce showers. In addition, owing to the shift of wind in the direction
of the storm, the cloud anvil forms what Atlas and Browning call a forward
overhang. This overhang can be detected in radar photographs. According
to the data of the Wokingham storm, it extends from 1.5 to 5 km ahead of the
thunderstorm cloud, its lower boundary reaching a height of 4 km. In the
authors' opinion,the forward overhang formed by wind shear rises slightly
near the wall, to form a "vault" whose lower boundary is 5 km high. Newton
and Katz state that the precipitation shifts slightly to the right of the di-
rection in which the storm center is advancing. While the storm is advanc-
ing, hail falls as a solid swath some hundreds of kilometers long, showing
a sharp increase in diameter and intensity at points along the direction of
the cloud.

On the basis of detailed analysis of radar reflectivity at different levels
of the Wokingham cloud and its time dependence, Browning and Ludlam
conjectured that the solid cloud particles participate in a circulatory motion
before falling to the surface; the first particles to fall are large hailstones
and only then do light hail and showers occur. The wall is slightly inclined
to the horizon, and the storm advances in a direction perpendicular to the
projection of the frontal plane at the surface, the same as the direction of
the front. The most intense radar reflections from the Wokingham storm
cloud were observed approximately 6 to 7 km above sea level (—20° ambient
temperature), 1 km ahead of the wall; the maximum hailstone diameter was
5 cm. Browning and Ludlam hold that such strong reflections at this height
indicate the presence of dry hailstones.

While circulating, the hailstones are carried through zones of differing
liquid water content; passage through zones of low water content produce
opaque layers of hail, while zones of high water content yield transparent
hail, in agreement with List's theory of wet and dry regimes of hail forma-~
tion,

It should be clear from this superficial account of the Browning-Ludlam
theory that their ideas as to the distribution of convective flow and hail
formation in thunderstorm clouds to some extent complement the mechanism
suggested by Weickmann and by workers at the High-Altitude Geophysics
Institute /90/. However, like Weickmann and Dessens, Browning and Ludlam
overestimate the importance of wind shear. It does not seem possible that
wind shear can cause an appreciable increase in the size of the falling hail
or in the intensity of the showers. The very fact that hail has been seen to
fall from motionless or almost motionless convective clouds indicates that
wind shear is not a prerequisite for hail formation. Moreover, analyzing
radar reflectivity data, Browning and Ludlam determined the temperature
of the falling hailstones from the ambient temperature, assuming the latter
to be equal to the temperature of the environmental air as obtained from
radiosonde data. For a hailstone diameter of up to 5 cm, the updraft speed
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in the cloud should be about 50 m/sec. The corresponding difference in the
temperatures of the environment and of the cloud may reach from 13 to 15°,
Thus, at the level of free-air temperature —20°, where peak radar reflectivity
was observed, the temperature of the cloud was probably at least —5 {o —7°,
At such temperatures wet growth of hail is quite possible, especially as the
hailstone diameter reaches 5 cm.

The research of Browning and others has considerably enriched our
conceptions of the circulation of airflow in thunderstorm clouds, though
their data as to the length of the overhang (only 5 km ahead of the precipi-
tation wall) is clearly too low. In the North Caucasus, the present authors
have frequently seen such overhangs, nicknamed "elephant trunks," extending
10 to 12 km, sometimes as much as 20 km ahead of the precipitation zone
(Figure 20).

In 1964, Moore et al. published a paper /150/, based on data from
experiments performed in the region of the Grand Bahama Islands, in which
they concluded that the main forces governing the formation of hail and
shower -type precipitation are electrical: cloud particles accrete and grow
rapidly as a result of lightning charges. They conjectured that lightning
produces a large quantity of positive ions, These ions charge the cloud
particles, and this accelerates accretion processes. In regard to this
theory, it should be noted that accretion of cloud particles due to electro-
static forces can enlarge cloud particles only as long as their diameters
are not in excess of 15, This local phenomenon is apparently due to
acoustic accretion. However, the fact that in most cases precipitation is
not accompanied by thunderstorms shows that the latter are not necessary
for accretive growth of particles and showery precipitation.

A recent Soviet theory of the formation of hail has been published by
Kartsivadze et al. /44/. These authors hold that there are several levels
of maximum updraft speed in a convective cloud. Over each such level
there forms a "large-drop' zone (accumulation zone). Hail particles
forming in the upper part of the cloud grow by accretion and begin to fall
inside the cloud, traversing layers of alternating high and low liquid water
content, Where the water content is low, growth proceeds in the dry regime,
so that an opaque layer is formed in the hailstone, In an accumulation zone,
the hailstone grows in the ''wet' regime, forming a transparent layer. As
we shall see below, this conjecture is a development of the theories worked
out at the High-Altitude Geophysics Institute in 1958—1959 concerning the
growth of hail in the accumulation zone, according to which the latter is the
result of a decrease in updraft speed with increasing altitude.

It seems improbable, however, that there should be several accumulation
zones at different altitudes in the same cloud while in the developmental
stage. At any rate, fairly detailed radar studies by workers at the Institute
have failed to detect this, althoughithe distribution of precipitation in the
cloud is indeed nonuniform. A vertical radar section of the precipitation
zone reveals 5 or 6 regions of elevated liquid water content, alternating
with low-content regions. In addition, the originators of the conjecture
hold that hail pellets can gather speed while falling in the upper layers of
the cloud and by inertia "pierce' levels at which the updraft speed is larger
than the steady speed of free fall. This does not seem plausible,

There are many other theories of hail formation, but they will not be

considered here,as the underlying factual material has not been corroborated
by recent investigations.

50



In /98 /, Shishkin conjectured that the development of convective clouds
is a pulsating process; this idea was based on pulsations observed in the
tops of convective clouds (such observations were recently made by
G. Eidinova under the supervision of A. G. Ralabuev, in the Alazani valley).
We might mention, however, that pulsations have been observed only at the
initial stage of development. Once the cloud has reached the shower-pre-
cipitation stage, the growth pulsations fall off,

Shishkin holds that the cloud particles grow via gravitational coagulation.
At the top, or in the pre-top region of the trajectory, they freeze, forming
hail embryos. Subsequently, as they fall in the supercooled part of the
cloud, these embryos grow to the size of large hailstones by accreting
supercooled cloud drops. Hail may also fall even in cases where the updraft
speed is as low as 2 m/sec.

However, no hail has ever been observed falling at such velocities.
Elementary calculations prove that hail of diameter 1—2 c¢m cannot fall un-
less the updraft speed is at least 15—20 m/sec. In addition, it is hard to
imagine a thick convective cloud in which the updraft speed is no more
than 2 m/sec.

On the other hand, Shishkin's theory dictates that for formation of large
hailstones the supercooled region of the cloud shounld be at least 10—12 km.
It follows that in summer months, when the zero isotherm lies 4—5 km
above sea level, the top of a hail-producing cloud should reach an altitude
of 14 —17 km above sea level. Not infrequently, however, large hailstones
will fall from a cloud whose top is only 9~10 km above sea level.

Some years ago, Gordon suggested that the ascent of cloud air in clouds
in which hail is observed to grow takes place in toroidal-shaped regions
with a vertical axis. However, clouds consisting of multilayer "toroids"
have not been observed by investigators other than Gordon; moreover, even
if they do exist, they must be extremely rare, so that they cannot signifi-
cantly affect hail-formation processes. We shall therefore not discuss
Gordon's views here,

The work of Karalp /133 / on the origin of hail is worthy of mention.

He presents the results of 10 years of observations of cumulonimbus in
South-East France. In 17-day studies of storms, including stereophotogram-
metric measurements, covering cumulonimbus clouds of maximum heights
ranging from 5.3 to 14.5 km, the most destructive hail was observed when
the maximum height of the cloud exceeded 12,5 km, It was shown that
destructive hail falls when the wind at high altitudes was very strong. The
38 days on which hail was particularly destructive were correlated with
maximum velocities of very strong winds between the surface and the tro-
popause. These maximum velocities were generally observed between 7 and
11 km, sometimes at altitudes of 11 —13 km; they usually ranged from 90

to 320 km /hr, Conversely, on days when hail was slight the speed of the
upper wind was rarely more than 90 km /hr. Karalp notes that the existence
of high-altitude winds is necessary to support the updraft zone ("tube’)
which in turn is a prerequisite for hail formation. The updraft zone may

be supported by

1) an unstable layer of air near the surface, due to local superheating;

2) condensation processes;

3) freezing of drops;

4) kinetic energy of upper currents, which forces the "tube'' into a
horizontal position in its uppermost part (Figure 21).
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FIGURE 21. Vertical development of hail-preducing cloud
and wind speed at high altitufes.

A) updraft zone; B} smong-wind zone.

Karalp remarks that if there are no upper currents only short-lived
"tubes" will develop, producing heavy but brief showers. When there are
upper currents, the updraft zone formed near the surface becomes a true
generator of large hailstones,

2.3, THE THEORY OF HAIL FORMATION DEVELOPED
ATTHE HIGH-ALTITUDE GEOPHYSICS INSTITUTE

In 1958, a survey was made of the various theories of shower and hail
formation at the High-Altitude Geophysics Institute, and the details of the
process were subsequently worked out more precisely. During that time,
no significant changes were introduced in the basic ideas. The theory was
the result of processing data from an all-round investigation of precipita-
tion processes, based on experimental laboratory and theoretical research
initiated in 1956.

The results concerning the formation of precipitation and new theories
as to the mechanism of these processes were reported at the anniversary
session of the Geophysics Institute of the Academy of Sciences of the
Georgian SSR in 1958, and at a meeting of the Faculty of Physics of the
Atmosphere at Leningrad University in the same year. These ideas were
repeatedly discussed at all-union and international conferences, and pub-
lished in a series of papers /8 —11, 87,89,90/. The basis of the theory is
that, at the first stage in the development of a cumulus cloud, the air masses
ascend withinthe cloud in separate bubbles of warm air; with further de-
velopment, these bubbles merge with one another and form a jet of rising
air. The updraft speed increases from the cloud base to the level z, at
which it attains its maximum value Wm{Zm). With further ascent, the up-
draft speed decreases toward the cloud top {convection level). At each
level, the updraft speed is determined by the buoyancy of the air, or, in
other words, by the temperature difference between the rising and



surrounding air. This behavior of the updraft speed creates conditions for
the accumulation of large quantities of water 1n the Iiguid or solid state,
above the maximum updraft speed level z,. If the maximum speed @mn(Zm)
exceeds the velocity at which drops of diameter 5 ~6 mm are pulverized,
and the zm level lies below the level of natural crystallization of large drops
(—18,—20°), the main source of accumulated water 1n the upper region of the
cloud are large drops formed at giant nucle1l of condensation in the lower
region of the cloud.

Large drops may also be produced by collisions of small drops with one
another. A necessary condition for the precipitation process to be maintained
1s that for every 108 to 10% droplets at concentration 1- 103cm™! there be 10
collisions per second. Large drops, rising with the updraft, grow by accreting
the droplet fraction and exceed the maximum speed level, reaching a height
at which their steady free fall speed becomes equal to the updraft velocity.
At this level the large drops slow down and continue to grow by accreting
the droplet fraction arriving from below with the updraft Growing to
critical size (R= 0.2 to 0 3 cm), the large drops are atomized and a Langmuir
chain reaction sets 1n

The growth of the large-drop fraction proceeds mainly via droplet ac-
cretion and arrival of new large drops in the accumulation zone with the up-
draft, forming on giant nucle1 of condensation, or 1n some other way 1n the
lower region of the cloud. The coefficient of capture, adiabatic liquid water
content and number of giant condensation nucle: create conditions for the
accumulation of critical water content within 30 to 60 minutes after forma-
tion of updraft in the cloud. One thus has an accumulation of large cloud
particles 1n the upper region of the cloud, above the level of maximum up-
draft speeds. Workers at the Institute have coined the term 'large-drop
zone'" or "accumulation zone" for this region.

The process described may occur when w,(z,)>v.. The phase state
of precipitation from the cloud depends to a significant degree on the
temperature interval within which the large-drop fraction accumulates 1n
the cloud. If the upper boundary of the accumulation zone lies at the level
of the —18° 1sotherm, then, whatever the temperature at the lower boundary,
the drops in the accumulation zone will not freeze and the cloud water
gathers in the form of large, possibly supercooled drops.* When the weight
of the accumulated water exceeds the byoyant force created by updrafts, the
drops collapse and liquid precipitation occurs as showers. The process
of accumulation and renewal of moisture content continues as long as the
atmosphere 1s unstably stratified

Hail 1s destructive only when the accumulation zone lies between the
0 and —25° 1sotherms. Under these conditions, the large drops in the upper
region of the accumulation zone freeze, forming hail embryos, which grow
by accreting the droplet fraction, moreover, in the central (supercooled)
part of the accumulation zone, the hail grows rapidly by accreting super-
cooled large drops.

Radar studies all over the world have shown that growth of hailstones of
diameter 0.1 to 2 or 3 cm takes 4 or 5 minutes. At the same time, calcula-
tions of the rate of growth by accretion with the droplet fraction show that
the time necessary for such growth 1s at least 50 minutes. One must

* We are speaking of the temperature of the cloud environment, not of the surrounding air.



therefore assume that the main part of hail growth takes place in the
accumulation zone, by hail embryos accreting supercooled large drops.
The liquid water content of the large-drop fraction must be at least

20 g/m?3.

According to Ludlam's data, the accumulation zone contains on the
average from 1 to 3 hail embryos per 1 m=3. Studies of radar reflectivity
from clouds, combined with data on the spectrum and size of hail falling
to the surface, have shown that the average concentration of hail in the
cloud is 7 —8 m-3, In some cases the hail concentration fluctuates over a
wide range, from 0.05 to 50 m~3, increase of hail concentration in the cloud
leading almost inevitably to a decrease in hail size.

The factor exerting most influence on the development of hail processes
is wind shear. When the vertical gradient of the horizontal wind speed
attains high values, hail is either not observed to fall, or is seen to fall
sparsely, the few scattered hailstones being incapable of inflicting much
damage to agriculture. When wind shear is significant, there are several
possibilities,

1. The altitude at which wind shear sets in lies below the peaks of the
trajectories of the cloud particles. In that case wind shear has little effect
on the development of the cloud, and hail formation depends on thermal
convection,

2. The altitude at which wind shear begins lies below the maximum
speed level, According to Newton, Dessens, et al., in that case the updraft
speed rises slightly and the upper part of the cloud slopes forward in the
direction of the horizontal flow; in all other respects the formation of hail
follows the scheme described above.

3. The altitude at which wind shear begins lies between the peaks of the
trajectories of the cloud particles and the maximum updraft-speed level.
In this case, hail formation depends on two factors:

a) rotation of the direction of horizontal air currents in the lower and
upper regions of the cloud;

b) magnitude of wind shear.

Both these factors determine whether cloud particles are carried away
from the accumulation zone and hence whether the hail-formation processes
will weaken or break off,

Koval'chuk has determined how cloud particles are removed by wind

shear (Figure 22). The vertical updraft speed above the maximum speed
level may be expressed as

w(z)=wm(1——5—). (2.7)

Zp
The differential equation of horizontal motion of a cloud particle is

%:wo+a(z—z,), (2.8)

where' x is the horizontal displacement of the particle, v the horizontal
velocity of air currents at the level where wind shear beging ( 2z; ), and a the

a.cceleration of the horizontal current as a function of height. The relaxa-
tion time is taken to be zero.
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Integrating this equation from 2, to the peak of the trajectory zpm, we
obtain the horizontal displacement of the particle during its ascent from
level 2z (the initial time f{, is put equal to zero) to the apex 2, of the
trajectory. During this time, the lower region of the cloud advances hori-
zontally for a distance uvet, where ¢ is the length of the relevant time interval.
It is assumed that the horizontal component of the cloud's motion below z,
coincides with the corresponding component of the motion of the cloud
particle. In other words, vy, remains constant throughout the closed interval
from 2z, to gz, where z is the lower boundary of the cloud.

Since the ascent speed of a particle of radius R depends on its radius,
which increases as a result of gravitational coagulation along the rising
branch of the trajectory, and on the updraft speed, it follows that Eq. (2.8)
should be solved together with the equations for the maximum hail diameter
and the critical liquid water content in the accumulation zone. Solution of
these equations yield the following value for x:

x= 19 &, (2 — 2 + (R 21
__iflh&(e,q,t — 1)+ AR, (}%,:)A’”_l_-—%”_’, (2.9)
where
4 =32,

Thus, during time {, the cloud particle advances horizontally for a
distance x as defined by Eq. (2.9), and the cloud (provided the directions of
motion coincide) for a distance x;. The falling time of a particle from
height z, to the maximum speed level is usually about 2 to 3 times longer
than the ascent time, and so the probability of the particle re-entering the
cloud in which it grew is reduced. Let us calculate x, approximately as

a function of ——g—, assuming, say, that zp—2m=3 km. Then x is equal to

7.5 km, while x; will be only 900 m. While the particle is falling to level
Zm, it advances at least 7.5 km, and is thus distant about 12 to 13 km from
the center of the cloud and does notreachit, at least not inthe accumula-
tion zone. Even if low-level horizontal currents pull the particle back into
the cloud, its dimensions upon reaching the ground will still be smaller than
in the absence of wind shear, since the updraft speeds at the periphery of
the cloud, where the particle re-enters the cloud, are smaller than at the
center. ‘

A typical instance of wind shear inhibiting the formation of pall as just
described was observed on May 11, 1966, when a jet stream axis passed
over the region in which the Caucasus expedition was working. The atmos-
pheric cross section at the time is shown in Figure 23. '

As is evident from the figure, at 9 km above sea level the. velocity of _the
horizontal current reached 40 m/sec. Up to 4 km the velocity was negli-
gible, but then it suddenly increased to 17 m/sec. The change 1n_’§he
velocity of the horizontal current with altitude was 0.6 - 10-2 sec”l.
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FIGURE 22. Transport of cloud particles under the influence of wind shear.

1) trajectory of cloud particle.

Under these conditions, particles from the center of the cloud were carried
to a distance of about 12 km, taking into account the speed of the advancing
cloud, The particles regained the periphery of the cloud, but since

the updraft speeds there were small there was little hail, and the
precipitation reached the ground as rain.
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FIGURE 23. Distribution of horizontal currents, May 11, 1966.

The scheme of development of a hail-producing cloud as worked out at the
High-Altitude Geophysics Institute is illustrated in Figure 24. When updraft
speeds are small and the horizontal motion of the cloud significant, the
growth of hail in the accumulation zone lags behind the motion of the cloud,
and hail falls to the surface as isolated pellets along the path of the cloud.

If the horizontal velocity of the cloud is comparatively small (15 —20 km /hr),
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the hail usually grows to a considerable size while the cloud is advancing
and precipitation reaches the surface in the form of a long, solid swath of
hail, sometimes hundreds of kilometers in length.

Analysis of data concerning the effect of wind shear on hail formation
in North Caucasus has led to the following conclusions:

a) in some cases wind shear suppresses hail, but it cannot cause an
increase in the hailstone diameter;

b) wind shear is the principal factor determining the direction of ad-
vance of the hail-formation process, and together with the motion of the
cloud under the influence of the steering current it determines the direction
in which a hail-producing cloud will move relative to the surface;

c) weak wind shear leads to the formation of an "elephant-trunk' hail
cloud.
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FIGURE 24. Scheme of development of hail-producing cloud.
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Stages: 1) initial; II) accumulation; III) showers; IV) dissipation;
a) no wind shear; b) weak wind shear; c¢) strong wind shear;

1) isolated bubbles; 2) water collecting in accumulation zone;

3) precipitation; 4) precipitation and dissipation of cloud; 5) in-
tensive precipitation; 6) weak precipitation; 7) heavy shower-type
precipitation: 8) detachment of accumulation zone.

2.4, THERMODYNAMIC CONDITIONS OF HAIL GROWTH:
METHODS OF PREDICTION

Hail grows because of an influx of ice crystals and frozen drops into the
supercooled region of a cloud. Thus, in order to ascertain the mechanism
of hail processes, it is important to determine the reasons for appearance
of the solid phase in a cloud.

Findeisen postulates the existence of nuclei of crystallization (sublima-
tion) in the air. At a suitable temperature, ice crystals grow at these nuclei
and water converts directly from vapor to the solid state, without passing
through the liquid phase.

57



There is no condensation growth of water drops at crystallization nuclei,
so that if such nuclei ascend in the cloud their activity becomes evident only
at considerable altitudes and suitable temperatures.

According to Findeisen, the temperature at which ice crystals form on
crystallization nuclei depends on the properties of the nuclei and of the air
mass, and may vary within wide limits (from about —6 to —-30°).

Dessens holds that isolated nuclei of crystallization cause the first
appearance of ice crystals in the cloud at £ —12°; in the temperature
interval from —25 to —32° the number of crystals increases sharply, and at
temperatures between —32 and —35° all particles in the cloud are in the solid
phase,

Much work has been done recently, mainly in the USA and in Australia,
concerning the nature of these nuclei of crystallization. Analysis of the
results leads to conflicting conclusions. The Australians believe that natural
nuclei of crystallization enter the troposphere from the stratosphere and are
of cosmic origin, while the US investigators believe that they are of terrest-
rial origjin.

There are still many open questions in connection with nuclei of natural
crystallization, Most investigators agree that the temperature threshold of
natural crystallization is low. The temperature at which there appear
considerable numbers of crystals on natural nuclei of sublimation is usually
less than —25°,

Analysis of data from recent studies gives grounds for the conjecture
that hail embryos first appear in convective clouds at lower temperatures
(—18 to —22°) than do crystals at sublimation nuclei (—25 to —32°). It seems
that hail embryos are the result of freezing of large drops in the upper part
of the accumulation zone.

Ludlam /139 —142/ has shown that during the growth of a solid spherical
particle by collisions with cloud particles, the rate at which latent heat is
released into the environmental air may be insufficient, and then not all
drops will freeze upon collision with the particle. Thus, the particle will be
coated with liquid water even when the temperature of the environment is
much lower than 0°, and large drops may break off its surface. These drops
may grow by accretion and even set off a chain reaction. The accreting
particle will give off heat to the environment, mainly due to conduction and
surface evaporation of water. The heat balance equation of a hailstone is

81+83=83. (2.10)

Here @, is the heat loss from the hailstone by heat exchange, which is
—4xar*(Ty~T,), where « is the coefficient of heat exchange, r the radius of
the hailstone, T, and T, the temperature of its surface and of the surrounding
air, respectively; @, is the heat loss by evaporation: 4nfrilAc, where B is
the coefficient of mass exchange, L the latent heat of evaporation, Ac the
difference in water-vapor concentration far from the hailstone and at its
surface. « and P are determined from the equations

1 1

Nu=0.6Pr3 Re?; (2.11)

1 1
Nu' = 0.65¢3 Re™, (2.12)



where Nu= 2;’ is the Nusselt number, Nuy'= -%— is an analog of the

Nusselt number, Pr=0.71 is the Prandtl number, S¢=0.61 is the Schmidt
number, & the thermal conductivity, D the coefficient of diffusion of water
vapor in air; ©;is the addition of heat to the hailstone due to acquisition
and freezing of cloud particles:

Ezr’quc (¢, — t,),

where ¢ is the quantity of deposited water, w the fall speed of the hailstone

relative to the cloud particles, ¢ the average specific heat of water.
Assuming that all the water captured by the hailstone is frozen, equating

the values 6,+8;=8; for a single particle, Ludlam solved the equation for

g and obtained the critical liquid water content at which the heat lost to

the environment is equal to the heat released when the captured drops

freeze:

_ 12vRe LD —kT,
9= "Foz B LT, (2.13)

Figure 25 plots the critical values of ¢ for different-sized particles at
air temperatures from 0 to —30° in the cloud, assuming a temperature of
10° and pressure 900 mb at the cloud base. The dashed line represents the
change in liquid water content with height, corresponding to adiabatic lifting
of air without allowance for mixing with environmental air. If the actual
liquid water content exceeds the critical value for the appropriate particle
size, a film of water will be deposited on the particle as it captures cloud
drops. Such hailstones have a high density (0.9 g/cm3) and are known as
"wet hail'; they are said to grow in the wet regime. If the actual liquid
water content is less than critical, all drops captured by the particle will
freeze and a coat of completely frozen opaque ice will form on the hailstone.
This is known as the dry regime of growth; the density of such hailstones
is about 0.3 g/cm3.
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FIGURE 25. Critical liquid water content in accretion
growth of particles in a cloud.
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Much experimental and theoretical work has been devoted to studying
the freezing point of water drops as a function of their diameter. It has
been shown that the state of a supercooled water drop is metastable and
the probability that it will freeze at a given temperature ( 7,<0°) is
proportional to its volume. Various impurities (dissolved and otherwise)
affect the freezing point. But even data on the freezing point of chemically
pure water fluctuate, depending on the conditions prevailing at the time of
freezing; this may be seen from the plot of 7 (log d) in Figure 26. Utilizing
data from different authors, Mason constructed a general curve, according to
which the freezing point of a drop of diameter 1 is —41°. This is in good
agreement with theoretical calculations by Kachurin /45/ and Mason /149/.

Curves of T,(log d) proposed by Bigg /118 /, Dorsch and Hacker are
almost parallel (Figure 26). They thus represent the same probability
of freezing as a function of temperature. A special feature of Bigg's curve
is that the freezing point of micron drops behaves differently. The data
at these points approach Mason's curve.

An examination of the techniques used by these various authors confirm
these distinctions. In fact, the results summarized in Mason's general curve
were obtained either for drops of diameter a few microns, which are ap-
parently poor captors of foreign nuclei capable of triggering freezing, or for
volumes of water contained in glass or ceramic tubes, and thus shielded from
nuclei by the tube walls,

The set-up of the experiments of Bigg, Dorsch and Hacker was quite
different. They placed water probes in an environment containing foreign
nuclei, which were somehow capable of penetrating the drops.
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FIGURE 26. Plotof 7, (logd) according to different authors.

1) Dorsch and Hacker, after material of Ivanov (High-Altitude
Geophysics Institute); 2) castor oil-CCl, vapor and chloroform-
castor oil vapor: 3) CCly and watch oil; 4) Bigg; 5) Mason.
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Th.us, Mason's curve for T.{log d) describes a process of spontaneocus
freezing, while the curves of Bigg, Dorsch and Hacker represent the

result of heterogeneous freezing. It is clear, therefore, that the property
of heterogeneous nuclei, introduced by Mason:

n = neet’s, (2.14)
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where n is the concentration of nuclei with ice-forming temperature 7,, is
indispensable for an interpretation of experimental results.

Instead of this property, it is more convenient to consider the ability of
the drop surface, whose sorption properties are known, to collect nuclei.

This idea was checked by a modification of Bigg's method. A refri-
gerating plant was devised to achieve optimum regulation of cooling rate
(Figure 27). The plant consists of a heat exchanger, with a special cavity
in which a container with drops is placed. Vapor from liquid nitrogen in
a Dewar vessel is introduced into the cavity. Therate of coolingis regulat-
ed by varying the intensity with which the liquid nitrogen is boiling. The
device kept the cooling rate of the drops constant to within 3% of the rated
value of 0.5°/min. As in Bigg's experiments, a drop of twice distilled water
was placed at the interface between two immiscible liquids insoluble in
water. As liquids heavier than water, CCl, and chloroform were used,
while the light components were castor and watch oil.
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FIGURE 27. Heat chamber used in experiment to determine 7, (log d).

1) metal heat exchanger; 2) air cavity for container with drops:
8) thermally insulated jacket of Piexiglas: 4) fitting for supply of
coolant; 5) opening for injection of nitrogen vapor into cavity.

According to Bigg, the frequency of values obtained for tbe freezing point
of a drop of standard diameter is symmetric about the max.lmur.n value ?nd
approximates a normal distribution. Thus, temperatures (in this e_xperxr.nent)
equidistant from the T, value representing the most frequent free.zmg point
should occur equally often and their average is Ts. Hence there is no need
to study a large number of drops of the same diameter. The range of tem-
peratures (onbothsides of T,) corresponding to an e-fold change .of fre;quen—
cy is about 2° (for drops 1 mm in diameter). Consequently, even if an in-
sufficient number of drops is used, the error in T, for drops of 1 mm diam-~
eter should not exceed £1.0°, ) .

The optimum number of drops needed to obtain each freezing point
figure was taken to be 10 —15. The temperatures were measured as usual
by a thermocouple. A microscope was used to determine the c.iro'p size and
to follow the freezing process. Of the above-mentioned four liquids, three
pairs were studied (chloroform and castor oil, CCl, and castor 0%1, CC14'
and watch oil). For the first two pairs, the T, (log d) curves obtaged coin-
cided but gave exaggerated values for the freezing point in c_'omparlson w1t.h
Bigg's figures. When castor oil was replaced by the less viscous watch oil,
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the Ts{log d) curve came nearer to Bigg's curve (Figure 26). Thus the
freezing point curve was found to depend on the selected pair of supporting
liguids.

This cannot be explained by measurement errors. The absolute calibra-
tion error of the thermocouple was +0.5°, and so the maximum possible
error in temperature determination, allowing for errors due to insufficient
experiments, should not exceed +1.5°. The error in determination of the
drop diameter may be ignored, as it is relatively small. The minimum
temperature difference read off from the T, (log d) curves for different
pairs of liquids was 3.8°.

It was conjectured that the mechanical properties of the supporting
liquids somehow affect the motion of heterogeneous nuclei within the drop.
To verify this, particles of Agl were added to watch oil. This led to a sharp
increase in the freezing point of the drops, without changing the shapes of
the curves. Figure 28 shows two curves of this type, obtained at different
concentrations of Agl particles. They are hardly useful for quantitative
analysis, owing to the indeterminateness of the Agl concentration. It may
seem strange that these curves of T, (log d), plotted with addition of Agl, do
not reflect the familiar threshold properties of this reagent. This may be
due to partial deactivation of the reagent, which cannot be identified with any
interaction of supercooled drops and reagent particles in the air or in oil.

8,
-2§ ! t
3 3.5 logd

FIGURE 28. Effect of increasing the concentration of ice-forming
nuclei in the upper component of the pair of supporting liquids.

1) watch oil with Agl and CCl;; 2) transformer oil with Agl and

CCly; 3) watch oil and CCly. U § Q L
: 7

The experiment involving addition of Agl aerosols clearly illustrate our
previous assertion concerning the triggering of freezing in the experiments
of Bigg, Dorsch and Hacker by heterogeneous nuclei captured by the drop
surface, It follows that the freezing of large drops in a cloud should be
described in accordance with the experiments of Dorsch and Hacker, as
these were carried out with drops freezing in air,

These results show that hail nuclei are formed by the freezing of large
drops in the accumulation zone. Analysis of the available data, both those
available in the literature and those obtained in experimental work at our
Institute, indicate that the natural freezing point of large cloud drops ranges
from —15 to -22°, depending on the radius of the drop.

Another process of importance for hail suppression that can be studied
under laboratory conditions is the growth of hail particles. Experiments

to this end are comparatively recent. ’ 36 @
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List /137,138/, on the basis of careful experiments, reached the conclusion
that hail does not grow as suggested by Schumann and Ludlam (as much
water is deposited on the hailstone as can freeze); he showed that their
ideas were at variance with experimental data.

List examined the growth of hailstones in a closed wind tunnel. The
growing hailstone was allowed to rotate freely about a fixed axis in the
tunnel. The purpose of List's experiments was to study the liquid water
content of the hailstone as a function of water content, velocity of motion
and thermodynamic parameters of the air.

These experiments determined the conditions for formation of what List
called "spongy' ice — a mixture of water and ice. Namely, the addition of
heat (due to freezing of captured water, condensation or evaporation) must
exceed the convective loss of heat from the surface of the growing hailstone.
If the added heat exceeds the loss, the water deposited on the hailstone sur-
face does not freeze completely. Some of it, not blown off from the surface
by air currents, forms liquid inclusions which freeze slowly. As a result,
the density of a layer of transparent ice in a hailstone may exceed the density
of pure ice (0.92 g/cm?), depending on the water content and thermodynamic
parameters of the air, (

If the addition of heat is less than the convective loss, the density of the
hailstone will be less than or equal to the density of pure ice, At the same
time, the actual density is again dependent on the water content, hailstone
diameter and the thermodynamic parameters of the air., According to
List, these are precisely the conditions under which a hailstone of smaller
diameter has a higher probability of growing.

List performed 100 experiments with spheres of diameters up to 2.5 cm,
air speeds of up to 30 m/sec, and water content of up to 20 g/cm?; in none
of these experiments did he observe any escape of excess water from the
particles to the air. He then used the results to solve the heat balance
equation for a hailstone. The percentage water content of a hailstone is
given by

qm=100( —%;)- (2.15)

Here ©, is the amount of heat released upon freezing of water deposited
on the hailstone: EnsgLl (L is the latent heat of fusion), @3 is the heat
which would be released if all the deposited water were frozen.

Substituting the values of 8; and 6, and performing some simple manipu-
lations, one obtains the following condition for wet growth of hail:

— 168kt — DT Nesn—es0)  Ch
= T Ly
0.785L; Equw v2 d2

(2.16)

where d is the hailstone diameter, Ly the latent heat of fusion ?t. tempe‘rature
ts, c1= 207 kcal- g~!. m~3. mb for the water-vapor phase transition, t,is the
ambient temperature, v the kinematic viscosity, D, the diffusion co-
efficient, T, the absolute temperature of the environment, e,n.apd ey, the
elasticity of saturated vapor over water and ice, E the coeffu?lent of
capture, g the liquid water content, w the fall speed .of the hailstone,

¢ the specific heat of the water deposited on the hailstone, 87'E=0.675.

If t,<0°, [=1; if t,=0°, I1.
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Thus, if /<1, the deposit on the hailstone consists of a mixture of water
and ice. Using Eq.(2.16), List found boundary conditions for wet growth of
hail as a function of water content in the growth zone and of the ambient
temperature, for freely falling particles of different diameters. The results
are shown in Figure 29. It is evident from the figure that wet growth re-
quires a water content double that postulated by Ludlam. This is because
Ludlam, solving the heat balance equation, assumed that all the water de-
posited on the hailstone is frozen, disregarding the necessary addition of
heat to the hailstone due to its composition as a mixture of water and ice.

The structure of falling hail shows that in order to cause crop damage,
hail must be "wet" — a water-ice mixture, It is thus clear that the con-
ditions in the cloud should be such as to guarantee wet growth of hail as
defined by Eq.(2.16). It is known that the zone of supercooled water neces-
sary for the growth of hail lies above the maximum speed level, but at the
same time the conditions for hail formation depend on the liquid water
content and on the ambient temperature, The critical water content for wet
growth of hail is calculated from Eq.(2.16). To this end one must determine
the actual water content taking part in the process, compare it with the
critical value, and then determine the unique solution of the water-content
equation for hail in the cloud.

The maximum accumulated water content per unit volume may be cal-
culated as a function of the buoyant force from the equation '

w?

—_ mn
qm plll 2gh a—‘z )

where h,,is the thickness of the accumulation zone (on the average 1500 m).
The calculated values are compared with the critical water content and

ambient temperature necessary for wet growth of hail, as obtained by List

for initial hailstone radius 0.25 cm (Figure 29). The results of calculation

of the boundary conditions for wet and dry growth for different maximum
updraft speeds are as follows:

@Wm (m/fsec) .. .. 12 15 20 25
an g/m» .... 34 5.3 9.3 14.8
Tm ce.. =9.0 —12.0 —20.0 —29.0

The results were then plotted on a graph (Figure 30) on which the
boundary curve ab, representing growth of hail under thermal equilibrium
conditions, divides the plane into two zones: zone I — formation of hail
(wet growth), zone II — formation of graupel and snow (dry growth),

Above the —30° level, hail cannot grow in the wet regime, as the con-
centration of supercooled drops becomes negligently small compared with
the concentration of ice particles, while data of Bigg, Kiryukhin and others
imply that drops 200 t0300 u in diameter freeze at temperature —30°, Hence,
even at high velocities, the dry regime prevails above the —30° level /118/.
If the calculated maximum speed w, and temperature at that level fall into
zone I this means that there may be wet growth of hail in the cloud; if it
falls'm zone II, one has dry growth, with formation of spongy hail of low
density, which melts completely as it falls through the warm layers of the
atmosphere /142,143 /. On the other hand, if the maximum speed level is in

a positive-temperature zone, conditions in the cloud are not suitable for hail
formation.
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FIGURE 29. Conditions for growth of hail as a function of water
content and temperature of environment, for freely falling particles
of different diameters.

The calculations thus yield the phase state of the precipitation as a
function of the maximum updraft speed and of the temperature at the
maximum speed level.

Whether hail will actually fall to earth depends on the size of the hail
at the level of the zero isotherm. The maximum hail radius may be defined
from the equation

g0V =t Cod/ut (2.17)

The terminal fall speed of the hailstone (relative to the air) is equal
in magnitude to the updraft velocity of the air in the supercooled region of
the cloud, nr?is the area of its cross section, g the acceleration of gravity,
on the density of hail, V the volume of the hailstone, r its radius, Cpthe
drag coefficient, w the fall speed.

Substituting V= -;‘—-an into Eq. (2.17), we obtain
3
w=) S, ' (2.18)

It is clear from (2.18) that the terminal fall speed depends on the drag
coefficient Cp and on the hail radius. The coefficient Cp in turn depends on
the Reynolds number Re. For 102<Re< 105, Cp lies between 0.4 and 0.5. When
Re reaches the vicinity of 3. 103, Cp falls sharply to 0.1 (experiments of
Bilham and Relf). The critical Reynolds number, and consequently the drag
coefficient at a given hailstone diameter, vary as functions of the roughness
of the solid surface and the turbulence of the air,

On the basis of the experiments of Prandtl and Eiffel, we can assume
Cp= 0.5 for spherical hailstones. As the hailstone becomes more oblate
the drag coefficient increases, approaching unity. On the basis of experi-
mental data, List /137, 138/ concluded that hailstone should not be treated
as smooth, but as rough balls. The air is then turbulent at lower Rey.n(?lds
numbers and higher drag coefficients. List measured the drag coefficients
of various hailstones as functions of the Reynolds number.
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FIGURE 30. Phase state of precipitation in cloud as a function
of maximum updraft speed and temperature at maximum
speed level.

It turned out that smooth spherical hailstones fall most rapidly. De-
pending on the shape of the surface, the terminal speed is usually lower.

In our calculations we assume that the hailstone is falling at the optimal
speed, so that Cp='0.5 (smooth spherical surface). Therefore, substituting
Cp into (2.18), we obtain the following formula for a hailstone of density
e= 0.9 g/cm3;

w=x/T. (2.19)

where y=2.63.10%3 cm~!- sec.

The downward motion of the hail creates downdrafts; the hailstones
fall rapidly from the cloud, so that their size is determined chiefly by the
growth conditions in the accumulation zone. Hail begins to fall when its

fall speed exceeds w,. We present a partial table of hail size as a function
of maximum updraft speed:

w, (mfsec) . ... 12 15 20 25 30 35
r (cm) e 0.21 0.34 0.60 0.93 1.34 1.82

It has been shown that hailstones of diameter greater than 3 cm are
affected only slightly while falling through the warm part of the atmosphere,
so that for maximum speeds above 30 m/sec the hail radius may be cal-
culated directly from Eq. (2.19).

Smaller hailstones are melted to a significant degree when they fall below
the zero isotherm. The effect of melting for such hailstones has been de-
termined using a result obtained by Ivanov /40/ of the High-Altitude Geo-
physics Institute, Using the graph of Figure 31 and the above data, the ter-
minal hail radius R, was determined as a function of the height of the zero
isotherm above the surface at different maximum speeds. The results are
shovan in Table 5 and plotted in Figure 32, The ordinate of the plant
_(wm, Ho) in Figure 32 is equal to the terminal radius R of the hail reach-
ing the surface.

‘ .Sur‘nmarizing, we see that determination of the maximum updraft speed
1s indispensable both in predicting the potential formation of hail and in

deterfr.ﬁning its terminal radius. Hail prediction should thus involve the
following steps:
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FIGURE 31. Terminal radius of hailstone as a function of height
of zero isotherm and original radius.

1=0.7°/100 m, P.=~600 mb.

1) Calculate and plot prognostic stratification curves of temperature
and humidity,

2) Calculate the maximum updraft speed and determine the temperature
of the rising air at the corresponding level.

3) Using Figure 30, determine whether the conditions in the cloud are
suitable for formation of hail.

4) Using Figure 32, calculate the terminal size of the hail reaching
the ground.

TABLE 5. Terminal hail radius as function of height of zero sotherm at
different speeds wm

&, m/sec
e, km 12 ) I | 2 B
0 021 034 060 0.93 1.34 l 132
1 0.16 0131 057 093 134 181
2 _ 014 048 081 127 1.74
3 — — 029 072 1149 168
4 — — —_ 0.56 1.07 1.59
5 — - - 016 | 0% | 149

Field investigations carried out bythe Caucasus hail—suppre?ssion ex- '
pedition produced data of atmospheric stratification up to the time of maxim-
um development of convection. These data were utilized to calculate the
possible convection level according to the aerologicgl diagrarr}.

Using radar of wavelength A=3.2 cm with a vertical scanning antenna,
the development of the cloud was observed. First the radar echo fro?ﬂ the
cloud rose to 6 —7 ki, and then, within a few minutes, to 8 —9 km. Th'ls
increase of the radar echo continued until the cloud had attained maximum
development, and thereafter began to decrease. Data of the echo tops at
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the time of maximum cloud development were used for the analysis, As
the error in measuring the echo top increases with increasing distance, the
results used for the analysis pertained to clouds developing at most 40 km
from the station. Calculations have shown /90/ that the maximum error

in determining the upper boundary of the radar echo is at most 0.5—1.0 km,
the mean error being from 300 to 400 m.

Table 6 presents the results of a comparison of convection levels cal-
culated from the aerological diagram with measurements of the echo tops.
It is evident from the table that the echo tops for the hail clouds are on the
average 1500 m higher than the calculated convection level; the echo tops
for rain clouds are 1300 m lower. The maximum difference between these
figures for hail clouds is +3400m, the minimum figure +500 m; the maxim-
um and minimum differences for rain clouds are —5200 and 4200 m, res-
pectively. Only in two cases was the echo top from a rain cloud higher than
the calculated convection level, by 100 and 200 m.
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FIGURE 32. Terminal radius of hailstone as a function of

updraft speed, for different heights H, of zero isotherm.
[ ]

The stratification curve from which the convection-level data were
extracted was corrected by the use of radiosonde observations made directly
before the beginning of the hail process. Hence the change in the height
of the convection level cannot be attributed to readjustment of atmospheric
stratification during the soundings and the development of the cloud.

The data of Table 6 were plotted, yielding the graph of Figure 33, showing
the calculated and actual convection levels.

The dependence observed here between the actual and calculated altitudes
of the cl<_>ud and the nature of the precipitation may be explained as follows.
Calculation of the convection level from the aerological diagram ignores the
heat released when the supercooled water freezes. If we assume that hail
grows by accretion of accumulated water and that all the supercooled water

fr:eezes' completely, the calculation must take this additional heat into con-
sideration. The released latent heat of fusion is

A8 = LAg, (2.20)
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TABLE 6. Comparison of calculated convection levels H

cat With measured radar
echo tops H act

Date Heaem Hact, oH,m Typ'e o-f
. precipitation
9V 1965 10 000 13 400 3400 Hail

10/v 9400 11000 1600 .
12/V1 12200 13 800 1600 .
16/V1 10 600 8200 —2400 Rain
1yvii 10200 13200 3000 Hail
3vil 11000 12400 1400 .
v 12200 13900 1700 .
7Vl 12200 13600 1400 .
7/vil 12200 13000 800 .
3o/vii 11000 13100 2100 .
30/ 11000 13000 2000 .
22/V 1966 10300 13 600 3300 .
9vI 11500 13700 2900 .
20/V1 2000 9000 1000 .
14Vl 13000 14000 1000 ¢ .
18/V1il 10 000 10 000 00 Rain
24V 1967 10200 11760 1500 Hail
951V 10700 10300 —400 Rain
26V 11 500 10 100 —1400 .
%V 11500 12200 700 Hail
26'V 11500 11200 —300 Rain
26/V 11 500 12 200 700 Hail
26V 11500 8600 2900 Rain
28/V 9 500 7700 —1800 -
281V 9500 8600 —900 .
28 V 9500 9200 —300 .
29V 3000 6700 —1300 -
20/V 8000 8100 100 -
29V 8000 9700 1700 Hail
3LV 10 700 5500 —5200 Rain
3/vi 10700 6 200 —4500 .
31 10700 10 000 700 .
13)VI 11500 10900 —600 .
13V 11500 12 000 500 Hail
13,V 11500 12000 500 .
1311 11 500 12000 S00 -
141 12200 14000 o g
14 VI 12200 11700 _’;;’00 Rain
14,V1 12200 10700 a0 -
15, V1 12000 9000 130 -
15/V1 12000 10700 1800 v
15/V1 12000 10200 00
15/V1 f;ﬁg 11200 2000 il
15/V1 14000 1400
19,V1 9600 11000 9700 g
19)VI 9600 6900 3500 Rain
19/V1 9600 6000 —2100 ’
2/VI 10500 8 400 —300 -
22/VI 10 500 10200 100 "
22JV1 10500 10 600 >
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TABLE 6 (Contd.)

Type of
Date Heg M Hact,m H,m precipitation
- 1700 Hail
29VI 10 500 12200 : al
N 200 Rain
22/V1 10500 10700 00
23Vl 10 600 10000 2000 g
10000 12 000 00 Hail
23/V1 10000 9400 00 Rain
26/V1 10500 10 500 T .
—-1600
10 500 8900 1400 .
10500 9100 - 0 "
26!Vl 10 300 9800 _1;00 .
10 300 12200 Hail
10 300 10000 —300 Rain
1300 .
31Vl 9400 10700 Hail
7600 —1800 Rain
9,800 400 Hail
QVIHl 10500 10 200 —300 Rain
9100 —1400 .
13500 2000 Hail

AHya3 =1570m; AH ain=—1350 m

where L is the latent heat of fusion of 1 g water (80 cal/g), Ag the quantity
of water frozen. As a result, the temperature of the cloud air is increased

by AT, say. Under conditions of constant pressure, the addition of heat per
unit volume of air is determined by

A6 =pc, AT, (2.21)

where ¢, is the specific heat of air at constant pressure, 7/ the mean density
of air in the accumulation zone.

The quantity of accumulated water may be calculated from Eq. (2.12).
Using this equation and also Egs. (2.20),(2.21), with g,~¢, we obtain

AT=etOm (2.22)

= 2y g (2 g~ 2m)

Using Eq. (2.22), AT was calculated as a function of wp.
temperature due to hail formation may reach 10 —15°. The calculated value
of AT was added to the maximum deviation of the curve of state from the
stratification curve on the aerological diagram, which represents the maxim-
um amount of heat released in condensation of water vapor; the result was
then used to calculate the possible convection level, for the case that all
the supercooled accumulated water was frozen and hail had formed.

The rise in
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TABLE 7. Comparisan of calculated H oy and measured Hact 1adar echo tops
from hail clouds

Date Heg am Haetsm sH, m Ty‘pt’: of
precipitation

7/V11 1965 14 000 13600 100 Hail
o/vi 13000 13000 09 .
30/VII 13 000 13 100 100 R
22/V 1966 13509 13600 100 R

9YVi 14 000 13700 300 .
20/v1 9200 9000 —200 .
11/vIi 14 500 14000 500 .
24/V 1967 11 500 11700 200 .
26/V 12 500 12200 —300 .
26/V 12500 12200 — 300 .
20/V 9800 9700 100 .
13/V1 12000 12000 0.0 .
13V 12000 12000 00 .
13/VI 12000 12000 0.0 .
14V 11000 14000 00 .
15/vi 14 600 [ 160U 0.0 .
19/VI 11000 11000 0.0 .
224V1 12000 12200 200 .
26/VI 12000 12200 200 .

Vil 13 500 13560 0.0 .

AH=+112 m

The results of the calculated and measured radar echo tops from hail
clouds are shown in Table 7.
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FIGURE 33. Compatison of calculated convection levels with
measured heights of echo tops.

1) hail; 2) rain.

The data of Table 6 are more readily visualized from the graph of
Figure 34, on which the calculated convection levels (with allowance for
the latent heat) are plotted against the measured echo tops. It is clear
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from the figure that the agreement of calculated and measured values is
good. According to the data of Table 7, the difference between the measured
echo tops and the calculated convection level fluctuates between 500 and
—300 m, the average being +112 m. In other words, the difference between
the altitude of the cloud as calculated from Egq. (2.22) and as determined by
radar remains within the bounds of the measurement error.
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FIGURE 34. Comparison of calculated and measured
radar echo tops from hail clouds

The conclusions drawn from this work at the Institute were as follows.

1. If hail is forming in a cloud, the echo top at the time of maximum
development exceeds the convection level calculated from atmospheric
stratification data via the aerological diagram.

2. Wet growth of hail proceeds by hail seeds accreting the large-drop
supercooled fraction in the accumulation zone, when the water content of the
latter is at least 15 —25%.

3. The growth of hail occupies a short time interval (from 4 to 10 min-
utes); otherwise the echo tops would not show such '"surges, " insofar as the
released heat would be distributed uniformly over the entire cloud.

4. An altitude increase in the radio echo, 0.5 —2.5 km compared with the
convection level as calculated from the aerological diagram, may serve as a
reliable indication of the formation of hail in a cloud, thus yielding a method
for the identification of hail clouds.

In view of the results described in this section, there are good prospects

for the use of combined radar and infra-red techniques for a more detailed
study of conditions for hail formation.



Chapter 3

CALCULATION OF AMOUNT OF SHOWER-TYPE PRECIPITATION

Heavy showers constitute a dangerous weather phenomenon. They inflict con-
siderable damage on agriculture and as a result many investigators, both
in the Soviet Union and elsewhere, have devoted attention to their prediction,
Despite these efforts, the complexity of the problem is such that a reliable
prediction method has yet to be found.

At thé turn of this century, many well-known Russian meteorologists
were studying showers and storms. The first physical analysis of the
process of convection and the formation of cumulus and cumulonimbus is
due to Kasatkin /41 —43 /, who utilized visual and kite observations. He
stated two basic factors determining the intensity of vertical development
of cumulus clouds: the location of the condensation level ("dew surface")
and of the convection level ("spreading surface"). He determined the in-
tensity of advection of warm air in the upper layers necessary for inversion
to occur in free air, showing how inversion affects the vertical development
of clouds and consequently the height of the convection level. As early as
1905 he had constructed a model of a convective cell, comprising the fol-
lowing elements:

1) lower layer — intake layer, in which heated air reaches the vicinity
of an updraft;

2) rising layer, in which the temperature difference between the heated

_air and the environment cause the former to rise;

3) spreading layer, in which the raised air spreads sideways over the’
equilibrium surface (convection level).

This model (see Figure 35) is still of value today. Kasatkin observed
that the convection process involves the ascent not only of the lower, heated
air layers but also of air parcels "pulled in'' from the sides; this is the
process now known as entrainment.

surface

Surface of earth
TIrr7rT7r F7277277777777777 TI7I777/7777777 P77 77777 77

FIGURE 35. Diagram of cumulonimbus cloud, according to Kasatkin.
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New prospects for the prediction of convective precipitation appeared
when the concept of wet instability energy was introduced and graphical tech-
niques worked out for its determination. Several papers established the re-
lationship between instability energy and the occurrence of precipitation was
established /12,28, 62/.

Investigations of Muchnik /62/ and Orlova /66—70/ showed that positive
instability energy, established by morning radiosonde observations, does not
necessarily imply the occurrence of shower-type precipitation. Cases were
found in which the calculated instability energy was negative and precipitation
nevertheless occurred, or, conversely, in which the instability energy was
positive and no precipitation was forthcoming. Such contradictory situations
could be due to underestimates of possible changes in stratification at the
onset of convection, which weakened the correlation between the initial in-
stability energy and the subsequent weather phenomena. It was assumed
at the time that the stratification and humidity in a homogeneous air mass
remain more or less constant over 24 hours. For this reason the instability
energy was calculated from the morning emagram and compared with
precipitation occurring in any part of the day.

Orlova showed, however, that temperature stratification and air humidity
may vary in the course of one day, for various reasons, such as advection,
vertical motion, heating of lower layers of air, and so on. Thus, only by
determining the stratification of temperature and humidity at the onset of
convection can one establish whether showers may or may not occur.

A technique for identifying and predicting showers, based on variations
in temperature and air-humidity stratification at the onset of convection,
was developed at the Central Forecasting Institute (TsIP) in 1944—1953,
on the basis of work by Lebedeva /57/ and Orlova /66—68/.

Since then, this stratification-based technique, incorporating some ad-
ditional shower-producing factors, has found wide applications and has
been considered the definitive method for shower prediction /4/.

The great shortcoming of the method, however, is that all it predicts is
the fact — the occurrence of showers., To develop a method which will also
predict the amount of precipitation is extremely difficult, as the occurrence
and evolution of precipitation involves a complex of factors,all of which must
be taken into consideration. Attempts by various investigators to work out
such a method on the basis of correlations between the amount of precipita-
tion and updraft velocities alone have met with little success.

Positive updraft velocities constitute a necessary but not sufficient
condition for the formation of clouds and the occurrence of precipitation.

To understand the physics of precipitation, one must call on a considerable

complex of factors which are decisive for the occurrence and evolution of
precipitation.

3.1. THE BASIC SHOWER-PRODUCING FACTORS

- The stu.dy of aerological characteristics of the atmosphere has been
given considerable impetus by the need to determine the factors that con-
dition the occurrence of precipitation. These data have made it possible

to compare the behavior of meteorological elements on days with and with-
out precipitation.

74



. Thc? distribution of temperature and humidity in the troposphere has been
investigated by Orlova /66—70/, Petrenko /65 /, Pavlovskaya /71/, Cherkass-
kaya /106 /, Nakorenko /64/, Khrgian /104,105/, Bogatyr and Romov /13/,
Drozdov /30,33,34/, Rossi /158 /, Bordovskaya /14/, and others.

Selezneva /82 /, studying the distribution of temperature and humidity
on days with slightly developed cumulus clouds, analyzed data from a series
of aircraft soundings carried out over Leningrad for 24 days in 1946.

Cherkasskaya /106 /, studying the specific features of thunderstoms under
various synoptic situations, gave examples of the range of variation of tem-
perature and humidity at the surface and at the levels of the principal iso-
baric surfaces in dry weather, on the one hand, and in rainy and stormy
weather, on the other,

A series of observations of specific humidity up to 4 km, carried out by
Khrgian over Moscow /104,105/, yielded average figures for the specific
humidity in different months and at different altitudes; on this basis, an
interpolated equation was devised, expressing specific humidity as a function
of height. The distribution of specific humidity is closely related to the
processes of evaporation and condensation in the atmosphere.

Muchnik /62 /, Selezneva /80-83/, Tkachenko /92 / and Cherkasskaya
/106 / established that, both at the lowest atmospheric level and in the free
air, the humidity of the air on stormy and showery days exceeded that ob-
taining when there are either no clouds or only weakly developed clouds.

The most significant factor in the development of cumulus clouds and
precipitation is the stratification and humidity of air masses. Bogatyr!'
and Romov /13 /, Pavlovskaya /71 / and Selezneva /82, 83/ showed that
small lapse rates were indicative of good weather, high ones of thunder-
storms and showers. In addition, certain regular features were observed
in the variation of lapse rates from layer to layer.

Thus, Pavlovskaya /71/ found that over flat country the behavior of
lapse rates on stormy and showery days displayed the following features:

a) Lapse rates increased from the surface to the 850 mb level on
stormy and showery days, and to the 800 mb level on days with cumulus,
the peak rate being observed at 0400 hours.

b) Lapse rates increased in the 600~450 mb layer in all observation
periods.

¢) Lapse rates decreased from the surface to the 600 mb level at
1300 hours.

d) Lapse rates were smallest in the 700~600 mb layer.

Bordovskaya /14/ described some aerological characteristics of the
state of the atmosphere over mountainous regions on days with intra air-
mass showers. The most characteristic feature of atmospheric stratifica-
tion in such cases is unstable behavior of the lapse rate as a function of
altitude, represented by rather jagged stratification curves.

Characteristically, on stormy days the stratification curves were guite
steep, indicating high lapse rates during the morning. Analyzing the changes
in lapse rate from layer to layer as obtained from morning and afternoon
soundings, Bordovskaya discerned the following features:

1) The lapse rate decreased from the surface to the 800 mb level,
according to data of soundings taken at 0900 and 1500 hours. )

2) Lapse rates increased from the 600 mb level during all observation
periods.
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In mountainous regions, on days with cumuliform clouds, the average
lapse rate reached its maximum in the layer extending from the earth's
surface to the 850 mb level, though some cases showed superadiabatic lapse
rates near the surface at 1500 hours. High lapse rates constitute a neces-
sary condition for the development of thick cumulonimbus and occurrence of
showers.

Bordovskaya /14/, Gritsenko and Dyubyuk /28/ and Muchnik /62/ estab-
lished that large reserves of instability energy are a major factor in the
formation and fall-out of shower-type precipitation. It was shown, however,
that showers do not necessarily occur at the same value of instability energy.

Orlova /66,70/ was able to correlate the absolute humidity in the lowest
atmospheric levels with the intensity and amount of convective precipitation.

Considering data from mountainous regions, Muchnik /62 /and Bordovskaya
/14/ traced a connection between the probability of precipitation, on the one
hand, and the relative humidity of the air in the 2—5 km level and the instabil-
ity energy, on the other. They found that in many cases, when positive energy
reserves are available and the humidity aloft is less than 50% (Figure 36),
no precipitation was observed, whereas precipitation occurred when the
instability energy was low but the humidity in the sub-5 km layer high.
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FIGURE 36. Precipitation as a function of relative humidity u and instability
energy Q in 850—500 mb layer.

1 — Showers; 2 — clear weather.

That water content of the air and relative humidity in the precipitation-
producing mass largely condition the amount of precipitation actually falling
has been pointed out by Grigor'ev and Drozdov /30 / and Budilova and Shishkin
/15/_. They made the very important observation that allowance for relative
humidity considerably improves the accuracy of forecasts of the amount of
precipitation. Drozdov /33, 34/, making this remark, also states that the
absolute humidity largely determines the intensity of precipitation, which
also has some influence on the probability of precipitation because of the
low wet adiabatic lapse rate obtaining at high water contents.

. Relative humidity is one of the most significant parameters of condensa-
tion processes. Employing data from seven stations in the South-European
territory of the USSR for April—October, 19461948, relative humidity at
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altitudes 1.5 and 3.0 km was compared with precipitation, revealing that the
probability of precipitation increases together with the relative humidity.
At each station, the amount of precipitation falling from 0700 to 1900 hours
was compared with the relative humidity at 0700 hours. The probability

of precipitation showed a particularly marked correlation with the previous
relative humidity at altitude 1.5 km, since at 3.0 km the humidity may fall
sharply toward evening, regardless of precipitation occurring subsequently.

Drozdov remarked that the connection between relative humidity at 1.5 km
during the night and subsequent precipitation during the day cannot be due
entirely to the effect of updrafts on the relative humidity, since in that case
the correlation should have been stronger at 3.0 km than at 1.5 km. In actual
fact the reverse is true; this is evident when the probability of precipita-~
tion is calculated and even more so when semidiurnal rainfall figures
are compared with relative humidity. Drozdov offers a possible explanation:
at altitudes around 3.0 km, downdrafts are not infrequently observed during
night hours.

Thus, allowance for high-altitude relative humidity is a prerequisite for
predicting not only intra air-mass precipitation but also precipitation
from diffuse fronts, when it is doubtful whether passage of the front will
indeed cause precipitation.

Summarizing, we can draw up a list of the basic shower-producing factors,
based on the above-mentioned investigations, all of which should be taken into
account for a reliable forecast of convective precipitation. The necessary
conditions for the development of convection and, in particular, of showers
are as follows:

1. A high degree of convective instability, representing by a mean
deviation of 2 to 3 degrees or more of the curve of state from the siratifica-
tion curve (from the condensation level to the 500 mb level).

2. High relative humidity of the lower atmospheric levels (up to 3 km)
during morning hours (at least 60%). Conditions are even more favorable
if the relative humidity is higher, from 70 to 80 %.

3. Heating of the lowest layers during the day — this is especially
important for the development of thermal convection.

4. Correlation of high specific humidities at the surface with other
shower-producing factors and with atmospheric stratification.

This complex of factors enables one to predict the occurrence of
precipitation, but it is inadequate for quantitative prediction. A guantitative
estimate of precipitation requires a thorough understanding of the physical
nature of the phenomenon: construction of a model of the shower-producing
cloud; only then can one gain satisfactory results upon comparison of the
figures calculated from the model with the actual rainfall.

In field work at the High-Altitude Geophysics Institute, an atte-mpt was
made to obtain quantitative criteria for the principal meteorological
elements (lapse rate, specific humidity, wind speed, air temperature‘ at _
the surface, etc, ) that produce showers of various types. The relationship
between rainfall figures and cloud parameters was also studied.

It is possible that the results are valid only for the South Caucasus, re- ‘

quiring significant modification if they are to be applicable to other physico-
eographical regions,

¢ '%hepdifferencge between the present work and earlier attempts is.that the

relevant elements have been compared at different times on days with
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different weather. In order to establish the critical values of the various
elements implying different weather types, the previous work employed
radiosonde data pertaining only to the time of day at which the development
of convection was maximum or near-maximum,

The basis for the new project was actual radiosgnde data for the period
of May—August, 1965—1967. 182 cases were analyzed, 44 of them with no
precipitation, 18 with continuous precipitation, and 120 with showers. Of the
total, 114 cases were associated with the passage of frontal interfaces and
68 with air-mass phenomena. The data were recorded at the Mineralnye
Vody station and by the Kuba-Taba detachment of the Combined Caucasian
Hail-Suppression Expedition. The time of the observation was close to the
maximum development of convection. The observations extended over a
radius of 100—150 km from the sounding point and were based on data from
meteorological stations and posts spread over this territory, also on a net-
work of self-recording raingauges in the Kuba-Taba Autonomous SSR.

According to Drozdov /33, 34/, the principal factors causing precipitation
are vertical currents in the air and sufficient reserves of water vapor.
Since the creation of large reserves of instability energy is determined
largely by the height of the condensation level, itis important to consider not only
the absolute (specific) water content of the air but also the relative hu-
midity of the air, which is a significant factor in determining the height
of the condensation level; another important factor is the moisture
loss from clouds due to diffusion of vapor into the environment. The
maximal temperature at the surface is an indication of the potential ac-
cumulation of sufficient instability energy in the air. An attempt was there-
fore made to ascertain the specific values of these atmospheric parameters
corresponding to weather with and without precipitation (continuous rain or
showers).

It was found that precipitation occurred mainly at #>55% and ¢>21°,
When the relative humidity in the layer extending from the surface to the
500 mb level was average ( u= (ugs+Usso+Urgo+Useo /4) and the maximum tem-
perature at the surface ¢>21°, precipitation occurred in 90% of cases. A
similar pattern held true for intra air-mass processes. At u>55% and
t>21°, precipitation occurred in about 85% of cases. A study of the effect of
specific humidity on precipitation revealed that in frontal processes, when
9>4g/kg ( g=(goss +gsso+gro+gsoo /4)precipitation occurred in about 88%of
cases at any temperatures above 17°, In intra air-mass processes,
when ¢>4 g/kg and {>18°, precipitation occurred in 85% of cases since
in these processes thermal convection is the decisive factor in the
formation and fall-out of precipitation, whereas the major factor in
frontal precipitation is dynamic convection, Therefore, even if the heating
of the underlying surface is insufficient for thermal convection, precipitation
may occur thanks to additional energy produced by dynamic causes. In such
cases, however, the intensity of precipitation was usually low.

Analysis of these cases showed that the probability of precipitation falls
if the temperature at the surface is significantly elevated (to 26° or higher).
Such high surface temperatures of air are observed in the months of July
and August, the relatively 'dry" summer months. In all probability, this is
because high surface temperatures reduce relative humidity, so that the

condensation level is elevated and the probability of precipitationreaching
the surface is lessened.
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Recent pflbli.catifms oh the dynamics of cumulus clouds show a tendency
to use the distribution of wind with respect to altitude as a criterion for the
development f’f convection. It has been found that vertical wind structure
has a strong influence on the formation of precipitation, but intensive wind
shear reduces the probability of fall-out /46,90,172,173 /. Considerable
precipitation may be observed even when winds are weak. As the wind
speed increases there is a marked tendency to less precipitation. Analysis
of the influence of wind speed v in the 500~250 mb layer and of updraft
speed w,, on the formation of precipitation showed that precipitation is
produced in only 25% of ‘'observed cases with wn,<10 m/sec, whatever the
value of v; in all occurrences of precipitation at w,,>10 m/sec, the wind
speed in the 5600—250 layer was in the range 5 to 27 m/sec. At v<5m/sec
the probability of precipitation was extremely low; the same was true when
v>27 to 30 m/sec. This may be due to the fact that at low wind speeds
atmospheric instability dissipates quite quickly, so that stability is achieved
before sufficient moisture has collected in the accumulation zone. Very high
wind speeds also inhibit the formation of precipitation, due to rapid dissipa-
tion of the upper part of the cloud, above the w,, level, where there is rapid
growth and accumulation of precipitation particles.

In intra air-mass processes, precipitation occurred at v=5 to 30 m/sec
and @,>5 m/sec. If wm<5 m/sec there was usually no precipitation, what-
ever the wind speed in the 500—250 mb layer.

An important precondition for the onset of convection is that there be no
intercepting layer in the lower region of the atmosphere (from the condensa-
tion level down); the thickness of this layer is one of the major parameters
determining the difference between the actual air temperature at the conden-
sation level and the air temperature at the point where the surface isogram
intersects the dry adiabat through the maximum surface temperature. This
difference AT indicates to what degree the temperature at the condensation
level must be lowered or the moisture at the surface increased, in order
to eliminate the intercepting layer. Unless these conditions hold, the rising
air is either not condensed at all or condensed at a greater altitude, and
this means respectively that either no cloud develops or the lower boundary
of the cloud will lie very high. Hence the great importance of studying the
effect of this temperature difference on precipitation.

Analysis of the influence of AT in combination with specific humidity
showed that precipitation occurred at ggur > 7 g/kg with AT values up to
4.5°, Heavy falls of various types of precipitation (continuous and shower-
type) were observed when AT=0 and ¢ >8 g/kg, in other words, when the
intersection point of the surface moisture isogram and the dry adiabat
through the maximum surface temperature coincided with the stratification
curve. These conditions are the most favorable for convection and con-
siderable fall-out may then occur. In frontal processes, the value of AT is
unimportant, and so precipitation may occur at 0<AT< 4,5°, The reason is
that frontal processes are associated both with advection of moisture and
with advection of heat or cold, corresponding to a drop in the condensation
level and creation of favorahle conditions for the onset of convection. In
intra air-mass processes, precipitation occurred at ¢>6 g/kg and AT<2°.
At these parameter values precipitation was observed in 70% of cases.

If AT>2°, the weather was fair even at large values of q,urff for in such
processes conditions are not suitable for dynamic convection.

79



Another important criterion for the onset of convection is the lapse rate
y. Its influence on precipitation-formation processes has therefore been
studied by many investigators.

An attempt has been made to find some correlation between the lapse
rate and precipitation of various types. It has been found that precipitation
occurs at ¢>17 g/kg and y>0.55°/100 m. Of all cases observed with such
values of ¢surr and ysso-700, precipitation occurred in 87 %. When ysso~700<0.55
and gsut > 7 g/kg, 92% of cases showed fair weather or continuous preci-
pitation.

In intra air-mass processes, precipitation occurred mainly at
gt > 8 g/kg and yeso-700>0.6°/100 m (89%). At §.ur <8 g/kg but
Ysso-700> 0.6° /100 m, and also at Jeur >8 g/kg and veso-i00< 0.6°/100 m, the
weather was mainly without precipitation (86 and 100%, respectively).

Similar results were obtained for the effect of the mean lapse rate in the
850—500 mb layer on precipitation: a) frontal processes — 80% of probability
of precipitation at gsur >7 g/kg and ysse-500>0.6°/100, 90% probability (steady
rain and otherwise) at gsur >7 g/kg and ysso-50<0.6°/100 m; b) intra air-
mass processes — 80% probability of precipitation at gg,r > 8 g/kg and
yeso-se0>> 0.6° /100 m, high probability of precipitation at ggys <8 g/kg and
Ys50~500>>0.6° /100 m, no precipitation or continuous precipitation at gy, >
>8 g/kg and ves0-500<0.6° /100 m. Analysis of the effect of Vsso~se0 and vsoo-700
showed that even when only the humidity of the air near the surface is high
but the lapse rate is low, showers will not fall. A high value of g at the
surface, about 7 to 8 g/kg, is apparently a sufficient condition for steady
rain, since this type of precipitation does not require strong vertical cur-
rents.

We know at present of only a few publications concerning the effect of
maximum updraft speed on the amount of precipitation /56—58, 90, 98,144 /.
This may be due to the fact that till recently there was no reliable technique
to calculate wn, the basic cloud parameter conditioning the nature and in-
tensity of the process. The development of cumulus and curnulonimbus,
thunderstorms, squalls, showers, etc. all involve powerful updrafts in un-
stably stratified air.

Sulakvelidze et al. /87/ also described a correlation between w,, and
Q, but the data presented there were so sparse as to make the conclusions
hardly reliable. An attempt was therefore made to determine the relation-
ship using Glushkova's technique to calculate w,. The calculation was based
on actual radiosonde data for a time near the onset of precipitation, when
there were considerable air movements aloft and a sharply changing pressure
field at the surface.

For intra air-mass processes, the data used were from soundings taken
at morning hours, since when one is concerned witha homogeneous air mass
these data are representative of the entire day. The actual amounts of
precipitation were provided by a network of self-recording raingauges,
meteorological stations and posts. It turned out that an increase in wn
implied an increase in Q, but the relationship was more complicated than
supposed in /87,98 /. Moreover, several cases were recorded in which
precipitation occurred when w,=0, or when Q=0 but w,+0. This was
probably due to faults in the calculation technique used for w,, or to the
Impossibility of accurately recording precipitation.
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Calculations showed that 90% of precipitation incidents occurred at
wm< 30 m/sec. The updraft speed w,may have considerably
values for rainfalls > 30 mm. The reason ds that w, cannot provide
an unambiguous answer to the question of whether a definite amount of
precipitation may fall. The same may be said of intra air-mass preci-~
pitation.

It was noted in /87 / that the amount of Precipitation is independent of the
size of the cloud. In order to verify this statement calculations were made
of the vertical thickness of the lower part of the cloud, from the condensation
level to the maximum updraft-speed level (Hn—H:), and of the upper part of
the cloud, from the maximum speed level to the convection level (Hy—Hn); Q
was then plotted aginst the thickness of the lower part and the quotient

(Hy—Hm) . .
T#rx_—ﬁ;) for frontal and intra air-mass processes. Why specifically these

varying

cloud parameters? The thickness of the lower part characterizes the
maximum energy reserves in the active layer which guarantee a specific
amount of precipitation. Conversion of potential into kinetic energy in

the active layer and 'resolution'’ of this energy in the penetrative convec-
tion layer may take place in different ways, depending on the specific
synoptic and aerological conditions /16/. Thus, in anticyclonic weather
types, considerable instability energy must be used up in the penetrative
convection layer; hence the vertical thickness of these layers 1s less than
that of the penetirative convection layer in frontal processes. Considering
only cases of precipitation, an increase or decrease in the ratio of the upper
part of the cloud to the lower part will imply a decrease or increase, res-
pectively, in the lower part of the cloud (inasmuch as under summer con-
ditions the thickness of the convection layer varies only slightly), implying
a decrease or increase in wn, Whose importance in determining the amount
of precipitation Q has already been mentioned. This explains the choice

of the above parameters. It was found that 80% of cases of precipitation

up to 30 mm occur in the thickness interval H.,—H. =3.0 to 6.5 km. More-
over, a thickness Hm—H,. of from 3.0 to 4.0 km was found to be an indica-
tion that the amount of precipitation would reach 30 mm. When Hnp—f, =
=4.0 to 6.5 km, precipitation could reach and even exceed 30 mm. In frontal
processes, precipitation of less than 30 mm was found to be uncorrelated
with the value of the quotient % Only when it exceeded 30 mm was an
inverse relationship discerned: a decrease in this ratio implied an increase
in the amount of precipitation. In intra air-mass processes there was a
direct relationship between (Hn,—H.and Q, an inverse relationship between

H
{tia) and Q.

These results may be explained in terms of the physical conditions
governing the formation and fall-out of precipitation. We mus‘_c note that
these correlations were less evident in frontal processes. This was
probably because the radiosonde data employed for the altitufies of the
clouds observed at the front were not adequately representative. The cor-
relation that has been found for frontal precipitation exceeding 30 mm may
therefore be accidental. o

We can now summarize the criteria for shower-type precipitation in
North Caucasus following from the above analysis of 182 cases of radiosonde
observations.
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1. The relative humidity should be at least 55%, for both intra air-mass
and frontal processes,

2. The maximum surfacejtemperature should be higher than 19°,

3. The specific humidity in the earth — 500 mb layer, for all types of
precipitation, should exceed 4 g/kg; the specific humidity at the surface
should exceed 7 g/kg for frontal processes, 8 g /kg for intra air-mass
processes.

4. The difference between the actual temperature and the temperature
at the point where the surface isogram intersects the dry adiabat through
the maximum surface temperature should be less than 2° for intra air-mass
processes, at most 4.5° for frontal processes.

5. The average lapse rate in the 850—700 mb layer should be higher
than 0.6°/100 m for intra air-mass processes, higher than 0.55/100 m for
frontal processes. The lapse rate in the 850—500 mb layer should be
0.6°/100 m in either case.

6. Precipitation occurs in the 500—250 mb layer (all types) when the
velocities of horizontal airflow are in the range from 5 to 30 m/sec.

7. Higher updraft speed implies increased precipitation.

8. If the thickness of the lower part of the cloud is 3—4 km, the amount
of precipitation is at most 30 mm,

An increase in the thickness of the lower part of the cloud implies an
increase in the amount of precipitation. An inverse relationship exists
between %’V"%_—/L’—'; and Q: an increase in this ratio implies a decrease in Q.
Examination of cases of continuous precipitation showed that, in comparison
with other meteorological elements, moisture, both at the surface and aloft,
is the most significant factor. Even when the lapse rate in the lower tro-
posphere is low, so that there are only sparse reserves of positive instability
energy, a sufficient supply of moisture will produce continuous precipitation,

Cases have been recorded of no precipitation occurring even when all
the above indices show values different from those necessary for the
production of showery and continuous precipitation.

The above conclusions are in full agreement with present-day theories
of the mechanism of precipitation. Nevertheless, they are not exhaustive
and need further refinement.

3.2. CALCULATION OF AMOUNT OF SHOWER-TYPE
PRECIPITATION BY TECHNIQUES QF LEBEDEVA,
SHISHKIN AND ORLOVA

At present, three techniques are available to calculate the amount of
shower-type precipitation: the techniques of Lebedeva, Shishkin and Orlova.

The principal aim of Lebedeva's work /56—59 / was to set up a model of
convection, to describe the formation of convective intra air-mass clouds
and precipitation, and in addition to determine the main shower-producing
factors. Lebedeva proposed a scheme for calculating the amount of shower-
type precipitation, which is also applicable in quantitative investigations of

the development of intra air-mass thermal convection under various synoptic
conditions.



Lebedeva's technique is based on her ''convection model" and on cal-
culation of shower-type precipitation, using prognostic stratification curves
for temperature and humidity to allow for thé transformation of the air mass
at the onset of-convection. Once a model has beén constructed for given
convective conditions and its basic parameters determined (thickness and
upper boundary of convectively unstable layer; average condensation level;
average convection level, defining the altitude of the dissipation level;
critical temperatures at beginning and end of effective convection; duration
of convection process), one proceeds to calculate the amount of condensed
moisture (Figure 37).

The idea is as follows. Given the model, it is easy to determine the
amount of moisture condensing in one ascent of the entire convectively un-
stable layer to the convection level, provided the thickness of the layer
and the distribution of moisture with respect to height are known:

Qeon= ‘_]-con Mcon, . (3 1 )

where Qcon denotes the moisture reserves in a unit column of the convectively
unstable layer (convergence layer), gq.the average specific humidity of the
layer, meonthe mass of air per unit column of the layer,

The moisture reserves in the dissipation layer are found by determining
the saturation specific humidity for the average altitude of the convection
level, assuming that the masses of converging and dissipating air are equal:

Quis = Gais Meon- (3.2)
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FIGURE 37. Model of convection, after Lebedeva.

Hgjs © dissipation layer, Heon:convergence layer

The difference between the quantities of moisture in the two layers gives
the amount of moisture condensed during ascent of one column:

AQ = Qcon_ Qdis . (3 -3)



The time nccessary for unit ascent is found by dividing the average
ascent height by the vertical convective speed averaged over altitude and
time; the duration of the convection process is assumed known. With these
data at hand one can determine the number of ascents during the entire
effective convection cycle. The total quantity of condensed moisture is the
product of the number of unit ascents by the quantity of moisture condensed
in each:

Q = n4Q, (3.4)

where » is the number of unit ascents.

Introducing a correction for loss of condensed moisture (in clevating the
humidity of the surrounding air and forming clouds), one can determine the
amount of moisture falling as precipitation,

In many synoptic situations, this technique is capable of producing
estimates even before the actual calculation; this is true in various sharply
defined situations, for example: in cases of heavy precipitation (10—30 mm
and more), or when ncither showers nor even convective clouds are formed.

In the first casc one has the most favorable combination of Lebedevals
basic shower-~producing factors:

a) The convectively unstable layer is very deep (80--150 mb), because of
the low specific humidity gradient up to 1.5 km and the high lapse rate
(y>v4) in the 850—700 mb layer,

b) The reserves of instability energy per unit mass of the layer are
sufficient, and the specific humidity of the layer at the time of maximum
heating has its average valuec.

¢) Effective convection lasts a sufficiently long time (60 min. or more).

d) The relative humidity in the entire air column from the condensation
level to the convection level is high (60 —70% or more), and this prevents
significant evaporation of condensed moisture into the surrounding air,

The combination of all these conditions implies a large quantity of
convection-condensed moisture and a large quantity of precipitation.

An advantage of Lebedeva’s method is the simplicity of the calculations
needed for routine forecasting. Also important is the forecast of tempera-~
ture and humidity stratification. However, the method has serious short-
comings. For example, the treatment of updraft spced as a function of
height and time is oversimplified, and this may cause considerable error
in the calculated rainfall. The duration of effective convection is under-
estimated, since convection does not break off at the moment the surface
temperature reaches its maximum, The agsumption that it does is un~
warranted, particularly in cases of forced convection.

Lebedeva's calculation encompasses the entire adiabatic liquid water
content, extending throughout the cloud. llowever, research at the High-
Altitude Geophysics Institute /90/ has shown that showery precipitation
draws only on that part of the water content pertaining to the accumulation
zone, in other words, to its large-drop fraction. Moisture evaporating at the
top of the cloud plays no part in the formation of showers. Hence the
quantity of evaporation obtained by Lebedeva's method is exaggerated.

The difference between the entire adiabatic water content and the
quantity of accumulated water depends on the shape of the updraft curve,
the temperature stratification and the relative humidity of the air; it is

therefore difficult to establish an unequivocal relationship between evapor-
ated moisture and these parameters.
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Lenshin, Osipova and Shishkin /60/ and Shishkin /5, 94, 986, 98 / proposed a
method for predicting the amount of intra air-mass shower-type preci-
pitation, based on the slice method.

The first paper /60/ is based on the fact that the amount of showery
precipitation depends on the updraft speeds within developing convective
clouds and on their thickness. Both these parameters may be obtained
from aerological sounding data with the help of the slice method /98 /.

Lenshin showed that the calculated average updraft speed is an almost
linear function of cloud thickness. The correlation equation is

w = 0.94H — 0.5, (3.5)

where H is the cloud thickness in kilometers and w the updraft speed in
m/sec. The correlation coefficient is 0.89, with probable error E=0.02.

In /60,99 / the amount of precipitation from convective clouds is ex-
pressed as a function of their vertical development rate, assuming that the
latter is uniform.

The amount of precipitation was plotted against the calculated cloud
thickness, using the linearity of the latter with respect to average cloud-
development rate (Figure 38). Once the average and maximum vertical
thickness of a convective cloud has been calculated, the plot may be used
to predict the average and maximum amount of precipitation, using the
equation

Qpred =kQca » (36)

where Q. is the precipitation as determined from the graph, Q.q the
predicted precipitation and £ a correction factor.

& mm
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FIGURE 38. Amount Q of shower-type precipitation vs. calculated vertical
thickness Hcq of convective clouds, after Shishkin.

The correction factor is determined graphically. Shishkin's technique -
/98,99/ is very simple; provided prognostic graphs are plotted 1.:0 detgrmme
the correction factor, it may therefore be recommended for use in various
physico-geographical regions.
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However, tests of the calculations of shower-type precipitation based on
Shishkin's method have shown that the resultant accuracy of shower fore-
casting is lower than in the method of /78/. The reason is apparently that
in the latter method the prognostic curves for temperature and humidity
stratification are plotted for the layer from the surface up to 5—7 km, where-
as Shishkin does not require prediction of stratification (with the exception
of the boundary layer), using instead the actual stratification as determined
from observations made during the night. Plotting of prognostic tem-
perature and humidity stratification curves /79 / considerably improves
the accuracy of the technique. Nevertheless, the basic underlying assump-
tions of the method, particularly the assumption that updrafts break off once
precipitation has begun, leave their mark on the results. It may well be true
that in intra air-mass processes the updrafts cease once precipitation has
begun. In frontal processes, over flat country, or in orographic precipita-
tion (when the air mass extending over a mountain ridge rises steadily),
updrafts are present even after the onset of precipitation, and in such cases
Shishkin's technique will not yield satisfactory results. To summarize:
Shishkin's technique, coupled with the use of prognostic plots to determine
the correction factor, seems reliable in calculating precipitation from intra
air-mass clouds, when updrafts may indeed break off once precipitation
has begun.

The scheme proposed by Orlova /70/ involves calculating the tempera-
ture and humidity stratification, determining convective velocities and dura-
tion of showers, and finally calculating the amount of precipitation. The
calculation of stratification is described in /78/. To calculate the convective
velocity of air in a cumulonimbus cloud, one uses the empirical formula

wW = ————mwcHll (3 N )

my

where m is the mass of the air in the convectively unstable layer (c.u.l.),
m; the mass of air in the 1000—100 mb layer (taken equal to 103 g in the
=1

H
by the parcel method, H the thickness of the atmospheric layer in which
convection develops, approximately 12—14 km or 900 mb in summer), x a
coefficient representing the density of the warm rising jets in cumulonimbus
clouds ( x=0.7 in the examples), w, the velocity of vertical convective cur-
rents (warm jets) determined at the middle of the ¢.u.l. If the stratification
shows several c.u.l. at the onset of convection, the average convective
velocity in Cb should be determined as an average:

examples), H, (h is the thickness of the convection layer as determined

n
}l: (mw e H, %),

my '

w= (3.8)

where n is the number of c.u. 1., and w. is a solution of the equation

d 77—
=gz =D, (3.9)
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where the w; values are averaged over the different convection thicknesses
and c. u.l. thicknesses and halved to allow for internal friction.

The difference T"—T should be determined from the calculated stratifica-
tions. Knowing the updraft speed in the atmospheric column where the Cb
is developing, one can define the amount of precipitation from the formula

p
1
=?§ dPdt. (3.10)

Integration yields a working formula for the intensity of shower-type
precipitation:

[=0.01(P,— P,) lnIZaq,, (3.11)

where [ is the rainfall per unit time (mm/hr), Pthe pressure (mb), 8g; the
individual changes in specific humidity (g /kg) per unit time for ascent of
air from the appropriate surfaces.

For the 1000~—100 mb layer, Eq. (3.11) may be given the form

I = 1.58,55 + 1.84G7, + 2.03¢505 + 1.58g560 +
+ BG200 + 0.54¢ 09 == 1.58¢55, + 3.04g;, (3.12)

where I is the intensity of showers (mm /hr), Ag, the individual changes in
specific humidity per hour in ascent of air from the levels of the isobaric
surfaces at 850, 700, 500, 300, 200 and 100 mb, If the duration { of showers
in a 12-hour period is known, the overall amount of showers is

Q=1

Determination of the duration of showers is one of the most complex
problems in precipitation calculations. Orlova has suggested an approximate
solution. If d is the diameter of the base of a cumulonimbus cloud (ap-
proximately 30 km on the average), the number of cells N.and the number of
cumulonimbus clouds N in the region of the point at which rainfall is being
measured may be found from the following approximate formulas:

3 10— K, :S: —,
N - 10— K3 — TH—xo0
d N 24

ce

where Sp-sso is the length of a 12-hour trajectory in the 100-850 mb layer.
As shown by Shmeter and Riehl /110,111/, cumulonimbus clouds often
travel at the velocity of the air currents at the middle level of the troposphere

If this velocity is defined in terms of wind data in the 700—500 mb layer, one
d

can define the time needed for one Cb to pass over the point as t'=—-.
Clearly, a weather condition characterized by the development of convection
(Cb clouds and gaps between them) will be observed in the region for a time

L= —sL'Osiw , and the duration of the shower will be

o 07aN _ 0.35S 1000 p30 , (3.13)
v v
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w"here v is the velocity. In accordance with observations of showery
pi‘ecipitation and convective currents, which have shown that most of the
precipitation originates in the central part of the Cb cloud, a factor of 0.7
has been introduced into Eq.(3.13). Calculations have shown that applica-
tion of this scheme for the duration and amount of shower-type precipita-
tion yields good results, the calculated precipitation being asia rule close
to the maximum observed over an area of radius 100 km., '

However, Orlova's scheme is rather artificial. Referring to Eq.(3.8), one
notices that the physical principle underlying the averaging of convective
velocity is not clear, and the validity of the equation is open to doubt. Indeed,
the ratio m/m;is proportional to H,=#/H, so that one gets the impression that
the same parameters are utilized twice. In addition, the factor x, repre-
senting the so-called density of thermal air jets, is taken equal to 0.7, where-~
as according to Shmeter's data /102/ it should vary in the range 0.3-0.5,

It thus follows that the airflow velocities calculated from Eq. (3.8) and
implying high rainfall values are unrealistically small.

Accordingto Orlova's calculations, an airflow velocity of 3.5 m/sec implies
precipitation of 46.4 mm. If the precipitation occurs as showers, it is not
clear why the airflow velocity is so small. According to experimental data
of Bibilashvili /8 /, Byers and Braham /120/, and Shmeter /102 /, updraft
speeds reach 20 m/sec and more even in Cu cong.; and work carried out
at our Institute /90/ implies that showers are associated with updraft speeds
exceeding 10 m/sec. Another shortcoming of Orlova's technique is the
rather inaccurate calculation of the duration of the shower, which leaves its
mark on the calculation results.

As the above methods are all based on simplified conceptions of the
structure of updrafts in convective clouds, they can only provide a schematic
picture of the accumulation of moisture in a cloud and its precipitation as
rain. The complexity of this process, the complicated structure of a cumu-
lonimbus cloud and the distribution in time and space of vertical air currents
all imply that, in order to devise a satisfactory practical method, one has
somehow to incorporate in greater detail the host of interacting factors that
produce and maintain the process.

We now present an attempt to develop a method for calculating the
maximum amount of shower-type precipitation, based on the theories de-
veloped recently at the High- Altitude Geophysics Institute. We make es-
sential use of the fact that, given a certain stratification of temperature
and humidity in the atmosphere, the accumulation of moisture may proceed
in several recurring stages, so that the rainfall may well exceed by a
considerable factor the liquid water content of the cloud at any particular
time. This is taken into account by a newly defined concept — the resolution
time of atmospheric instability, to which the next section is devoted.

3.3. RESOLUTION TIME OF ATMOSPHERIC INSTABILITY —
BASIC ASSUMPTIONS UNDERLYING THE DEFINITION

According to present-day theories /90/, the updraft speeds in a growing
cumulus cloud increase with altitude, reaching a maximum in the middle
part of the cloud and then decreasing toward the cloud top. Results of actual
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studies of updrafts in the atmosphere provide the basis for a new hypothesis
as to the formation of shower-type precipitation, whose salient point is the
idea of a zone of accumulation and its release as showers.

The most widespread types of atmospheric convection are the following.

1. The time elapsing from the onset of convection till the termination
of updrafts is too short for the accumulation of sufficient moisture to
produce showers. In this case the air becomes stable before enough water
collects in the accumulation zone, so that this type of stratification does not
produce showers,

2. The above-mentioned time interval is just long enough. Showers fall
from the cloud and the cloud dissipates.

3. More time elapses from the onset of convection than is necessary
for sufficient moisture to collect in the accumulation zone. Here the pro-
cesses of moisture accumulation and showery precipitation may recur.

The third case occurs most frequently in frontal processes, producing
heavy showers over a large area. In intra air-mass convective processes,
the most frequently observed cases are the first and second, though the
third sometimes occurs. In other words, in intra air-mass processes
instability is generally resolved as a local shower, owing to the lack of
conditions to maintain it. As the third case is that most conducive to the
formation of showers, we shall consider it in the greatest detail.

The convection process may be described as follows. The temperature
and pressure are assumed to be horizontally uniform at the outset. A layer
of air displaced by some vertical impulse will move under the action of the
buoyant force. If the acceleration imparted by buoyancy is in the same
direction as the "'triggering' impulse, the layer is said to be unstable. If
the acceleration opposes the original force, the air is stably stratified.
Clearly, if an air mass is lifted, the surrounding air will subside and there
will be some mixing of updrafts and downdrafts, tending to reduce the tem-
perature contrasts and vertical accelerations. If the rising air reaches the
condensation level, a cumulus cloud begins to form; further ascent will in-
volve the release of latent heat of condensation. Thanks to the change of
updraft velocity with altitude and time, a large quantity of drops will ac-
cumulate above the maximum speed level, and these will grow by coalescence
with the upcoming droplets. When the quantity of water in a unit column of
the accumulation zone can no longer be supported by the buoyant force of
the updrafts, precipitation begins, usually at the rear of the cloud. At the
same time, there may be further accumulation of moisture in the frontal
part of the cloud, if the conditions obtaining in the air can maintain updrafts.
These are precisely the conditions under which the overall rainfall will
exceed the liquid water content of the cloud by several factors.

If the cloud is motionless and the stratification of a type that promotes
regeneration of the cloud, moisture may accumulate several times, implying
recurring showers from the cloud. In other words, the mass of water in the
cloud may be "renewed' several times. In moving clouds (the case most
frequently observed in nature) the process is as follows. At any one point,
there may be precipitation from different "mature'' clouds passing over
the point. In each of these clouds, fallout from the rear part may be ac-
companied by re-accumulation of moisture in the frontal part, provided that
stratification conditions are suitable.
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Thus, precipitation may occur several times over one point, depending
on the above-mentioned factors and particularly on the time that elapses
until instability is resolved. The resolution time of atmospheric instability
is defined as the interval from the time water begins to accumulate to the
time at which the updrafts terminate (all with reference to a particular point),
The resolution time is calculated using the slice method /50,52,53/.

To derive an equation for the resolution time, the entire layer from the
earth's surface to the convection level isdivided intotwolayers: thelower
extends from the surface H, to thec maximum updraft speed level H,, (active
cloud-formation layer), the upper from i, to the convection level Heonv
(Figure 39). The convection level is defined as usual, as the point at which
the stratification curve intersects the curve of state through the condensa-
tion level. The upper boundary of the lower layer isdetermined by thelevel
at which the temperature difference between the rising and surrounding air
is a maximum, AT= (Tw—T). The depth of the second layer indicates the
vertical extension of the air over which the updraft dies out. The process of
convection depends on the instability energy of the active layer. It is as-
sumed that the upper boundary of the cloud lies at the convection level; this
has been corroborated by Selezneva et al.

MPw Heony
T, p) H"l ma
Tm.Pr Hpm
7.0 my
Te,Pe
N HO
Td Te,Ps

FIGURE 39. IHustrating calculation of instability resolution time.

We stipulate that the air becomes stable when, as a result of mixing of
rising and falling masses of air, the lapse rate y at the time of maximum
convection becomes equal to a certain rate y* at which the updrafts die out.
The time during which y falls by y—y* is defined as the decay time T of
convection. The time elapsing from the onset of convection to its maximum
dev'elopment is assumed equal to the time 1, necessary for sufficient
moisture to collect in the accumulation zone so that showers will be
produced.

It is assumed that maximum development of convection ig reached when
the af:cumula’.cion zone contains the maximum quantity of the large-drop
frac?non, as given by Eq. (1.21); we stipulate that this is when precipitation
l.)egms. The decay time of instability when moisture is accumulating steadily
in the frontal. part of the cloud and precipitation occurring in its rear is
given by the interval elapsing from the onset of precipitation till the increase
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in precipitation intensity falls off, i. e., till the updrafts in the cloud die out
(over the reference point). If the precipitation rate shows several "surges,"
separated by periods of lessened rate and even cessation of precipitation, the
resolution time of instability is taken to be the sum of the intervals during
which the precipitation rate is increasing.

Summarizing, we can represent the resolution time as

T =1 4T, (3.14)
According to data of Shishkin /98/, the material presented in Chapter 1,

and calculations of Goral' /27/, a cumulus cloud may develop to its maximum
height within 30 —90 minutes.
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FIGURE 40. Accumulation time of water in accumulation time vs. liquid
water content ¢ and concentration Npof giant nuclei.

It is evident from Figure 40 that the accumulation time of moisture in
the accumulation zone is strongly dependent on the liquid water content in
the lower part of the cloud and on the concentration N,of giant nuclei. At
average water contents ¢=1.0 to 1.5 g/m3 and giant nucleus concentration
No=1m-3, the accumulation zone may dissipate within one hour. Calcula-
tions performed by the present authors to determine the accumulation time
in a cloud corroborate this figure.

The reader should note that the above scheme of resolution of atmospheric
instability does not claim to be exhaustive, but it nevertheless covers the
most typical cases of formation and release of intensive shower-type pre-
cipitation.

3.4. EQUATION FOR RESOLUTION TIME OF
ATMOSPHERIC INSTABILITY

The decay time of convection is determined by calculating heat exchange
between the upper and lower lgyers /50,52/. We consider a layer of unit
cross-sectional area.

The heat content of the lower and upper layers at the outset (counting
from the time of maximum development of convection) may be expressed
as follows:
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8, =c,mTy; (3.15)
83=CpmgT2, (3.16)

where m;and m; are the masses of the layers per unit cros?, section, c¢p the
specific heat of air at constant pressure, Tyand T, the initial average air
temperatures in the layers.

As a result of mixing, the lower layer receives additional heat cpAm(¥)T,,
from falling air, and the upper layer receives additional heat CpAm(t) T,
from rising air. At a certain time, the heat contents of the two layers will
be equal:

¢, Ty (t) my = ¢y, Ty — c,dm (8) Tr—- ¢ ,Am (t) Tuy; (3.17)
Ty (t) my = c,myTy — c,dm (£) To+ ¢, Am (8) T o, (3.18)

where T{ and T; are the average air temperatures at the time in question,
Ty, the temperature of air falling from level z, when it reaches level z ( 2
and z, denote the altitudes of the centers of gravity of the layers), T,,the
temperature of air rising from level 2z when it reaches level z;:

T2y =Ty +1a(22 —21); (3.19)
Tia=T,— w22 —21) (3.20) -

where vw and V4 are respectively the wet and dry adiabatic lapse rates;
Am(?) is the mass of air transported by rising or falling.

If the amount of clouds passing over the reference point is S, the total
mass transported at the end of the instability-resolution process will be

Am ("2) = Aomsmwm-‘2 = lo,’" (] - Sm) 'w;,.‘tz- (3 .21 )

where w,, and w, are the maximum updraft and downdraft speeds, pm and &,
the density of wet and dry air at the maximum updraft speed level.

Egs. (3.17) and (3.18), valid for layers of considerable depth, are
derived from the analogous equations for elementary layers (over each of
which the process is assumed to take place at constant pressure) by sum-
ming over height and time,

The validity of our argument is dependent on the following laws being
true:

m Iy

cpldzT - % c,0,82 T, = const;

z§z°§ ppl 5t z.:lzm; 200 el B | ’
Z z

SAm =3 Sam
4 !

2

b4

[
4

where 2y, zm, 2y are the absolute altitudes of the earth's surface, the maximum
speed level and the convection level, respectively; the indices i,j indicate
elementary layers in the lower and upper layers.
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In view of (3.19) and (3.20), we can write Eqgs. (3.17) and (3.18) thus:

T; (t) =T+ _______(m-— “2’1(23—5,) Am(t); (3.22)
To(t) =Ty + A=Wl 2) g ) (3.23)

A necessary condition for the air to be stably stratified is that the
temperature distribution satisfy the following relation:

Thn=T — v (2;—z}), (3.24)

where T, and T,are the average temperatures of the layers at the end of the
instability-resolution process, 2y and z the altitudes of the centers of
gravity of the layers at that time.

We shall assume that

Z,—2 =2, — 2. {3.25)

Then, rewriting Eqgs. (3.22) and (3.23) for the time 71, and inserting the
results into (3.24), with due attention to (3.21) and (3.25), a few manipulations
yield the following expression for 1;:

-

= 0- T*) mym,
2 PrSmWe My (7 — 1 — Maig— DI (3-26>

Simplifying the denominator, we obtain

G =" mym,

Ty =
(my 4 ms) {T - [T\v‘— (‘Xd"‘ W —’;ll—'z‘;";ﬁ_]} PmSmWm

’ (3.27)

The resolution time of atmospheric instability may be determined from the
formula

T=1 + (z =¥ mm. - . (3.28)
(my + my) l1 - [Tw+ (rg— W —,,,,—+-,,T]} PmSmm

On the assumption that in the stable state y is equal to the wet adiabatic
lapse rate vy, we find after similar arguments that

(r = hd P = (3.29)

=1+

[ —m 1l
(my = m3) 2mSmWp e Ga= W m; ||

We now return to Eq. (3.25), and prove that it represents a plausible
assumption.

a) Let us assume first that the heat released in condensation of water
vapor in ascending air masses has uniformly heated the entire layer from
the earth's surface to-the convection level. Then, with the temperatures T,
and Ti defined as before, we can write
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Ti - T 4- ATy (A)
7'” Pt T._. “fe JT.:. (}3)

where AT is the change in the temperature of the layers due to condensation
processes. By assumption, AT;=ATs It follnws from {A) and (B) that

T: hids Tn - T. hand 7.:.
or
Ty v s(z:— 3 {C)

where v is the average lapse rate over the entive laver,
On the other hand,

T =710 (). {3.30)
Hence
oo T 3 (5= 3) (3.31)

From (C) and {3.31} wu obtain

e £3.32)

In practice, the ratio yiy" does not rxceed unity, aithouph y-y" ¢ 0,

This is evident from Table 8, from whose duta e cees that the error
incurred by assuming Fq. (3.25) ic on the averape 157 (with fluctuntions
from 1 to 315.). To ealeulate y*, one uses Eg, {1.12) {see Chapter V)

b) Now let AT AT, or, more precisely, ATy> AT, Under thin condition
unstable air will ultimately become stable, (me can then <how ae above
that

. .

S8y AT a7 (3.33)
S S, S a3

e~ 2 :° e Y ’ :

Here AT, and AT, are calculated on the basis of the data in /128, Ac-
cording to Table 8§, the average error in this cage is 18,57, and so the as-
sumption of (3.25) is admissible,

Summarizing, we can state that no sipgnificant errors are introduced if
one assumes that the differences in altitude at the end of the instability-
resolution process and at the time of maximum development of convection
are equal,

Now that we have kq. (3.29) for the resolution time of atmospheric
instability, we can derive certain criteria for stability or instability of the
air. The results were shown in Chapter 1. Calculations with Eq. (3.29)
involve working with lapse rates, which is rather tedious. It is therefore

preferable to use Eq. (3.28) with some modifications. An analysis of this
equation shows that it can be brought to the form
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’.::11—*— m 1y (3'34)

PmSmWm (Mg + mz) *

This equation involves the still unknown masses of the layers, m; and my.
They may be found from the formulas

m, = Smpdz; (3.85)

U

z,
m,:xj pdz, (3.386)

m

where z, and z, are the maximum speed and convection levels, respectively.
Utilizing standard equations of statics and rearranging, we obtain formulas
for m; andms:

— P,—P
m1=P0 PM; m2= l‘"g V'

Inserting these formulas into Eq. (3.34), we finally have

(Pn"‘Prrl)(pm"' v)

=14 PmSmWmE(Po— Py} *

(3.37)

3.5. EFFECT OF CHANGES IN MAXIMUM UPDRAFT SPEED
WITH TIME AND WITH DISTANCE FROM CLOUD CENTER
ON CALCULATION OF RESOLUTION TIME

As stated, the instability resolution time is the time elapsing from the
onset of convection to its termination, when y becomes equal to the critical
lapse rate. The use of Eq. (3.37) to determine v yields the resolution
time on the assumption that the updraft speed w,, is constant in time and
across the cloud cross section. This is the minimum resolution time. In
reality, the maximum updraft time varies both with time and across the
cloud, As shown in Chapter 1, this must be taken into consideration, since
clouds passing over a given region will be at different stages of their de-
velopment. Assuming t calculated for the center of the cloud, a more
accurate description of the process must treat the maximum updraft speed
wm as a function of time, as well as of the distance from the cloud center if
we are interested in finding t when the peripheral parts of the cloud are
passing over the observation point. .

To calculate the resolution time for a given point, over which an amount

Sm of clouds are passing at various stages of development, we must average

the updraft speed over time and over the cloud cross section and insert the
result in Eq. (3.37).

‘To determine the average updraft speed, we use the mean-value theorem,
which may be expressed analytically as follows:
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g=i (3.38)

where x; and x; are the endpoints of the interval over which the function
y varies.

By Eq.(3.38), the time average of the updraft speed is

(3.39)

if the updraft speed is given by Eg. (1.16).
Similarly, the average of the updraft speed over the cloud cross section
is given by

-~ _3M

Vx =7~ Wni

me

2n+1
— W = 2('/ lnt%"-) ¥
W= —— E:(—l)" d (3.41)
n=y

m@n+ 1) ;

(3.40)

L]

"uTJX = —3—121,,,. (3‘42)

Of the above equations, Eq. (3.40) for w, is determined on the basis of
Vul'fson's data of the distribution of vertical velocity over the cross section
of the cloud (Eq. (1.17)), and Egs. (3.41), (3.42) are derived by analysis of
results of Pinus and of U. S. investigators, respectively (Egs. (1.18), (1.19)).

Note that when integrating over the cloud cross section, the updraft speed
is assumed to remain with the interval

I<w < w,.
An exception to this rule is the derivation of Eq. (3.41),in which
v < w <y,

where wv4 is the fall speed of a drop of radius 2.5—3.0 mm, since here one is
integrating an exponential function.

Equations (3.40)—(3.42) yield the average updraft speed over the cross
section of a cloud. Replacing wy, in these equations by the time average w,
from Eq. (3.39), we obtain the required average updrafi speed.

We can now write down the equation for the instability-resolution time
allowing for the changes in updraft speed with time and over the cloud cross
section:

(P, —_P,,,) (Pm — Py . (3 .43 )
FmSmwt. x & (Po— Py)

=1

As a final remark, we note that this derivation of the time-averaged
updraft speed utilizes data of Shishkin. Determination of the average over
the cloud cross section utilizes only data of Byers and Braham, since their
solution for the velocity distribution is in better agreement with the facts.
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Vul'fson's data for velocity were obtained in studies of relatively shallow
cumulus clouds, and Pinus' data, on which the corresponding velocity dis-
tribution was based, refer to the upper parts of deep cumulus clouds, where-
as Byers and Braham treat the middle sections.

Summarizing the above formulas, we find that the updraft speed averaged
over time and over cloud cross section is

a,.x=_;_wm_ (3.44)

3.6. COMPUTATION OF AMOUNT OF CONVECTIVE
CLOUDS BY THE SLICE METHOD: COMPARISON
WITH ACTUAL DATA

Equation (3.43) for the instability-resolution time involves as a factor the
amount of clouds at the maximum updraft speed level. This parameter is
extremely important for the computation results.

Considerable attention has recently been devoted to the connections
between atmospheric stratification before the appearance of clouds and the
nature of the subsequent cloudiness. A correlation certainly exists, as
convective clouds are formed as a result of updrafts, which in turn are
caused by stratification. Experimental research of Bibilashvili /8/, Vul'fson
/20,21/, and Shishkin /98 / concerning updrafts has shown that direct mea-
surements of updraft speed yield results which show considerable discre-
pancies from the calculated values. '

In calculating the ascent of air masses by the slice method /63 /, one

obtains the following formula for the solenoidal term, which is responsible
for the development of convection:

dE M
7=Cpﬁ[Md(7—Tw)"Mw(Td_"{)]w’ (3‘45)

oE . : . :
where = 1s the rate of change of energy with time in a certain layer con-

taining clouds and cloudless intervals; M,, and Mgy are the masses of wet and
dry air, respectively,

Using Eq. (3.45), we can calculate the amount of convective clouds,
=—mﬂM—E » corresponding to the maximum release of kinetic energy. This

c:.alculation i.s done for the case in which convection may develop. After
simple manipulations, one finds the following formula for S /98 /:

S=1-) ((?1:%7% (3.46)

. If convective clouds penetrate several atmospheric levels with different
apse rates, one must sum a number of expressions of this form, obtaining
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Sa=1-—q, T " .
1/ Sy {3.47}
or
N =T
Sn =1]1— 4 T ¢ 2.z
}’ Sin,— T2 (3.28)

Calculations show that

SR ~T) =T —T. (3.29)

Thus, in order to s mol ify the compuiation of cioudiness at the . level,
one uses not Eq. (3.48) b

Vorkers at the lizin Geophysical Observatory fi/ and A. Abramova
of the High-Altitude Geophysics Institute have siudied the altitude variations
of the total radar echo areasatthetime ofmaximum development of convec-
tion over zn arez of radius 100 km.

Comparing figures for cloudiness czalculated from Eg. (3.50) with
observational data, they showecd that the actus 1 velue of S~ is less than the

3 <
L

czlcuiated value. An empiriceal coeificient was worked out defining the re-
lationship between the actuzl and cc.lculm d va ‘mes. If the atmospheric
Sac

strafification is such that w-< 20 m/sec, this factor is K=

Sea
Saee - . - .
at w>20m/sec one has K= S;' ~ 0.65. Thus, the equations for cloudiness

at the ., level are as {ollo:

ST Ta. -
<20m /sec; So=1— ]/ —%’“—-—_—‘%’:-: {3.50")

w_>>20m/sec: Sn=o.s5(x_ V —TL‘—'.;) (3.50)

W L R‘-:"“d".

3.7. CALCULATION OF AVERAGE AND LIAXIMUM
RAINFALL

. e s N . . .
Previously, we obtained an eguation for the maximum amount oi condensed

moisture in the accumulation zone:



B;" D P (3.5])

It is clear from this equation that the amount of moisture accumulating
in the cloud depends on the updraft speed and thercefore determines the
maximum quantity of water that can fall from the cloud, provided onc¢ dis-
regards the evaporation of drops as they {all. But since Fiq. (35.1) deter-
mines the large-drop fraction, which is responsible for the bulk of showery
precipitation, evaporation may be ignored, At the same time, one must bear
in mind that this equation is useful in caleulating rainfall figurces only
for a single cloud (over the reference point) at its maximum development
stage, which is moreover motionless and dissipates immediately after re-
leasing precipitation. In nature, however, thig is an extremely rare situation.
Growing clouds move over the sky, so that any one point may receive pre-
cipitation from scveral clouds or from clouds which do not scatter after the
initial occurrence of precipitation but continuc to develop duc to further
accumulation of moisture n their {rontal parts while precipitation is falling
from their rear parts. In such cases Eqg. (3.51) is useless in precipitation
calculations.

The dense raingauge network over the Kabardino-Balkarian Autonomous
SSR provided the means to estimate the relationship between actual pre-
cipitation and the amount of accumulated moisture /35/. This was done as
follows. The average liquid water content in the accumulation zone was
calculated using Eq. (1.21) with w,, averaged over time and over the hori-
zontal cross section of the cloud, The dimensions of the accumulation zone
were then determined from radar observations, and it was thus possible to
find the average water reserves in the accumulation zone, For this purpose
the accumulation zone was taken to be a eylinder whose base was the hori-
zontal cross section of the zone and whose height was its vertical extension,
The amount of moisture thus calculated was compared with the actual
precipitation from the cloud.

The results, pertaining to days on which sizable showers occurred, are
shown in Table 9. It is cvident from the table that the average amount of
condensed moisture in shower-producing clouds is usually considerably
less than the average precipitation per unit area, This confirmed a previous
conclusion of certain authors (Mamina and Fedorova /Gl/ for steady pre-
cipitation, Muchnik /62 / for showers) that if stratification conditions are
suitable a cumulonimbus cloud will produce precipitation congiderably ex-
ceeding its water content at any given time during its existence. We may
thus conclude that in such clouds the entire mass of water is reconstituted
again and again during the process of precipitation.

As mentioned, Eq. (3.51) gives the maximum precipitation from con-
vective clouds per unit area, assuming that water accumulates only once.

To determine the average precipitation from a cloud due to one accumula-
tion of water, we must substitute into this cquation the average updraft
speed as given by Egs. (3.39)—(3.42). This gives

—hL (3.52)
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TABLE 9. Comparison of actual average rainfall with calculated water conten: of a convective cloud

ec .

g S -

— 3 - o 9

g =1 8 £ E g

= = . E £ - e
£ £ | % [P BT - =2
> = o e =
£ . | 25| €| £ 5 | 2= g%
S g | €. 85 < - £3
= S P SE e 9 c 2 g g | = 3 =
= = Lol <

2 £ E |58 &8 = E 2| €| S3
5 5 s 18| &< Bl s | 23|57 22
a = B Vo Co (e > Cs}£L) £8
11/V 1965| 1820 — 21 00 23.4 2.75 320 5.6 1.7¢0 £.92 12.06 2.44
16 20 —19 00 23.4 3.35 140 4.6 0. 645 2.16 4.4 2.04
14 00 — 18 00 23.4 3.02 130 5.1 0.662 2.00 4.2 2,10
8/Vi 14 40 — 15 40 21.6 1.10 230 8.8 2.020 2.22 8.5 3.85
14 30 — 18 00 21.6 1.10 500 8.8 4.400 4.85 13.0 2.68
20 00 — 23 30 21.6 0.99 500 9.8 4.900 4.85 9.2 1.80
a/vi 1540 — 19 00 32.0 2.84 200 9.1 1.800 5.10 18.7 3.66
27/vr 16 48 — 19 60 28.4 2.50 156 7.5 1.100 3.20 4.8 1.50
16 00 — 20 00 29.4 2.18 320 | 10.0 3.200 7.00 9.6 1.37
28/v1 14 30 — 16 00 29.4 2.76 220 9.5 2.100 5.80 4.1 0.70
1/vit 1540 — 18 00 24.2 1.45 230 9.3 2.140 3.10 12.0 3.86
3/Vil 1825 -1915 39.4 4.15 54 9.6 0.520 2.16 4.5 2.08
14 00 — 16 00 39.4 4.15 900 9.6 8.600 3.517 12.1 0.34

To determine the average precipitation per unit area during the instabil-
ity-resolution time, we propose to introduce the factor t/u, which gives an
estimate of the number of times water may accumulate in time 1 over a
certain point, assuming that the stratification is represented by 1.

We thus obtain the formula
Tl

Q. <1 (3.53)

S g L
a o 2g

Nevertheless, one is primarily interested in the maxirn'u.m .amount of
shower-type precipitation, since it is the maximum prempltat'lon that
characterizes the process. To this end, we can use Eg. (3.51) with the

factor t/u:

(3.54)

Thus, Eqs. (3.53) and (3.54) enable us to calculate the average (over the
area covered by the precipitation) and maximum am.ount.s of shoiver—tylf)e .
precipitation per unit area during the entire resolution time of atmospheric

instability. U9 L7

| 3¢ 7S
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3.8. OTHER METHODS FOR CALCULATING
SHOWER-TYPE PRECIPITATION

N. M. Maltbakhova of the High-Altitude Geophysics Institute has sug-
gested a method for estimating precipitation from data concerning atmos-
pheric stratification both prior to the formation of precipitation and after its
fall to earth. The method is valid provided the area is such that the appro-
priate radiosonde data are representative (a radius of 100 km about the
sounding point).

If there isnoadvection of air masses, one considers a neutral mass,
i.e.,a mass of air into which there is no inflow of heat (or in which the
inflow is balanced by the outflow) during the entire process: development
of cumulus, formation and fallout of showers. Thus the process to be
considered is pseudo-adiabatic (the lowest atmospheric layer, about 500 m
deep, is not involved in the calculation), Considering a layer of air of unit
cross section with base at altitude 500 m and top at the convection level,
let us calculate the total energy of this layer from the onset of convection
till the dissipation of the cloud.

If not for precipitation, the total energy would have remained constant:

0
s (I +T+K)=0, . (3.55)

where /. 11 and K are the internal, potential and kinetic energies of a column
of air of unit cross section extending from z, to the convection level.

The level z, is’selected anew for each particular case, in order to eli-
minate the effect of diurnal temperature variations; on the average, it is
600—800 m. Replacing Eq. (3.55) by the corresponding finite-difference
equation and selecting the boundary states f and /. in such a way that the
kinetic energy of the air column in these states is practically zero, we
obtain A(/+I1)=0, and the variation of the sum /+II is

A(/+1)y=2E+ A[A(P,z)) — MPuzy)], (3.56)

where AE is the variation of the enthalpy of the air column, A(APz)is
the difference in the work of expansion at the lower (20) and upper (zy) bound-
aries of the column. The second term in (3.56) is one or two orders of
magnitude smaller than the first; itsneglect introduces a measurement error
of from 8 to 10%.

I.n an adiabatic process (and this is the case under consideration), the
variation of enthalpy is due to phase transitions of water in the column,

I_f Q' stands for the amount of water vapor condensing per unit column
during the entire growth of the cloud, the heat set free thereby is

AR = Q' L, (3.57)

During the r.esoluti.on of instability, formation of clouds and formation
of cloud. a}'ld rain particles, part of the condensed water falls to the surface
as precipitation. Denote the amount of precipitation by Q. A quantity (7,

say, of this water evaporates at the periphery of the air column, reducing
the latter's heat content by

A8” = QL. (3.58)
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Thus, the quantity of heat AQ (in cal /cm?) added to the heat content of a

unit column of air owing to resolution of instability and showery precipitation
is given by

48 =A0' - 28" =L (Q'— Q") = LQ. (3.59)

Now, having determined the heat content of the air column before and

after precipitation, E, and E,, respectively, we can estimate the amount of
precipitation as

I =2 (3.60)

In order to calculate the enthalpy, we need radiosonde data for the times
immediately before the onset of convection and just after dissipation of the

cloud(s). For a unit air column, this quantity is determined by integrating
the expression

dE= ¢, Todz (3.61)

with respect to height. Assuming a layer with y=const, this gives
p
Ezmlropo“ LA,

where PyToand P,T; are the pressure and temperature at the lower and upper
boundaries of the layer.

Summing the heat content over all layers with y=const, we obtain the
enthalpy of the entire unit column from 2z to zy:

n ¢
E=Zmlrﬂxpﬂxnp\'trwl' (3'62)

=1

Calculating the enthalpy E, before the onset of convection and E, after
the resolution of instability and substituting these into Eq. (3.62), we obtain
the shower-type precipitation resulting from nearly pseudo-adiabatic
processes.

Some results of such calculations in the absence of advection are shown
in Table 10 and Figure 41. In the table we also list some actual values of
Q for comparison; these were obtained from a dense network of self-re-
cording raingauges. The comparison, shown both in Table 10 and in
Figure 41, shows that the agreement is in general quite good.

In North Caucasus, summer showers are due most frequently to frontal
processes, when the advection of heat is too significant to be disregarded.
The intensity and amount of precipitation from frontal clouds are usually
much higher than from air-mass clouds. For such cases it is therefore
necessary to correct the previous technique for advection.

The form of Eq. (3.59) for nonadiabatic processes is

A8 = LQ + A6,av, (3.63)
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where A8.4v is the advective increment to the heat content of unit air column
during the process. Then the precipitation from frontal clouds is given by

Q= iﬁfiﬂ. (3.64)
TABLE 10. Comparison of calculated and actual precipitation,
Date ca]ilc,mz caf/zc,:mz oE Qeal MMf Qpepmm| 4 ;_::‘—'"..

27]V 1967 | 48700 | 46972 1728 29 317 27 8.5
28V 46876 | 45135 1351 20 2.7 215 1.5

4/V1 15313 | 42808 2115 36 314 46 1t
13/Vi 67743 | 65199 2544 38 341 3.6 10
16/V1 48058 | 47160 1498 22 28.5 6.5 23 !
22/Vi 43 388 40960 2428 36 333 27 81
26/V1 48517 | 46960 1539 229 231 0.2 0.9

2/vil 54972 | 53120 1852 22,7 29.1 1.4 4.7

TIvi 46253 | 42576 3677 54 47 7 14.5

9V 18046 | 46680 1366 20,4 234 3 1.3
10/vi1 43 522 40793 2729 10,7 36.9 3.8 103
mvi 19535 | 47625 1910 28.5 224 6.1 27
18/vl 48108 | 14806 3302 49 424 6.6 15
19/vii 49164 | 46767 2397 35,8 47.6 1.8 48
27/vi 49152 | 47008 2054 30,6 29 L7 58
31Vt 50735 | 48101 2634 39,3 33 6.2 18

Since it is extremely difficult to
terms describing the divergence of
to incorporate advection by using a
equivalent temperature T,.
processes, and its variation
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solve the total energy equation including
forms of energy, it is more convenient
conservative quantity such as pseudo-
This quantity is constant in pseudo-adiabatic
defines the deviation from adiabaticity /63 /.



In the first case, the stratification curves before and after precipitation
are divided into layers with constant lapse rate and constant relative hu-
midity gradient. The thickness of each layer is at most 50 mb. For each
layer, a graphic technique is used to determine the average pseudo-equivalent
temperature 7,. One then constructs a pseudo-equivalent temperature pro-
file for the air mass from 2z, to the upper free-convection level FI

The changes occurring in 7, during the development of convection and
precipitation give the correction for advective heat to be introduced into
the formula (3.64) for the amount of precipitation,

The increment A8,4, may be written as

AeadV= ij ATpde, (3.65)

where AT, is the change in pseudo-equivalent temperature at altitude z
during the process.

For unit column of air, in a layer with y=const, use of finite differences
in this equation yields

R
S g 1
c, F.\8 'd '¢c
Baav= 5 To(52) (P,—Py), (3.66)

where P, and P, are the pressures at the lower and upper boundaries of the
layer, P, is the pressure at the condensation level, P, the pressure at the
level where the dry adiabatic lapse rate y,y is equal to the wet rate y,, .

The quantity

P g‘”d_7w)
To (52) (3617)

Py

is the pseudo-equivalent temperature of the layer.
Summing the advective heat over all layers from 2z, to z,, we have

R
ep P& Ta7 W)
eadv"‘—— Tgp—g 7‘"’ (p-;v—cl) (P,'-—‘le ), (3.68)
Using this equation, one obtains
Aeat:lv= 8:sdv2 - eadvl (3 .69)

which, when substituted into Eq. (3.64), gives the amount of precipitation
Q,in g/cm?, from a unit column of air.

Results of calculations with these equations in three cases are shown
in Table 11.

To estimate the amount of precipitation over a given area, one needs
radiosonde data pertaining to the times before and after the precipitafzi?n
process. This method may be utilized to determine the average pr'e01p1ta-
tion over an area within which the radiosonde data are representative.
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TABLE 11. Comparison of calculated and actual precipitation

Date Qear,mm | Qact;/m AQ mm |49 Qact T
5/V1 1969 37 5 1.3 2%
6/VI 138 16 2.2 13.8
11Vi 32 27 H 185

Moreover, having determined the average cloudiness from Egq. (3.47), one
can determine the average and maximum precipitation over the territory.
The next factor we shall incorporate is the exchange of heat between

the earth's surface and the air in the period elapsing between soundings;
neglect of this factor is undoubtedly responsible for errors in the calcula-
tion of g.

3.9. CALCULATION OF AMOUNT OF WATER
GENERATED BY CLOUD

A cumulus cloud is a system which generates solid and liquid cloud
particles from water vapor. Subsequent microphysical processes within
the cloud cause the small cloud particles to grow until they reach the
dimensions of raindrops, graupel or hail, which can no longer be supported
by the updrafts and fall from the cloud as precipitation. Large particles
fall from the cloud as precipitation, while small particles evaporate at the
periphery of the cloud or outside it. In order to decide whether the process
of formation of large cloud particles should be modified so as to increase
precipitation, it is important to determine what part of the water generated
in the cloud falls as precipitation and what part remains in the atmosphere
due to evaporation. If the overwhelming majority of the cloud water be-
comes precipitation and only a small proportion of small particles remain
in the atmosphere, it is hardly worthwhile stimulating precipitation from
convective clouds. On the other hand, if most of the generated water re-
mains in the atmosphere, one ghould definitely consider intensifying the
growth of these small droplets or ice crystals with a view to inducing
precipitation. This problem may be solved by analyzing the thermodynamic
conditions of convective cloud formation.

Let us try to determine the entire quantity of water generated by a cloud.

The specific humidity ¢ of the air (in g/g) is determined from the

. E .
equation 9=0.622 (5-), where E is the elasticity of the saturated water vapor

(millibars) and P the air pressure.

To calculate the amount of water generated by the cloud during the de-
velopment of convection, we must determine the amount of water vapor that

condenses when lifted from the condensation level z. to the maximum up-
draft speed level z.during that time.

. By the Clausiug equation, the saturated vapor pressure at the condensa-
tion level at temperature T. is given by

~
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T
EC:EUQARO'ITC i} (370)
where R, is the gas constant for water vapor, £y the saturated water vapor
pressure at temperature 0°, E; the elasticity of saturated water vapor at
the condensation level temperature T_.

Using this equation and remembering that water vapor is saturated at
each level of the cloud, one finds the following expression for the amount
of water that condenses upon ascent from gz, to z,:

L Ty T

E —_—

___0.(% 2____‘2_{ . AR TmT
=062 5 5\ Pu—Pee™0 Tnley, (3.71)

where Tn is the air temperature at level z.; P, and P,, are the air pressures

at levels z; and z,, respectively. The total amount of water generated in the
cloud (in g/cm?) is

AQ - qam, (3.72)

where Am is the mass of air displaced during the convection process.
Simultaneous solution of Eqs. (3.71) and (3.72) yields the amount of water
generated by the cloud in a unit air column, over a radius within which
radiosonde data are representative. To obtain the amount of water generated
over a horizontal surface of area 1 ecm? in the cloud, one need only divide AQ
from Eq. (3.72) by the convective cloudiness 8§.

In calculations, the guantity ¢ represented by Egq. (3.71) must be deter-
mined directly from the aerological diagram.

Subtracting from AQ the amount of precipitation @, one can determine
the amount of water generated by the cloud that remains in the atmosphere,
Qo. The amount of shower-type precipitation from the cloud is calculated
using Egq. (3.53).

We now define the precipitation-generation coefficient Kp as the ratio of
the amount of precipitation from the cloud to the entire quantity of water
generated by the cloud:

Ko= 15 (3.73)

Similarly, the water-generation coefficient K, represents the- amount of
water vapor in the column from z,to z» that liquefies or solidifies:

L Ty-Tg

gAm _Pm—PceARo Twmle (3-74)
gcbm P ’

K =

where g, is the amount of water vapor at the condensation level, in grams

per gram of air. ‘ . .
If T.is low, K,tends to unity, corresponding to the case in which all the

water vapor in the cloud turns into raindrops or ice.
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It follows from Eq. (3.74) that the amount of generated water depends
mainly on the temperature at the condensation level, which determines the
saturated vapor pressure at that altitude. At level zm, the saturated vapor
pressure is usually 1—2 mb, varying only slightly with height, so that a
change of 5—6° in the temperature at zm has little effect on the water gene-
ration of the cloud. This is usually the reason for the great intensity of
showers in the tropics, where the condensation level is not infrequently at
the +20° isotherm, corresponding to saturated vapor pressure of 23.4 mb,

As an example, we consider the average precipitation reaching the sur-
face from clouds on May 11,1965, which was Q=1.8 g/cm?,

Eq. (3.71) gives ¢=9-10"* g/g.

The amount of water passing through a unit column of the cloud at level
zm was 4.6 g/cm?, so that the amount of evaporated water was 2.8 g/cm?
and the precipitation-generation coefficient is K, =0.39, approximately 2/3
of the water having evaporated at the periphery of the cloud and a little more
than 1 /3 having fallen to the surface as precipitation.

At the condensation level z, we have g.=1-.10-3 g/g, while at z, level
gm=0.1-10"3g/g. Thus, of the total quantity of water vapor passing through
the cloud, 0.9-10-3 g /g, was generated as water droplets. Thus the water-ge-
neration coefficient is K;=0.9.

Workers at the High-Altitude Geophysics Institute are now engaged in
calculating the amount of water evaporating at the cloud periphery and the
coefficients of precipitation and water generation, for all cases of precipita-
tion recorded by the raingauge network of the Institute!s Caucasus Hail-
Suppression Expedition,

The precipitation-generation coefficient K, may well turn out to be a
stable quantity. In that case calculation of the overall amount of water
generated in a cloud will enable one to predict shower-type precipitation
from convective clouds on the basis of atmospheric stratification data,
providing yet another method of forecasting the amount of shower-type
precipitation.

Continuation of these studies will expand our knowledge of the micro-
physical conditions governing the development of convective clouds.
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Chapter 4

STORM PREDICTION

4.1, CONDITIONS INITIATING STORMS

Thunderstorms constitute one of the most dangerous weather phenomena,
both for aviation and for agriculture; in the absence of suitable protective
measures, they may also endanger human life,

At any one time, more than one thousand thunderstorms may be occurring
in different parts of the globe. The daily "'quota’ of thunderstorm phenomena
is 44,000, In middle latitudes, thunderstorm activity is observed mainly in
the warm half of the year. The number and intensity of storms decrease
with increasing latitude. Thus, in the polar regions thunderstorms are
quite rare; in middle latitudes there are on the average from 20 to 30
stormy days per year, in the tropical belt from 80 to 100 (as many as 220
have been observed on the island of Java, in the region of Bogor).

Observations show that thunderstorms arise only in cumulonimbus clouds
associated with atmospheric convection; they are never observed in strati-
fied clouds. However, electrical charges are not produced in every cumul-
onimbus cloud — only in clouds showing relatively large vertical development,
whose tops reach the level of natural crystallization (in moderate latitudes).

The chief factor in the formation of convective clouds is violent convection,
produced in an unstable air mass by heating of the lower atmospheric layers
during the day or by passage of a front. Thus, a first prerequisite for the
development of thunderstorms is violent vertical motion, promoting the
growth of convective clouds with considerable vertical development.

Research has shown that meteorological and electrical processes are
intimately connected. Studies of the electrical structure of clouds have
shown that positive charges are found above 7 km, where the temperatures
are less than ~20° /48,162—165, 175/, while the center of negative charges
is characterized by temperatures slightly below 0°. Simpson and Robinson
/164 /, using data from electric field measurements in thunderstorm clouds
at Kew, constructed a theoretical model of a thunderstorm cloud, according
to which the upper, positive charge (24 coulombs) is distributed throughout
a sphere of radius2 km centered at a height of 6 km, with temperature —30°,
and the negative charge (—20 coulombs) concentrated in a sphere of radius
1 km centered at a height of 3 km, where the temperature is —8°; A second
region of positive charge (4 coulombs) is concentrated in a sphere of radius
0.5 km around the 1.5° isotherm. This scheme is in good agreement with
experimental data of Imyanitov /38, 39/, who concluded that clouds possess
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this type of electrical structure, irrespective of their vertical extension,

as long as freezing or consolidation of cloud particles has not begun. He
also showed that shower and hail clouds display a reverse type of polariza-
tion /38/. The rate of accumulation of volume charge at the stage when the
cloud is developing into cumulonimbus varies from 0.1 to 0.3 e. s. u. /m3. sec,
increasing quite sharply during the active stage of the cloud to 102 e. s, u. /
/md. sec.

Malan and Schonland /148 /, studying warm thunderstorm clouds over
South Africa, established that the negatively charged regions form a single
vertical column between the 0° and ~40° isotherms, the upper part of which
becomes progressively higher. They found that if the temperatures in the
cloud are positive a positive charge is formed.

Kuettner /134/ presented important data on the nature of hydrometeors
in thunderstorm clouds whose bases are in the temperature region around
0°. His observations, made inside clouds capping a mountain peak, are
more reliable and definitive than those made in an airplane, for in the latter
case it is difficult to distinguish graupel from snow in the precipitation on
the fuselage. In most of the clouds Kuettner studied solid precipitation
prevailed, being detected in 93% of all cases, while raindrops. were observed
only in 21%. In 75% of cases he observed graupel, accompanied by high
electric field intensities, whereas large hail, by no means a necessary
component of a thunderstorm cloud, was comparatively rare., Snow crystals
prevailed in the later part of the storm, when the precipitation had become
steady and moderate and the thunderstorm activity weaker. Kuettner
establishthat during high precipitation intensity, anindispensable requirement
for the electrical activity of a cumulonimbus cloud, the central thunderstorm
activity regionis generally identical with the region of most intensive precipi-
tation. The first thunderstorm activity is observed with the onset of heavy
solid precipitation inside the cloud,

Workman and Reynolds /176~179 /, corroborating Kuettner's findings,
showed that the electrical separation in a cloud is closely bound up with the
mechanism of precipitation and takes place after precipitation has occurred.
In thunderstorm clouds over New Mexico, where they made their observa-
tions, charge separation was observed at temperatures from 0 to —15°. The
first internal thunderstorm discharge was recorced 12 minutes after appear-
ance of the initial radar echo, which had by then reached the level of the
—30° isotherm and had begun to descend; simultaneously, precipitation from
the cloud base began. After a few minutes, thunderbolts were heard. Work-
man and Reynolds noted a certain periodicity of thunderstorm activity; the
period, from 25—40 minutes, corresponded to the activity period of the cell.

Data on the frequency of lightning as a function of the temperature dis-
tribution in clouds are extremely sparse. Kuettner, Workman and Reynolds
affirmed that thunderstorms cannot arise unless the temperature at the level
of the cloud base is above 0°, Ludlam /142/ reached a similar conclusion
from studies of thunderstorms over the eastern part of the North Atlantic.
Workman and Reynolds remarked that thunderstorm activity in cloud tops is
rare, when the echo peaks do not reach the level of the —30° isotherm, Ac-
cordlgg to data of Byers and Braham, the temperature at the level of the echo
peak is less than —20°, Thus, a second necessary condition for the occur-

rlence of a thunderstorm is the presence of crystals in the upper part of the
cloud.



Any satisfactory theory must conform to certain specific features of
thunderstorm clouds, which may be listed as follows.

1. Precipitation and electrical activity inside a single thunderstorm
cell last on the average about 30 minutes,

2. The mean electrical moment neutralized by the thunderbolt is
110 coulombs /km, corresponding to a charge of from 20 to 30 coulombs,
3. The charge released immediately after a thunderbolt, associated with

a fall speed o of precipita_tion elements, is of the order of 8(3/00 coulombs.

4. In a cumulonimbus cloud of appreciable thickness, this charge is
generated and released in a region between the —5° and —40° isotherms,
of average radius about 2 km,

5. The negative charge center lies near the —5° isotherm, the positive
charge center several kilometers higher; near the cloud base there is an
additional positive charge, centered near the 0° isotherm or slightly below it.

6. The formation and release of charges is closely bound up with the
occurrence of precipitation, particularly graupel. Particles of precipitation
must fall, overcoming the updrafts, at velocities of several meters per
second.

7. In view of the fact that the first thunderbolt occurs 12 to 20 minutes
after the appearance of precipitation in radar-detectable quantities, a suf-
ficiently high charge should form and be released.

We now briefly survey the existing theories of the formation and separa-
tion of electrical charges,

Elster and Geitel /130/ investigated effects accompanying rainfall in a
vertical electric field and the collision of raindrops with smaller cloud drop-
lets in their path of fall. Raindrops are polarized in the electric field; if
the field is directed downward, as is the case in fine weather, positive charge
will accumulate on the lower half of the drop and negative charge on its
upper half. Elster and Geitel conjectured that cloud droplets rebounding
from the raindrops upon collision with them carry away some of the positive
charge from the underside of the raindrops. In a positive field, therefore,
the raindrops will acquire a negative charge, and as a result of gravitational
separation of drops, the original field will be enhanced. This theory is no
longer considered valid, as the modern theory of precipitation assigns a
major role to coalescence of drops, which accrete smaller drops upon
collision with them.

Wilson /174/ pointed out that, under certain conditions, electrically
polarized raindrops falling through a cloud of ions or charged cloud drop-
lets could acquire a negative charge by selective ion capture. If the fall
speed of a drop through a downwardly directed field is much greater than
that of the positive ions, the latter are repelled from the lower half of the
drop and deflected to one side, while negative ions are attracted to it. How-
ever, for a thunderstorm to occur, a charge of 1000 coulombs must accumulate
in a volume of 60 km?3 within 20 minutes; hence the process as suggested by
Wilson cannot possibly produce the required effect within the lifetime of a
typical thunderstorm cell. It may play a secondary role in charge separation
at later stages, when the major process has already created strong fields
and intensive ionization. .

Wall /171/ also tried to explain why charge separation takes place
primarily at below-zero temperatures; he suggested that not only raindrops
but also ice crystals participate in selective ion capture. In his opinion,
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the initial field polarizes hexagonal plate crystals, which become dipoles if
they fall with their grincipal axes along the vertical, and their undersides
are positively charged. This theory is based on the assumption that ice has
a polar structure, which implies the appearance of piezo- and pyroelectrical
properties in ice. However, Mason and Owston /182 / showed experimentally
that asymmetric crystals grown in a vaporous medium do not possess these
properties.

Frenkel /129 / pointed out that, as a dipole liquid, cloud droplets easily
adsorb negative ions at their surfaces and acquire a certain negative
equilibrium charge; in other words, a particle encountering positive and
negative ions while falling may acquire charge by a simple process of ion
discharge,

Frenkel's theory would explain why precipitation from thunderstorm
clouds is predominantly positive charged. Qualitatively speaking, however,
it cannot explain the high rate of charge separation in such clouds,

The phenomenon of electrification associated with the disruption of water
drops upon impact with a solid surface, was first studied in detail by Lenard
/136 /. Simpson /162,165/,in a series of experiments, established that
breaking of drops in a strong vertical air jet could also produce a consider-
able electrification. Calculations of the time needed for drops to grow to
sizable dimensions by coalescence yield a figure of approximately 4 minutes
Since about 12 minutes elapse from the appearance of the first radar echo
from a thunderstorm cloud to the first lightning stroke, this time suffices
for only three consecutive disruptions of the same mass of water in the
cloud. The maximum charge producible under such conditions is 9+ 10-2
coulombs /km3, two orders of magnitude lower than that required by con-
ditions 3 and 4.

Nevertheless, experiments to determine the size of charges produced
by breaking of drops in strong electric fields have shown that the prior
presence of induced charges on the drops may cause the subsequent
charges to be much larger than otherwise,

Simpson and Scrase /163 / conjectured that the distribution of basic
charges in a thunderstorm cloud might be due to electrification upon col-
lision and fracture of ice crystals; the latter would be negatively charged,

a compensating positive charge being carried upward on cloud droplets.

Again, the main shortcoming of this hypothesis is the smallness of the
electrical charge formed by fracture of ice crystals, compared with that
necessary to produce a thunderstorm,

Dinger and Gunn /123 / showed that when ice containing air melts, air
bubbles rise to the surface of the newly formed liquid and transfer a
negative charge to the surrounding air, an equal positive charge remaining
in the water. This process may be significant in the melting of graupel
and snowflakes, but it does not explain the observed polarity of thunderstorm
clouds. It may provide a partial explanation for the predominance of positiv
charge in steady precipitation and assist in the formation of the local positiv
charge detected near the bases of thunderstorm clouds with warm bases.

Workman and Reynolds /176—179/ conducted numerous experiments in
conne.ction with electrical effects associated with the freezing of water
ar.1d dilute aqueous solutions. They found that during freezing a potential
difference develops across the ice-liquid interface, of sign and magnitude
dependent on the nature and concentration of the solution. On the basis
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of laboratory e)fperiments, they tried to devige a theory of charge generation
and separation in thunderstorms,

The basic assumption of their theory was the existence of wet hailstones
i.e., solid particles which, having reached critical size and fall speed (W’hicil
depend on the temperature and liquid water content of the cloud), begin to
capture supercooled cloud drops in quantities too large to be frozen on the
surface, and thus acquire a liquid coat. Workman and Reynolds suggested
that this begins at temperatures between —10 and —15°, following which only
a fraction of the cloud water freezes on the hailstones, the remainder being
shed in the form of small drops. In addition, at the ice-liquid interface
negative ions are captured preferably by the ice, so that the water drops
flung off carry away a positive charge, leaving a net negative charge on the
hailstone. Gravitational separation of the negatively charged hailstones
and positively charged drops would then account for the observed polarity,
In the supercooled region of the cloud, drops shed from the hailstones would
carry an excess of negative charge, while the positively charged drops, rising
in the jet to heights where they can again be captured by negatively charged
hailstones, increase their charge. Thus creation of the electric field would
become a cumulative process.

Workman and Reynolds considered that their theory had two main advan-
tages. First, it provided a natural explanation for the centering of negative
charge around the —10° isotherm; second, laboratory experiments show that
the magnitude of the charges carried through the ice-liquid interface was
sufficient to account for the charges arising in thunderstorm clouds. Never-
theless, if the Workman-Reynolds effect were the principal mechanism of
charge formation, thunderstorms would normally be accompanied by hail.
Factual data are at variance with this conclusion. Moreover, the cumulative
nature of the process as described raises certain doubts. It seems probable
that a relatively small proportion of the water collected by wet hailstones
is shed from their upper surface not as small drops but as large ones; this
implies a lower rate of separation of drops and hailstones, and hence a lower
probability of the released drops being recaptured by hailstones at higher
levels. In addition, in a positively directed field, drops from the negatively
polarized upper surface of the hailstones would weaken the field.

Summarizing, one sees that all of the above theories are open to objection
from the quantitative standpoint, and in addition some of them contradict
known facts concerning the meteorological and electrical structure of
thuderstorm clouds.

There is at present no complete theory explaining charge generation
in convective clouds. Hence thunderstorm prediction remains one of the
most difficult problems of modern meteorology.

4.2. THUNDERSTORM PREDICTION METHOD

Present-day weather forecasters employ more than ten different methods
for thunderstorm prediction. We shall consider the most widespread ones.

In Lebedeva's method, the criterion of instability is the tempe_rature
difference between the rising air parcel and the environmental ziur; thfe
humidity criterion is the sum of dew-point deficits at the basic isobaric
surfaces: 850, 700 and 500 mb. An additional criterion is the temperature
at the upper convection level.
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In the techniques of Bailey and Whiting the instability criterion is the
lapse rate in the 850—500 mb layer; Bailey's humidity criterion is the sum
of dew-point deficits at 700 and 500 mb, Whiting's the vertical depth of the
wet layer and the liquid water content of the lowest atmospheric layers, as
indicated by the dew-point on the 850 mb surface.

Cox suggests a compound criterion of instability: first, the difference
between the actual temperature at the 500 mb surface and the temperature
as read off from the wet adiabat at that altitude passing through the mean
wet-bulb temperature in the layer from the surface to the 900 mb level;
second, the difference between the actual temperature at the 600 mb surface
and the temperature of the wet adiabat through the 850 mb potential tempera-
ture surface. The indication of water content is the dew-point deficit at the
700 mb surface.

Faust's measure of instability is the difference between the actual
temperature at the 500 mb surface, and the "zero evaporation'' temperature.
Slavin uses as instability criterion the temperature difference between
the dry and wet adiabats at the 500 mb surface, corrected for the effect of

evaporation and nonadiabaticity of the rising air mass.

The most effective method under Transcaucasian conditions is that of
Sosin /86/, who suggests identifying unstable stratification by analyzing the
change with height of the pseudopotential temperature.

In Yakutiya, Ivanidze /37/ proposed an empirical formula:

Hito

— -2

- 300 700 '{' 10 T100s
H700 - HlOOO

where H istherelative geopotential and t the dew-pointatthe 700 mb surface,
From the value of / one estimates the probability of thunderstorm phenomena,

Judging from the above list, it is evident that all the available thunder-
storm-prediction methods are based on certain criteria for instability and
humidity, correlated with thunderstorm phenomena.

Only in Lebedeva's method is the suggestion made to reckon with the
temperature at the upper convection level, which is equivalent to incorporat-
ing the crystallization factor.

We now offer some suggestions regarding an approach to thunderstorm
prediction based on the specific microstructure of thunderstorm clouds and
also on a thermodynamic characterization of the state of the atmosphere
necessary for their formation.

The work of Workman and Reynolds /176—179/ showed that electric
charge separation is closely connected with precipitation and takes place
later than fallout. This has been confirmed by experiments of Chapman
/180/: examining disruption of drops of distilled water, he showed that when
drops of radius d=4 mm are disrupted in an air jet, positive and negative
charges appear, their magnitude increasing with the velocity of the jet.

In view of all the aforesaid, it seems logical to conclude that precipitation
must be present in the cloud for thunderstorm charges to be generated.

Sulakvelidze /80/ showed that shower-type precipitation may occur in
a cumulonimbus cloud if the updraft speed is at least 10 m/sec. It is also
known that in middle latitudes one finds thunderstorm charges in cumulonim-
lf)us clouds whose tops have reached the level of natural crystallization. The
Importance of the crystal fraction in a cloud for the generation of
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thur}ders'torm .discharges he?s been confirmeq by experiments conducted in
California, which produced internal discharges in supercooled fine-weather
cumulus clouds /152/.
Thus, in order to prc?duce thunderstorm charges, the vertical extent
of the cloud shogld attain a level of temperatures at which icing begins.
The observatlor.ls of Selezneva /80/ have shown that in every case the
temperature at whl.ch the solid phase first appears in a cloud depends on
the velocity of.vertlcal currents. According to Findeisen's data /127 /, the
updraft speed influences the freezing temperature of the cloud droplets.
Thus, at updraft speed 10 m/sec the critical temperature is —13°, while at
speed 25 m/sec it is —19 to —20°.
We thus have two criteria for the occurrence of thunderstorms: 1)
updraft speeds above 10 m/sec, and 2) the upper boundary of the cloud
should lie above the icing level. The immediate task is now to verify whe-
ther these conditions are sufficient to create a thermodynamic state suitable
for the occurrence of thunderstorms.
With this end in view, Velentsova /7/ drew up a plot (Figure 42) featuring
a curve( AQ)representingthe distribution of critical temperature (for the
appearance of the first ice crystals) as a function of vertical velocity {(ac~
cording to Findeisen); to plot each concrete case, she computed the maxim-
um updraft speed, using the method of Chapter 1, and determined the tem-
perature at the convection level. All in all, 250 cases were analyzed, 170
with thunderstorms and 80 without. The analysis was based on actual
radiosonde data pertaining to times close to the initiation of the
thunderstorm or shower phenomena. On days with no thunderstorm pheno-
mena, the data for the calculation were recorded at times after 1500 hours,
when conditions were most favorable for convection to develop, The hu-
midity of the air mass was taken into account in calculating the updraft
speed by assuming entrainment of 1 /3 of the environmental air into the rising
<air, One sees from Figure 42 that all the thunderstorm cases fall not in the
zone AOB,but in C’CB, where the maximum updraft speed is 10 m/sec or
more and the temperature at the upper convection level is 3 or 4° below

the critical temperature.

For a more accurate delineation of the relationship between the tempera-
ture at the cloud top and the time of occurrence of a thunderstorm (assuming
the updraft speed sufficient, i.e., wn>10 m/sec), radar data recorded by
the North Caucasus Hail-Suppression Expedition in 1966—67 were processed.

Those cases analyzed were those in which thunderstorms had been re-
corded in clouds observed by radar (wavelength A=3.2 cm). To avoid
errors in determining the cloud top height #_, , the only observations
analyzed were those for which the distance L from the cloud to the radar
station was at most 40 km,

The results are shown in Table 12, The data show clearly that thunder-
storms first appeared when the temperature T at the cloud top was less than
the "critical temperature' T for the appearance of ice crystals. Whenever
the cloud height H was below the level Hc, of critical temperatures or near
this level, no thunderstorms were observed.

Additional observations were undertaken on August 18,1967, at the Kuba-
Taba station, to ascertain the dependence of the occurrence of thunderstor.m
charges on the temperature at the cloud top. During evening hours, when it
was easy to discern each internal discharge in the cloud by visual means,
the height of each cloud with discharges was recorded. The grow.th of the
tops of seven different clouds was observed. The results are shownin Table 13.
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TABLE 12. Radar observations of thunderstorm phenomena

Time at which
Date Ym | 79 | Hxm Time L,km| et 7° |thunderstorm
mjsec| ¢ km was observed
10/v 1966 { 21 | —19| 5.8 — 24 9.7 | —43 |Thunderstorm
13/v 15 | —~16| 56 —_ 27 77 | =33 .
19/v 3 | —23| 7.0 — 13,5 66 | —19 —
20/V 2% | —21] 65 —_ 25 70 | —19 —
VI 22 | —-19| 66 |1014—1310] 32 [3.7—5.2| —I12 —
1505 42 78 | —30 1450
2I\1 15 [ —16| 59 — 0 4.7 -9 —_
14/Vi 3 —_ — 1507 14 6.7 —17 —
25/V1 2% {—21] 65 1835 42 57 | —I5 —_
1900 — 65 | =21 —
1908 39 72 | 26 1807
271 23 | —20| 6.4 1143 |35 60 | —15 —
1155 —_ 82 | —31 1220
231Vil 13 | —15] 66 1208 38 60 | —11 -
1355 36 85 | —26 1220
1jVI 2 |—18| 74 1415 35 65 | --15 —
1432 27 50 -1 —
1517 15 88 | —27 1515
5/VII 23 | —20] 70 1530 32 66 | —15 —_
1533 29 57 —9 —_
1536 35 74 | —19 —
1538 39 97 | —33 15 44
vl 50 | —-23| 79 - 35 139 | —50 [ Thunderstorm
17/vin 18 | 18| 75 - 31 57 | —9 —
18/Vili 31 | -23| 77 1010 36 58 | —11 -
1144 22 70 | ~19 —
1150 20 58 | —11 —_—
1210 30 76 | —22 —_
26/V1ii 25 | —20| 6.9 1232 |20 100 | —34 1230
1250 37 57 | ~12 —_
1300 36 77 | ~26 1300

The conclusions from the data of Tables 12 and 13 and Figure 42 are as
follows.

1. No thunderstorm phenomena are observed if the cloud tops lie
below the critical temperature level, i. e., when conditions within the cloud
are not suitable for crystallization.

2. A thunderstorm is observed when the vertical extent of the cloud
reaches a level at which the temperature is several degrees less than
Findeisen's critical temperature, i. e., when active crystallization begins.

3. A necessary condition for thunderstorms is that the cloud contain

a lgrge-drop fraction, made possible by maximum updraft speeds wnin
excess of 10 m/sec.
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FIGURE 42. Occurrence of thunderstorms as a function of maximum updraft speed

w,, and temperature f¢ at convection level (cloud top).

1 — thunderstorm; 2 — showers; 3 — soft hail.

TABLE 13. Observations of thunderstorm phenomena at Kuba-Taba Station,
August 18, 1967.

W= 23 m/sec.

5 T,
1 1930 30 73 | —23| —20 { —26 —6 0 |Thunderstorm
2 1930 32 65 | —17| —14 | —20 0 6 —_

3 1940 18 6.8 —19| =17 21 -2 4 —
4 20 16 41 82 | -30 | —27 -33 —13 —7 |Thunderstorm
2025 41 90 | 351 —32 ~38 —18 —12 .
2035 41 7.1 =21 —18 —24 —4 2 —
2047 38 76 | —25| —22 | —2R -8 ~2 {Thunderstorm
5 2022 41 77 | —26 | —23 —29 —9 -3 "
2030 40 78 | —27 | —24 —30 —6 —4 .
2045 —_ 77 1 -26] —-23 | —29 -9 ~3 .
6 2122 41 99 | —40} ~37 —43 —23 17 .
71 2050 40 71| =21 ~18 | —24 —4 2 .
2057 — 73 | —23| —20 | —26 —6 0 .
2110 — 71 | =20 —17 —-23 -3 3 —

Notation: T— temperature at cloud top; T, and Ty — upper and lower
limits of temperature at height Hey,; Ter — critical temperature for appearance
of ice crystals at wn= 23 m/sec.
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Chapter §

FORECASTING TECHNIQUE. TESTING OF METHODS FOR
PREDICTING HAIL, SHOWER-TYPE PRECIPITATION
AND THUNDERSTORMS

5.1. INITIAL DATA FOR PREPARING FORECASTS

Preparation of a forecast of hail, thunderstorms and shower-type preci-
pitation involves the ploiting of a prognostic curve showing stratification of
temperature and humidity at the time of maximum convection, using, say,
the method proposed in the Handbook of Short-Range Weather Forecasts,
Part II, 1965 edition. As intensive thunderstorm-hail processes are observed
on frontal surfaces, success in predicting these phenomena is dependent
(among other things) on successful prediction of the movement of the front.
When data are available from high-frequency atmospheric soundings, one can
plot an actual stratification curve for a sounding period of 6 or 7 hours, al-
lowing for the convection temperature and the convection condensation level,

Consider a stable air column 1 near the ground (Figure 43). If an air
parcel at A ig lifted adiabatically, with constant moisture content, it must
become saturated at its lifting condensation level LCL; to the left of the
curve AB, there will be negative instability energy. As the surface air is
heated, an adiabatic or near-adiabatic lapse rate is established in the lower
atmospheric layer. By the time the surface-air temperature has reached
T, the lifting condensation level reaches the level of B and coincides with
the free convection level CCL, and there will be no negative instability energy.
It is assumed here that no water evaporates into the air, so that the dew-
point temperature remains constant,

FIGURE 43. Illustrating the definition of convection
temperature and convection condensation level.
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As shown in /156 /, the diurnal variation of the dew point is considerably
less than that of temperature. With normal variations of the dew-point,
the negative area disappears a short time before the temperature T, is
reached ( 7 is the surface-air temperature at the time of maximum heating
T. the convection temperature, B the convection condensation level in ,
convection). The difference T.—T is the temperature rise (slightly exaggera-
ted) necessary to allow the development of convective clouds.

The temperature T, is invaluable in the prediction of thermal convection,
A good forecast depends on the forecaster's ability to estimate whether the
maximum temperature will reach or exceed the critical value T..

The area ABT.in Figure 43 represents the approximate quantity of heat
that must be communicated to an air column of unit cross section below the
B level to establish the dry adiabatic lapse rate.

5.2. TECHNIQUE FOR CALCULATION OF
MAXIMUM UPDRAFT SPEED

After plotting the temperature and humidity stratification curve, one
determines the convection condensation level by the method described above.
If conditions are unsuitable for the development of thermal convection, the
next step is to assess whether convection may develop from higher levels,
The curve of state is plotted from the condensation level (point B) up to its
intersection with the stratification curve. The maximum deviation of the
curve of state from the stratification curve is then determined.

In case there are several layers showing the same deviation, the maxim-
um deviation used for the calculation is that pertaining to the lowest level
(Figure 44). If it is necessary to allow for entrainment, the layer extending
from the condensation level to the maximum speed level isdividedinto 200 mb
layers. The wet-bulb temperature after saturation of the mixture is then
calculated for each layer, as shown in Figure 45 (see Chapter 1). Then the
curve of state with allowance for entrainment of environmental air into the
cloud is constructed. One now determines the maximum deviation ATm of
the curve of state from the stratification curve, and inserts either AT, or
AT, into Eq. (1.55) to calculate the maximum updraft speed.

It has been shown /147, 166/ that the rate at which the surrounding air
is entrained in a cloud depends on the cloud diameter. In clouds of diameter
500 m, the entrainment rate ranges from 0.5- 1075 to 1.0+ 10-% cm~1, while
if the diameter is 5 km the range is from 0.05- 10-5to 0.01 . 1075 cm-! [sic].
The entrainment rate varies by three orders of magnitude when the cloud
diameter changes from 100 m to 10 km. The entrainment coefficient
fluctuates considerably in different synoptic conditions. Entrainment is
greater in intra air-mass processes than in frontal processes /74/. In
cases of clearly expressed cold fronts, entrainment need not be taken into
consideration when calculating w,, since the actual "rarefraction' remains
negligible even when the surrounding air is quite dry. In intra air-mass
processes and weakly defined fronts, entrainment should be incorporated
by the technique described in Chapter 1.
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5.3. PREPARATION OF HAII, AND THUNDERSTORM
FORECASTS

Having determined wm, fn(the temperature at the maximum speed level)
and H,, one now uses Figure 30 to determine whether hail can form in the
cloud., If the point with coordinates w,,, t,lies in the graupel zone, the
forecast should be "hail not expected'; but if the point is in the hail zone
the values of wn,and H,, via the plot of Figure 32, yield the size of hailstones
that may reach the surface. If wn>30 m/sec the hail size is calculated by
Eq.(2.19), as then hailstones of diameter >3 cm melt only slightly when
falling through the warm part of the atmosphere,

To forecast thunderstorms, one calculates the temperature at the con-
vection level. The values of w,, and ¢ at the convection level are plotted
as in Figure 42, If the point defined by w,, and #¢ falls in the thunderstorm
zone, the forecast is "thunderstorm expected."

5.4. CALCULATION OF RAINFALL

It is evident from Eqgs. (3.53) and (3.54) that calculation of rainfall
requires a knowledge of the resolution time of instability. The latter param-
eter is determined from radiosonde data. Depending on the synoptic situa-
tion, one either uses actual radiosonde data or plots a prognostic stratifica-
tion curve.

The instability-resolution time is determined from Eq. (3.43), where pn
is the density of dry air. To introduce the density of moist air Eq. (3.43)
must be rewritten as

=z (Po"Pm)(Pm—P\r)(l+0-608qm) 1
* ! + Pmsmlzf. Xg (PO_PV) ’ (3‘43 )

where g, is the specific humidity of the air in g/g. This may be done if one
ignores the difference between the virtual temperature and the temperature
of dry air, which is quite permissible at such low temperatures as are char-
acteristic of the maximum speed level.

The factor ( 1+0.608 gn) is generally small, so that the difference between
the densities of dry and wet air at this level may be neglected.

The stages in the calculation of instability-resolution time are as follows.

1. Determine the condensation and convection levels. The convection
level is determined by the point at which the stratification curve intersects
the curve of state through the condensation level.

2. Calculate the maximum updraft speed from Eq.(1.55) and determine
the maximum speed level.

3. Average the updraft speed over time and over the horizontal cross
section of the cloud, according to the equations

W, = Wi (5.1)

CA‘,ItO

'E}-l. .r="g—wm. (5‘2)
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4. Use density nomograms (Figure 46) to determine p, for insertion

in Eq. (3.43).
The value of pnmis determined from the temperature and pressure of the

air at the maximum updraft speed level.

mb
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FIGURE 46. Air-density nomogram, after Smirnov.

5. Determine (Py—Pp), (Pm—Py), (Po—P,) using the aerological diagram.

6. To determine the amount of clouds at the maximum speed level from
the aerological diagram, find Tp,—Tym and Tym— Ty, then use Eq. (3.50') or
(3.5") to calculate S,,.

7. Using the above data and Eq. (3.43), calculate the instability-resolution
time. Calculations have shown that, on the average, 71is about one hour for
heavy precipitation. Then calculate t/1; and insert this value in the precipita-
tion equations (3.53) and (3.54).

A forecast prepared by these techniques applies to a representative radio-
sonde region (radius 100 km). To localize forecasts in North Caucasus, we
have studied the aerosynoptic situations associated with intensive thunder-
storm-hail processes in various parts of that area,

5.5. BASIC TYPES OF SYNOPTIC SITUATION
ASSOCIATED WITH INTENSIVE THUNDERSTORMS
AND HAIL IN NORTH CAUCASUS

The topography of North Caucasus is highly nonuniform. The flat region
is a steppe in the west and semidesert in the east. The central region is
occupied by the Stavropol' upland, to the south of which lies the Bol'shoi
Kavkaz, consisting of several parallel ridges, the chief of which are the
Melovoi Khrebet, Skalistyi Khrebet, Bokovoi Khrebet and Glavnyi Khrebet.
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The characteristic relief is that of uplands divided into several massifs

and ranges, with peaks reaching more than 5500 m. As it prevents free
movement of air masses from north to south, the Bol'shoi Kavkaz constitutes
a climatic barrier between the North Caucasus and Trans-Caucasia. It is a
powerful source region of thunderstorms and hail /6/, and its influence on
air movements reaches high altitudes. Depending on the direction of airflow,
thunderstorm and hail processes are either intensified or weakened.

Over a period from 1958 to 1965, 196 incidents of thunderstorms and
hail were analyzed to pinpoint the area in which convective movements are
most active under different aerosynoptic conditions. Six types of situation
were classified, depending on the temperature-pressure field, which make
it possible to determine the areas of maximum activity and the direction of
travel of thunderstorm cells.

Since the area occupied by thunderstorm activity is slightly larger than
that liable to hail damage, while the distribution of these two phenomena
is theoretically similar, both are governed by same types of synoptic
process.

Type I. Steering flow south-westerly at the 500 mb level. The
1000—500 mb thickness chart shows a cold region over the Black Sea. Near
the ground a cold front travels from the west (Figure 47).

In this case hail is observed over the Krasnodar territory, the south-
west Stavropol' territory and the west of Kabardino- Balkariya. Thuderstorms
occur over the entire Krasnodar and Stavropol' territories, in the south and
in the mountainous regions of Kabardino-Balkariya.

Type II. On the 1000—500 mb thickness chart, a well-developed frontal
zone extends from north to south perpendicular to the Caucasian Ridge. The
steering flow is in the same direction (Figure 47).

In this situation, hail processes last several days. At the beginning of the
process, when the westerly movement of the front along the Glavnyi Khrebet
produces an orographic occlusion, hail is observed over the whole area.
Source regions of hail move in three belts parallel to the Caucasian Ridge.
The first belt passes through Armavir, Stavropol!, Mineral'nye Vody and
Novopavlovskaya; the second through Otradnaya (Krasnodar territory),
Essentuki, Prokhladnaya; and the third through Karachaevsk on the Lechinkai,
Nizhnii Chegem and El'khotovo,

Throughout this period, thunderstorms occur over the whole region;
only toward its end do they weaken somewhat. At the end of the process the
territorial distribution is the same as in Type I

Type III, Steering flow and frontal zone in west-east direction. A
cold front near the ground travels from the north over North Caucasus
(Figure 47). Hail falls in isolated patches in the Krasnodar and Stavropol'
territories.

Thunderstorms are observed in the Krasnodar and Stavropol' territories,
and over the western parts of Kabardino-Balkariya; when air is moving in
the middle troposphere with a small northerly component, thunderstorm
activity is observed in the eastern regions of Kabardino-Balkariya and North
Osetiya.

Type 1V. Steering flow north-westerly. The 1000—500 mb thickness
chart shows a cold zone over the Rostov region. Near the ground, a cold
front travels north-westerly (Figure 47). Aloft over North Caucasus, there
is intensive but short-lived advection of cold air. Hail falls in a belt along
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FIGURE 47 a,b,c. Temperature-pressure field in aerosynoptic
situations of types I, 1I, IIL

the southern slopes of the Caucasus, passing through Zelenchukskaya,
Bermamyt, Gundelen, Nal'chik and Beslan. Thunderstorms are observed
over the whole region; they are particularly heavy over the eastern parts
of Kabardino-Balkariya and North Osetiya.

Type V. The temperature-pressure field shows no gradient on the
500 mb surface. The 1000—500 mb thickness chart shows a cold trough,
or even a source region of cold weather, over the central part of the
Caucasus (Figure 47), Hail falls only on mountains exceeding 2 km in altitud:
and is observed only at one or two stations. Thunderstorms extend over the
whole area in isolated regions, showing a well-developed intra air-mass
character. Thunderstorms sometimes begin at 1100 to 1200 hours, some
outbursts continuing for the entire day. The storms end by 1860—2100 hours.
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FIGURE 47 d,e Temperature pressure field in aerosynoptic
sitnations of types IV, V

Type VI. Characterized by weak westerly transport. Onthethickness
chart, a heat crest lies over the eastern part of the Black Sea and
West Caucasus. It 1s sometimes only weakly developed, but 1n such
cases there 1s a well-developed cold trough over East Caucasus. The
weather over North Caucasus under such conditions is relatively dry,
with few clouds. Hail and thunderstorms are not observed.

The above clagsification may be used only to localize the prediction
of hail and thunderstorm processes; in no way can it aid the actual work
of forecasting. Observations have shown that such processes need not
necessarily occur in synoptic situations of any of these types. The decisive
factors are thermal instability and sufficient moisture reserves in the air
mass, our classification only helps to determine the region in which the
development of thunderstorm and hail phenomena 1s most probable.

5.6. SAMPLE FORECASTS OF HAIL, THUNDERSTORMS
AND SHOWER-TYPE PRECIPITATION

As an example, we consider a thunderstorm-hail prccess that occurred
1n North Caucasus on June 4, 1964.

The synoptic situation was characterized by movement of a high frontal
zone from west to east. The steering flow was south-westerly. In the
second half of the day a secondary cold front was observed, traveling from
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the north-west (Type 1I). The air mass was unstably stratified. According
to radiosonde data over a period of 8 hours, wn=32.8 m/sec at the 370 mb
level, where the temperature fy, in the cloud, as determined by the curve of
state, was —14.5°. The temperature at the convection level was {,=—60°,
The height of the zero isotherm was 4200 m. The maximum updraft speed
was calculated without allowance for entrainment, since the passage was
expected of a well-developed frontal zone on the 1000—500 mb thickness
chart, With the help of Figure 30, the values w,, and #. were

used to determine whether hail could form in the cloud. Using Figure 32
and the values of w, and H,, the terminal hail size was calculated,

The calculated hailstone radius was 1.6 cm; in fact, the maximum ob-
served radius was 1.2 cm; the hail street was about 300 km long. Figure 42
was then used to decide, according to the values of wpand ¢, whether a
thunderstorm might occur; the forecast was indeed for a thunderstorm.

To determine the precipitation, the air pressures at the surface, at the
maximum speed level and at the convection level, Py, P,and P,, were
determined from the stratification, The respective values found were 980,
370 and 180 mb. The calculation then proceeded as follows.

1. Eq.(5.1) was used to determine the average updraft speed over time
and over the cloud cross section, w.=14.6 m/sec.

2. The nomogram of Figure 46 was used to determine the density of the
air at the maximum updraft speed level from 7T, and P,,:

0m] 370—27.5| =0.55-10-3 g /cm?.

3. The amount of clouds at the maximum speed level was determined
from Eq. (3.50"). To this end, we first found Tp—Tam=12.3 and Tym—Tm=
=13.5; Eq. (3.50'") then gave S,=0.195.

4. Eq. (3.43) with the above data gave the value t=1.23.

5. Finally, Eqs. (3.53) and (3.54) yielded Q.  =10.4 mm and Q,,=36.4 mm.

The actual quantities were Q,,=39.1 mm (at the village of Zol'skoe, Kabar-
dino-Balkar Autonomous SSR) and Q. =8.9 mm.

5.7. TESTS OF THE METHODS

The hail-forecasting method described above was tested during the
summers of 1964 and 1965 at the Central Forecasting Institute (TsIP, now
called Gidromet-tsentr SSSR). Over the summer of 1965, the method was
tried out in the hydrometeorological services (UGMS) of the following areas:
Lithuania, Belorussia, North Caucasus, the Urals, Kazakhstan, the Volga,
the Ukraine, the Far East, Irkutsk, Upper Volga, Central Chernozem,
Turkmenistan. Some of the results of these trials are shown in Table 14.
The method has been put into routine operation in some divisions of the
Main Administration of the Hydrometeorological Service affiliated to the
USSR Council of Ministers.

Tests of the method by the Caucasus Combined Expedition had the
following results. All in all, 526 forecasts were prepared. Of these, 93%
were accurate; the accuracy of "hail expected" forecasts was 91 %, that of

the "no-hail'" forecasts 95%. Additional tests of the method at Gidromet-
tsentr SSSR confirmed its high accuracy,
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The calculations of average and maximum amount of clouds were carried
out for days with air-mass processes and thick frontal cloudiness in the
years 1964—1966. The results were compared with data from the self-
recording raingauge network and from meteorological posts and stations
spread over the territory of the Kabardino-Balkar Autonomous SSR. The
results of the comparison are shown in Table 15 and Figures 48, 49.

It should be noted that the precipitation calculations were carried out for
synoptic situations of Types II, IV, V and VI, sincein situations of Types I
and III the maximum of the process, and sometimes even the entire thunder-
storm-hail process, ultimately leaves the Kabardino-Balkar Autonomous SSR.

Qav.cal
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0 1 |
10 20 Q gv,act

FIGURE 48. Correlation plot for Qav,cal and Qav,act-

As shown by Table 16, showers exceeding 10.0 mm are observed over
Kabardino-Balkariya most frequently in synoptic situations of Types II and
IV; they make up respectively 58.5 and 94.0% of the total number of days
on which these situations prevail. Under conditions of Types I and III,
precipitation is less than 10.0 mm (when the maximum of the process leaves
the area) or even zero {(when the whole processes is observed outside
Kabardino~Balkariya). As a rule, under Type I and III conditions shower-
type precipitation may exceed 10,0 mm, but this happens outside Kabardino-
Balkariya. For example, on June 9, 1964 (Type I), the maximum precipita-
tion registered at the Ipatovo station, Stavropol' territory, was 61.7 mm; on
August 24,1965 (Type III) the maximum was 76.2 mm (registered at the
Zelenchukskaya station, Stavropol' territory). Calculations for these types
of situation, using radiosonde data representative as to both time and loca-
tion, gave the following values for Q,,: 60.0 mm on June 9, 1964, 61.0 mm
on August 24, 1965.

Analyzing the calculated figures (Figures 50 and 51, Table 17) for the
average and maximum shower-type precipitations, one finds that the maxim-
um relative error in both was +70%; the average relative errors were
:tlQ.E}% for the average precipitation and +18.0% for the maximum
precipitation. According to Table 17, the maximum absolute error
of the calculated maximum precipitation, AQ,, was +24.3 mm, obtained
when the actual precipitation was Qmsct=43.0 mm; the minimum absolute
error was —16.2 mm, the actual maximum precipitation being 76.2mm.
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FIGURE 50. Frequency 7 of relative errors in calculation of
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FIGURE 51. Frequency 1 of relative errors in calculation
of maximum precipitation (1964—1966).
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TABLE 16. Frequency of showers over Kabardlno-Batkariya fn diffcrent types of synoptlc situation

Number of days with showers
Type > 10 mm < 10 mm no precipitation
total

days %o days Go days T

I 20 6 30.0 14 70.0 T0 0
1 24 14 58.5 8 33.4 2 8.1
m 29 1 5.2 14 73.6 4 21.2

v 16 15 94.0 1 6.0 0 0
\% 33 12 36.4 11 33.3 10 30.3
VI 6 1 16.7 4 66.6 1 16.1

TABLE 17. Results of comparison of calculated and actual precipitation

L 3 40y .
AQ, mm -,:,—,;-A oav mm -6%;’-
~ Year
max. min. . max, min.
(Qeract) (@mact) max. av. (Qmact) {Qav.act) max. av,
1964 +20.8 -6.5 +65.5 +21.9 2.5 -1.8 - 69.0 :21.3
(32.7) (69.5) (7.5) (20.2)
1965 +24.3 -16.2 +48.5 $17.6 2.5 2.1 - 40.0 15,3
(43.0) (76.2) (15.2) (8.9)
1966 +21.6 -1.9 +52.0 +15.6 3.5 -9.2 + 70,0 2 22.9
(19.7) (2.2) 6.2) (21.4)
Max, over | +24.3 -16.2 +65.5 £18.0 +3.5 -9.2 +70.0 419.8
3 years (43.0) (76.2) 6.2) 1.4}
%
80
40
0 1 3

20 40 60 /%1%7' /A_‘:if/%

FIGURE 52. Frequency ) of relative errors in calculation
of mean (1) and maximum (2) amount of precipitation.



L |
70 80 @ mm
FIGURE 53. Frequency 1 and mean relative error g in

calculation of Q_, as a function of amount of precipita-
tion Q.

1 — mean relative error in the calculation of precipitation;
2 — frequency distribution of amount of precipitation;
3 =+ averaged frequency.

TABLE 18, Qum values calculated with and without allowance for t, compared with actual precipitation, for
days with heavy showers

4Q . 4
—--Ql % with allowance for = —g’-"— % with allowance for =
m m
max. av. max. av.
+37.0 +14.5; ~3.2% -252.0 -94.6;  +20%

TABLE 19. Frequency n of relative errors in calculation of maximum and
average precipitation for 1964, 1965 and 1966

AQm M Qv . N
Cm cat iy ) Qav, cal N

£10 33 +10 317
20 50 +20 55
£30 72 +30 73
+40 90 40 95
£50 96 50 97
+60 99 60 89
£70 100 £70 100

TABLE 20. Frequency 1 of relative errors and average relative
error w in calculation of precipitation, as function of precipitation Qm

a4

Qm, mm q”fg_z 3970,_,:.:

0.0 -10.0 50.3 £39.0
10,1 -20.0 16.0 £18.0
20.1 —30.0 11.5 £16.7
30.1-—40.0 8.4 £11.5
40.1—50.0 3.8 121.9
50.1 —60.0 3.1 2.7
60.1—70.0 3.1 £4.3
70.1 —80.0 1.5 +16.6
80.1—90.0 2.3 9.4
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The maximum absolute error AQ,, was +3.5 mm, obtained when the
actual figure was +6.2 mm; the minimum was —9.2 mm, the actual
figure being —21.4 mm,

The average relative error in the calculated maximum precipitation for
days with heavy showers, without allowance for the instability-resolution
time, was —94.6% (see Table 18; one case, in which the error was +20.0%,
has been excluded).

However, calculation of the maximum and average errors does not
provide a reliable characterization of the method. Accordingly, Figures
50,51 and 52, and Table 19 describe the distribution of the relative errors
found in calculation of the average and maximum amounts of precipitation.
One sees from Table 19 that approximately 75% of all the forecasts were
accurate to within +30% (this estimate applies to the calculated figures for
both average and maximum precipitation).

It is also interesting to examine the variation of the average relative
error as the precipitation increases.

Table 20 and Figure 53 present data on the variation of the average
relative error as a function of the precipitation. Figure 53 is based on the
data of Table 20. Plotted against the amount of precipitation Q are the
relative frequency n of days with different precipitation amounts and the
average relative error Yy in the calculation of Q.

In the calculations of the maximum (see Figure 51), the predicted pre-
cipitation is generally greater than the actual figure: in 80% of the cases
Qmecat>Qmact. This may be because the instrument is not always capable of
registering the maximum precipitation, as the probability that the maximum
will occur precisely at the location of the instrument is of course extremely
small (the distance between the instruments was on the average from 6 to
10 km). As for the error in the calculated average precipitation, the dis-
tribution is almost symmetric (same frequency of overestimates as under-
estimates). The reason for this is possibly that the updraft speeds are
assumed to behave similarly over quite a wide range; in particular, we
assume that the distribution of w,, across the cloud is parabolic, while
Shishkin's data apply primarily to the time variation of the maximum up-
draft speed. However, these data were derived for speeds 10.0 <wn,< 20.0
m /sec, and it is therefore quite possible that Shishkin's curve of w,, plotted
against time is valid only under restricted conditions. In case of cumulo-
nimbus clouds with ©w,>20 m/sec, the time distribution of w, may be
different, requiring a sizable correction in the precipitation calculations.

5.8. ESTIMATED EFFICIENCY OF METHODS

Bagrov /3/ has shown that data on the accuracy of a method are in

themselves inadequate to provide an idea of its efficiency. He proposes
the following criterion:

qu—-llr (5‘3)

1—up
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where His the reliability, u.is the total accuracy of all random forecasts

(i. e., forecasts obtained unmethodically, guesses), u the total accuracy of the
method. To estimate the accuracy of random forecasts, one defines the fre-
quency of an event as the ratio of the number of its actual occurrences to the
total number of cases:

M, Ny
P =F P27 [

where @ and g2 are the natural frequencies, ¥ and N,the numbers of cases
in which the event occurs and does not occur, respectively, and N is the total
number of cases.

The total accuracy of the random forecasts is

Up = 917 + @g7y, (5.4)

where m;, my are the frequencies of forecasts of the event in question, relative
to the total number of forecasts. The data of Table 21 yield a value of 0.74
for the reliability of our hail-prediction method, Similar calculations give
the reliability of the thunderstorm-prediction method as 0.86.

In order to determine the reliability of the method for predicting shower-
type precipitation, a three-phase gradation of precipitation was used, in
analogy with that employed at Gidromet~tsentr SSSR /79/: 0.0 ~3.5 mm
(slight rain), 3.6 —8.0 mm (rain), >8.0 mm (heavy rain), Moreover, if the
actual precipitation was seen to be greater or less than the predicted amount,
the forecast was considered inaccurate,

The value of H, and also @i, 92, @3 1, 72, 3, may be calculated from the data
in Table 21,

Use of Eq.(5.4) gave the total accuracy of random forecasts as 0.499.
According to the data of Table 21, the total accuracy of the method, based
on 131 forecasts, was 0.87. The reliability of the shower-precipitation
method, based on the above gradation, was then found from Eq. (5.3) to be 0.74

To be efficient in practice, a prediction method should have reliability of
at least 0.2 —0.3. Thus, thefigures obtained above for the efficiency of our
methods for prediction of hail, thunderstorms and showers show that they
are quite effective and may be recommended for practical and routine use.
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CONCLUSION

The work carried out at the High-Altitude Geophysics Institute from 1960
to 1968 has shown that methods based on the mechanism of shower formation
and on the thermodynamic state of the atmosphere yield highly reliable fore-
casts of the weather phenomena associated with the development of con-
vective clouds. The conclusions drawn from this research are as follows.

1. The potential development of convective clouds depends not only on
the lapse rate and relative humidity of the air, but to a large extent on the
ratio of the masses of air in the active layer and in the penetrating con-
vection layer.

2. The development of convection is influenced by vertical wind shear.

3. Analysis of the distribution of vertical velocities with respect to
time and with respect to the horizontal cross section of the cloud shows
that the most favorable distribution curve of velocities across the cloud
is a parabola with parameter p=4.5- 10% cm/sec.

4. The level at which the updraft speed reaches a maximum coincides
with the level of the maximum radar reflection from the cloud. This level
is characterized by maximum deviation of the curve of state from the
stratification curve.

5. The major hail-producing factor is the existence of conditions for
wet growth in a convective cloud; this in turn depends on the maximum
updraft speed and on the temperature at that level, calculated from atmo-
spheric stratification data,

6. A necessary condition for the initiation of a thunderstorm is that the
cloud contain large-drop and crystal fractions. )

7. Prediction of the amount of heavy shower precipitation requires
consideration of the resolution time of atomspheric instability and of the
time necessary for moisture to collect in the accumulation zone.

8. The calculations have shown that in intensive processes the ac~
cumulation time is on the average one hour.

9., The maximum amount of shower-type precipitation depends on the
maximum updraft speed and on the instability-resolution time. The latter
in turn depends on the updraft speed, averaged over time a‘nd over the
horizontal cross section of the cloud, and also on the relative masses of the
stratification layers. The average precipitation depends on the average
updraft speed.

P 10. Zlc):czmulation of moisture in the atmosphere may be a recurrent
rocess. . -
g ll.ssCalculations have shown that the instability-resolution t1me_ ma); be
as long as two hours, in keeping with the conclusion that accumulation o
moisture due to stratification of air masses may be a recurrenthprocesz-re

12. Our methods for prediction of hail, thunderstorms and s owetrastive

applicable to the territory in which the radiosonde dataarerepresen
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(a radius of 100—150 km from the sounding point). The earliness of the
forecast depends on whether a prognostic stratification curve may be
constructed,

13. The accuracy of the methods depends to a large degree on how well
the prognostic stratification curve represents the changes of state of the
atmosphere when air transport aloft is considerable and there are sig-
nificant changes of pressure at the surface,

14. Since our methods are based on the physical essence of the phenom-
ena involved, they should be applicable regardless of the physico-geogra-
phical features of the territory.

15, Localization of the forecasts requires a study of the distribution
of intensive processes over territory, depending on the synoptic situation.

The accuracy of the hail and shower forecasts is more than 90%,
furnishing confirmation of the assumed mechanism underlying the method,
At any rate, the implication is thatin 90% of cases the hail-formation process
corresponds to the theories developed at the High-Altitude Geophysics
Institute.

The earliness of the forecast depends on the length of time for which the
atmospheric stratification is predicted, allowing for advection as determined
from pressure charts; it is at most 24 hours,

The authors believe that the immediate problem is now how to predict
precipitation from frontal clouds over the entire area of passage of the
front, thus eliminating the restriction to the representative sounding area,
An indispensable requirement for solution of this problem is to increase the
length of time elapsing before occurrence of the predicted phenomena., This
may probably be done by devising a suitable thermodynamic model of a cold
front and determining the conditions for resolution of atmospheric instability
over a large area in frontal processes.

The complications that arise in this context are due to the need to allow
for horizontal airflow and for the specific time-dependence of the various
atmospheric parameters, It may be possible to eliminate the time factor,
as has been done in the solution of actual problems, but the question is
as yet far from clear. All that one can say with certainty is that the
problem is far from solution,
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