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ABSTRACT

The book deals with the ube of radar methods In meteorplogy, some

general problems in radar, the theory of radar sounding of atrmbspheric

formations, and many practical problems in this field.

It is designed for workers in the meteorologic air. ervi'cecar be":

"used by teachers ariu students specializing i q meteorol ogy,*"and .+.-s also

of certain Inte'est to radio sppciarists who engagd in the "introdoc-

tion of radar techniques into tle~nationalecono, . •
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FOREWCRD

The use of radar techniques in meteorology has now become a firmly

established daily practice, and the methods developed during the recent

years continue to be improved,, a fact contributed to the work by domes-

tic and foreign scientists, and also work by practicing meteorologists.

This circumstance has stimulated the authors in writing the present

book.

The book is intended for a broad circle of meteorologists. The

material is developed in it under the assumption that the reader has

sufficient knowledge of both the general methods used to investigate

the atmosphere and meteorological terminology. At the same time, to

make full use of the material on radar measurement methods contained

in the book, the authors deemed it useful to present the reader with

information (in limited volume) on the principles of radar and the

construction of radar stations used for meteorological measurements.

The work on the book was divided by the authors in the following

manner. Chapter 1 and the conclusion were written by the authors

jointly. Chapters 2, 6, and 7 were written by Candidate of Technical

Sciences Lecturer V.S. Nelepets, while Chapters 3, 4, and 5 were writ-

ten by Candidate of Physical-Mathematical Sciences Lecturer V.D.. Step_-;

anenko.

The bibliography for this book was essentially compiled by O.A.

Nelepets of the cataloging division of the State Public Library imeni

M.Ye. Saltykov-Shchedrin.

-2-

FTD-TT-62-1423/l+2



Chapter I

INTRODUCTION

1. BRIEF INFORMATION ON THE DEVELOPMENT OF RADAR OBSERVATIONS IN

METEOROLOGY

The direct utilization of radar observation methods in meteorology

was preceded by the introduction of radio technique into meteorological

practice. The first instrument of this type was the radiosonde of P.A.

Molchanov (1930).

The start of the use of radio methods in meteorological research

began in 1932 with the work of M.A. Bonch-Bruyevich. In subsequent

years methods were developed in the Pavlova (Slutsk) Observatory for

the observation of the motion of radiosondes by using direction find-

ers, and later, in 1943, the ground apparatus used for this purpose

was a pulsed radar.

The difference in the use of a radio direction finder and a radar

for the observation of a moving target lies essentially in the fact

that the direction finder can respond only to radio signals produced

by the target, whereas a radar transmits it6 own radio signals to the

target. Consequently, in the latter case the target does not have to

contain a radio transmitter, and consequently it is called a passive

target, while for the radio direction finding method an active target

with a transmitter is necessary.

An active target affords the possibility of using a method of all-

inclusive sounding of the atmosphere, in which the signals of the

transmitter are controlled.by the receivers of the meteorological ele-

- 3-
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ments coinpriaing the radiosonde (the target).

Further improvements in the target circultryhavo led to the use

of a system of so-called responders, which respond to inquiries from

the ground installation. Technical data concerning these methods will

be considered below.

During the course of development of radar before the second world

war, relatively long radio waves were used. As the techniques improved,

the wavelengths on which the radar stations operated became shorter;

at the ppme time it became clear that radar .1,enals are reflected not

only by"the so-called"taargets (airplanes, ships, etc.), but also by

water drops and iee crystals suspended in the air. An analysis or ex-

ten'sive experim6ntal material discovered, eon the one hang, a connec-

tibn between the propagatlon of the shortest radio waves and the mete-

oroiogical condi.t'ions, something demonstrated in many works [39, 40],

and disclosed on..tte other 'hant Wil cjapab.liiles of observing phonom-

ena in the atmosphere with the aid.of.'r•dar stations. This has handed

the meteorologist a pew and sufficiefitly perfected research method.
* 0

. The ajlvantaees of this method.copared ithlan'alogous optical and

acoustical "methods are considered in Section'2 below. Ther are easen-
55 .. 400. 0

tially manifbst.in the fact that the use'oL'radar apparatus has grpstor

6operating fleoibility. *It is possitle in any wiatber, during any time

of the'day.or the year. The data" obtafned pertaln'to the insjant'olf

"observatioi an'd can 1e directly betcrmined'by 'Visua;Omeahs::Te ,latter

provides the-eiceptional possibility o1g obseryvin4'.•.d..au.'3rocessea in

the atmbapher'e, and furthermore at afly distance within" a)radiub up to

-hundreds of Milometers.

Without complicating the apbaratua, it is poslblq&o obaer•vk.
• S 0 0 0

Multa.ncously several objects locat~d in a -single dlrecton, within,<

ri•c~s e,f a r.or: ,ln. zector or circle,.An .t1e center of whico' the

0I 4

S. 0S

S 0* 0€ 0 ~ *

S. O



radar station is situated.

Specialized radars are used in meteorology to carry out the fol-

lowing observations: measurement of wind velocity and direction at
0

high altitudes, detection of atmojpheric fronts and regions with elec-

tric inhormogeneities of the atmosnhere, and also detection and inves-

tigation of clouds cid precipitation, turbulent and convective forma-

tions of the atmosphere;*the latter investigation became possible af-
0l

ter centim9ter-wave and subsequently also millimeter-wave techniques

.were. mastered..The coordinates, dimension's, shape, displacement direc-

tionari.nd yelocity, and also the tendency in the development'of the ob-

served precipitation regons are determined with accuracy adequate for
:practical .. urk~ses. "

S'.in#.e ., ,ids ~bf .t e materialobtained'by radar obsbrvatiqns of

,pr.ecipitat.ior? help to a consideible degree to cfa3'tfy the mechanisms

-of their foia.ation, in various cloud shapes, which are at difterept

.stages of their" develophent. In particular, the so-called thaw layer,

*the upper limit*or which'.almost coincides withtte. zero-isotherm level,

*was detected; .the influence of the Iolid.phase t"e. foprmhtion of pre-

cpiptat~on was-'determined; the main attfibuted i'istinguishing thunder-

storms from showersewere clarified, etc. :.".- "" ".,

In synoptic practice, data f.otp btle' rdr6;.sta.tibr-s..1p pmake mor&

precise the posrtion of atmospheriq fronts, their .ire6tidnofmot*.oh,

their pate'o~f displacement, and their development d• :by*3tect.,

in.g the precipitation zones connected•with these frpnLa.

Recently there~have ben developed radar, stations capable of de-O*

•tecting not only precipitation but also clouds Ond dieleotric inhomo.

geneit'ies in the atmosphere- in the forls'of inversions and convective

and turbulent formations. These stations operatp on wavel" fram

3 cin to oeveral millimetcrs. They are froquentl callud cloud UeO-tMV

-5-
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since they make it possible to determine the heights of the cloud

layers. If quantitative methods are used to measure the power of the

reflected signals, these stations make it also possible to determine

the water content and the distribution of the drops in the clouds.

Together with development of qualitative observations, investiga-

tions were made on the possibility if quantitative remote measurements

of rain intensity. Special surface and airborne stations were devel-

9ped for the observation of preuipitation zones.

Radar observations and measurements turned ou:ý to be quite valu-

able in the study of the radiowave propagation conditions, and also

for the development of the theory of their scattering and absorption.

At the present time there exist in the USSR and other countries,

along with points for temperature and wind sounding of the atmosphere,

"also radar points for storm forecasting and warning. These points are

equipped with standard 'radar stations, specially adapted for better

-use in meteorology.

According to data in the foreign press, the use of radar methods
S

for the meteorological service has g2xeatly expanded in recent years;
0

"in particular, a project has been proposed [46] to equip 35 meteoro-

logical stations with radars for the observation of precipitation

within a radius of several times ten kilometers and for the observa-

"tions of clouds; millimeter-band radars are used for this purpose. The

USA Weather Bureau had in 1954 22 radars for meteorological purposes

[471, and a doubling of this network was planned for the nearest future.

Radar posts for storm warning are operated also by the Tactical Air

.Com•and of the US Air Force [49]. According to the literature sources

[52], the US Air Force has radars which can detect storms at distances

ex',ccding 600 km.

many US companies, for example Raytheon [48], Bendix [50J and

-6-



also the British firm Marconi [5)4] have built radar stations specially

developed for use in meteorology. The British firm Decca constructed a

radar for the detection of storm fronts [54].

Recently the first station in a special network of hurricane-

warning stations was constructed in the British territories in Africa

[51]. It was planned to construct in Australia [53] 15 radars for

meteorological services.

In the USSR there is also much work done on the introduction of

perfected radar apparatus into the practice of meteorological and aero-

logical observations.

2. FEATURES AND ADVANTAGES OF RADAR OBSERVATION METHODS

The rapid development and introduction of radar methods into the

practice of meteorological and aerological observations are due to the

following reasons:

1) the observation range and the volumes of space covered by the

radar station are much larger than the visible range and volumes;

2) the time required to obtain the over-all pattern of the dis-

tribution of observed meteorological objects within the operating

radius of the radar is very short and does not exceed several times

ten seconds;

3) within the operating range of the station one can obtain both

horizontal and vertical sections through the atmosphere;

4) during a prolonged time it is possible to carry out continuous

observations and measurements of the characteristics of meteorological

objects, including thunderstorm and shower regions; flights in modern

aircraft under such conditions are either impossible or very dangerous;

5) radar observations and measurements can be carried out during

any time of the day, since they do not depend on the visibility condi-

tions, which limit the use of optical instruments;

-7-



6) radar measurements of the characteristics of atmospheric forma-

tions such as the intensity of precipitation, water content of the

clouds, distribution of drop dimensions and crystal dimensions, and

also turbulence and inversion layers do not disturb the natural state

of the fields of these characteristics, as would occur in the case of

airplane, balloon, or radio sounding.

Actually, ordinary meteorological and aerological instruments

make it possible to carry out observations and measurements in small

volumes compared with all of space. As a result the general pattern of

the atmospheric processes can be obtained only from data of a large

numbet of observations and measurements, carried out at many points.

Even when the organization of these observafions is highly perfected,

immediate acquisition of some data over appreciable reglons is prac-

tically impossible, since time must be consumed in their gathering and

processing. Yet in meteorological service the time factor is frequently

exceedingly important, and the timely acquisition of at least the gen-

eral picture of the phenomenon can be much more valuable than delayed

but very precise and detailed information.

Radar methods~are particularly valuable in shore regions under

conditions •hen ordinary meteorcologicaa and aerological .data above the*
00 0

sea and above -inilluminated regions o? the dry land afýe missing.

Of great .significance 1s the remote character of the mealurement % B

of microphysical charapcteristiecs of precipitation and clouds of dif!.

00
ferent shapes. It is further expanded by the possibility of carrying

0

out continuous registration of the.measuremenl result-s, which make-it
50 0 *

possible to determine froma single point the space-timd'e•ariation df * 0 N) -:

these meteorological charactelristics with such detail as would bd " i.."

accessible to any of the existing aerological methods. ."

Knowledge of these'characteristics is essential not only for re- *

•# 
8



liable forecasting of clouds and the phenomena associated with them,

but also for exerting positive action on.them.

Finally, the use of radar stations has made it possible to deter-

mine with accuracy sufficient for practical purposes the velocity and

direction of wind in the free atmosphere under all weather conditions,

day and night, and to much greater altitudes than in the case of op-

tical theodolite observations of a pilot balloon.

-- 9--



Chapter 2

PRINCIPLES OF RADAR

1. GENERAL INFORMATION

The processes occurring during the use of radar consist of trans-

mission by the radio antenna of electromagnetic energy in the form of

radio waves in some direction. These radio waves reach a certain ob-

ject (target) from which they are reflected. In most cases the re-

flected energy propagates from the object also in all directions in

the form of radio waves. Some part, usually very small, of the energy

initially radiated by the antenna of the radio station returns to the

antenna and can be detected with a receiver. This process is accom-

panied by measurement of the direction and of the time.

In the simplest case one determines the direction in which the

antenna radiated the electromagnetic energy or, what is the same, the

direction of the object (target) reflecting the radio waves. Thus, the

pgsition of the radius vector OM is established in three-dimensional

space (Fig. 1). The length of OM is determined by measuring the time

consumed by the radio waves in covering this distance. Knowing the

radiowave propagation velocity c, it is easy to determine the distance

R from the relation

R = ct/2,

where t is the time.

Inasmuch as the time is measured between the instant of radiation

of energy from the antenna and the instant of return of the reflected

energy, i.e., the time consumed in covering the distance 2R is meas-

- 10 -



ured, the time employed in this equation is t/2.

Thus, radar is based on the use or reflection of radio waves from

the observed objects.

The determination of the spatial coordinates of an object is car-

ried out in the following manner:

a) distabce - by measuring the time,

b) angular coordinates - by using direc-

* ational transmission and reception of the

% 4. radio waves.

All radar methods are divided into two

Fig. 1. Three-dimen- principal classes:
sional system for
the determination of 1) systems with continuous transmission,
the coordinates of a
point M in space. 2) systems with pulsed transmission.

The characteristic features of these systems are considered in

Section 4.

All radar systems can be divided into one-position and two-posi-

tion types.

The first type includes systems in which one and the same antenna

or two approximated antennas are used for transmission and reception.

Two-position systems are those in which the antennas are separated by

considerable distances; interest in such systems has increased consid-

erably in recent times.

The use of two-position and multiposition systems in the meteoro-

logical services uncovers the prospects of creating a single radar

transmitter in the center of the observation system and many (several)

peripheral radar receivers, each of which carries out all-inclusive

reception of the reflected signals in its own sector. In such a system

it is possible to carry out specialized observation, in which some

radar receivers observe the running development of various meteorolog-

- 11 -



ical processes influencing the weather forecasting, whereas others,

belonging for example to specialized meteorological stations, carry

out the functions of storm warning.

Such a system is above all economical. The only technical diffi-

culty in this system (using pulsed transmission) is the synchroniza-'

tion of the receiver operation with the transmitter equipment. To ef-

fect ,such synchronization it is possible to transmit from the central

transmitting station, in addition to the sounding pulses, also timing

synchronizing signals, as is done in television systems.

2. PHYSICAL CHARACTERISTICS AND PRELIMINARY TECHNICAL DATA ON RADAR
SYSTEMS

Radar technology employs a wide range of wavelengths (frequencies),

which encompasses in accordance with the existing classification (Table

1) meter, decimeter, centimeter, and millimeter waves, or short and

ultrashort wave bands.

The concept of wavelike propagation of electromagnetic energy is

connected with the notion of an alternating electromagnetic field.

This field (as well as other fields of the same type) is determined in

accordance with modern science as an objective reality, as a. special

form of matter, and is included along with gravitational, meson, and

other fields in the class of physical fields.

The electromagnetic field is the intermediary effecting interac-

tion between charged bodies (electric charges) located a certain dis-

tance from each other in space.

The space im which the radio waves are propagated can be regarded

as a medium having complicated properties; this medium is at the same

time a conductor and a dielectric. It has the following properties:

conductivity a', dielectric constant E', and magnetic permeability i'

Under the influence of the electric field component E, complicated

- 12 -



TABLE 1

1 .3,.a3mn p&,Ioaou J2 A"""aaoJHa s3 q9CTOTaS

ka.lMa,•Hu.•.ue ....... .... .300 o-300 m 10-100 Kral 4

Cpeame .. .. . .. . . .. N 100-1500 r
4fPOWAe~YT.1O~e ... ... . . 0-5 5M0-6"0 r

\eK posue . . 0- u .. 30-- mrra

, e...'d er po awe . ......... o -0 M 300-3 M0 uITU.c3-- eu3 TpOswe .. . ...... .. 100-10 CM .300--.3000 ,r
• I-CaHrII•aeTPoahde ... . . . J 0--I ca 300-30 000 Mrru

J- s.l.m.mezpo,,ue . .. .. .. . . . 10--i MH 3-.110o-3. 1011 1u LL1

1) Radio band; 2) wavelength; 3) frequency; 4)
long; 5) medium; 6) intermediate; 7) short; 8)
ultrashort; 9) meter; 10) decimeter; 11) cen-
timeter; 12) millimeter; 13) shorter than; 14)
kilocycles; 15) megacycles; 16) cps.

motion of electricity takes place in such a medium; namely the motion

of free charges produces a conduction current Jpr and the displacement

of bound charges forms the displacement current Jsm As will be shown

below, the quantitative relationship between these currents in space

is determined by the properties of the medium.

.The total current density in each volume of the medium can be rep-

resented by the expression

J + •E dE

From the physical point of view, the simplest type of electromag-

netic field can be represented as a combination of its electric compo-

nent E and the magnetic component H, which vary harmonically in time .--

and which are related by the following equation:

This quantity is called the-equivalent (characteristic) impedance

of free space and is denoted ZO.

The possibility of determining the field intensity E in the at-

mosphere by measurements with the aid of spheres, probes, etc. was

first pointed out by the inventor of radio, A.S. Popov [16], as long

ago as in 1902.

- 13 -



If the electric field component E varies sinusoidally, the conduc-

tion current is in phase with it, while the displacement is shifted

900 in phase. The higher the frequency of the field (the shorter the

wavelength) and the smaller the conductivity a', the more the displace-

ment current exceeds the conduction current.

The general premises pertaining to the physical and mathematical

interpretation of the problems considered here are discussed in the

scientific literature (for example, [32]), while special problems on

reflection are given in the work of Academician V.A. Fok [151. We pre-

sent below information on the propagation of electromagnetic energy as

applied to the topic under consideration.

From the quantitative point of view, all the properties of the

electromagnetic field (we are referring to the macroscopic field) are

uniquely determined by classical electrodynamics with the aid of Max-

well's system of equations. These equations simplify the treatment of

some of the problems touched upon in this book, and we therefore pre-

sent them here (in canonical form):
__. I aD 4:

roth H T -1-A-R- z J, (I)

, (II)rotE -- OBt'

div D = 4zp.(T)

divB=O, (IV)

with

Here the vectors E and D characterize the electric field, while.

the vectors H and B characterize the magnetic field. The sources that

excite the field are characterized by the density of the free electric

charge p and by the current density J, as shown above. Equations (I)

and (III) contain in the right half the quantities J and p, and this

- .14 -



emphasizes the connection between the field sources and the field char-

acterized by the vectors H and D which are contained in the left halves

of these equations.

Examining Eqs. (I) and (II) simultaneously, we verify that an al-

ternating magnetic field causes the appearance of an alternating elec-

tric field, which in turn generates an alternating magnetic field. A

continuous series of energy transformations takes place, in which the

energy changes from one form to another. It is important to take it

into account here that in such transitions the magnetic energy is pro-

duced not only in the place where the electric field generating it was

located hitherto, but also somewhat in advance of this place, so that

the energy, on changing from one form into another, propagates in ad-

dition around the place where the field is perturbed, in the form of a

traveling wave moving in space.

The Maxwell equations presented above in vector form can be rep-

resented in differential form.

We break up the equations into the following three groups.

The first group shows the connection between the magnetic field

intensity at some point of the medium and the current density at this

point [similar to Eq. (I) given above]:

4-Ex + dH, aH
p dt OY '

4UE - dE, OH, OH,

p "-?/- = .- ; -- •
F di X

The second group in conjunction with the first indicates, like

the foregoing simultaneous examination of Eqs. (I) and (II), the con-

•ect.on beiw•'"n the electric and magne-t. c forces, from whiach it fo)-

- 15 -



lows that any time variation of the magnetic component generates a

variation of the electric component:

dH, M., OE,
-& - dai T'iy

dHM Y , 0OE

dlH, M, aE

The third group includes the so-called continuity equations,

which express the idea that the increase in the number of force lines

contained in some volume bounded by a closed surface is equal to the

increase in the number of force lines leaving this volume:

dH,~ + --- 0
0~ Oy Oz't

E, OE, M,a x + -- -+ --• = o0 .

Since the use of the field essentially reduces to the extraction

of certain energy from the field, distributed over a volume V where

the given field acts, one can speak of a volume density, which is ex-

pressed by the volume integral

V

The variations of the energy W can occur either inside the volume

V, for example, in the form of transition to some other form of energy,

say heat (this includes in practice the case of energy dissipation in

the medium or in the inclusions suspended in it), or outside the vol-

ume V by flow out of the given volume, with conservati-on of its elec-

tromagnetic form.

In the former case the energy converted into a different form per

unit time forms the loss power

P. f iEdV,
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which is expressed in watts.

In the latter case useful radiation power is produced.

If we imagine a certain surface a, bounding the volume under con-

sideration, then at each instant for each square centimeter of the sur-

face there will exist a definite power flux S; it can be expressed in

Gaussian units in terms of ergs per second per square centimeter. It

is obvious that the product of this flux by the area of the surface a

under consideration expresses the power, passing at each instant of

time through the entire surface a, with S being a vector quantity de-

termined quantitatively in the following manner:

# Sda f( o H2 +t

which yields ultimately

0 -:-. 1JEHJ.

The vector S0 is called the Umov-Poynting vector. Its value

changes with change in the vectors E and H, and when the latter have

their maximum positive or negative values, the vector S0 has a maximum;

it is equal to zero when E and H are equal to zero.

The flux of electromagnetic energy (the amount of energy flowing

per unit time through a unit surface perpendicular to the direction of

the flux) is expressed with the aid of the Umov-Poynting vector both

in magnitude and in direction. The direction of the Umov-Poynting vec-

tor is perpendicular to the hypothetical plane that can be drawn

through the vectors E and H. The length of the vector S0 is propor-

tional in the graphic representation to the energy flux density.

The velocity of propagation of radio waves of any length depends

on the properties of the media in which they propagate. In a space

that has no conductivity a', the propagation velocity c is determined

from the expression

-17 -



I

In most practical cases the propagation velocity is assumed to be

c = 300,000 km/sec.

It is known that in free space the propagation velocity is

8
2.99796.108 m/sec. In order to increase the accuracy with which dis-

tances are determined by measuring time, it is necessary to introduce

a correction for the refractive index n as a function of the meteoro-

logical conditions.

For radio waves in the band employed for radar, the refractive

index n, which depends on the density and humidity of the atmosphere,

can be determined from the following expression:

80 (- +- 4M 10-6 i

where p is the atmospheric pressure in millibars, e is the partial

pressure of water vapor in millibars, and T is the absolute tempera-

ture.

According to Yamada [57], the refractive index n of the atmosphere

changes with the altitude. Inasmuch as the refractive index decreases

with increasing altitude, it is necessary, if appreciable altitudes

are used, to determine the curvature of the path of the waves result-

ing from the influence of the gradient of the refractive index in a

vertical direction. The net result is that the radiowave propagation

velocity becomes larger with increasing altitude.

According to the classical theory of electromagnetic phenomena,

the radiowave propagation velocity does not depend on the wavelength,

but the conditions under which radio waves of different length propa-

gate are different.

As they propagate in the space surrounding the earth, electromag-

netic waves can be reflected, refracted, and diffracted. Depending on
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the character of the propagation, a distinction is made between radio

waves which bend around the concave surface of the earth as they prop-

agate and are called ground (or surface) waves, and space (or

sky) waves, which propagate linearly around the earth's sphere

as a result of single or multiple reflection from the upper layers of

the atmosphere - the ionosphere.

Diffraction is a term applied to bending of propagating radio waves

around obstacles which have dimensions commensurate with the wavelength.

Because of diffraction, the surface waves, starting with the longest

waves of the short-wave band (and longer ones), can propagate over dis-

tances of hundreds of kilometers.

An important role was played in the development of the theory of

diffraction by Soviet scientists. These include primarily the works of

Academician V.A. Fok, and also of the Corresponding Members of the

USSR Academy of Sciences A.A. Pistol'kors and Ya.N. Fel'd.

An interesting book on diffraction as applied to radar was writ-

ten by J.R. Mentser [78], who solved several specific problems both

rigorously and by approximate methods. In connection with the equation

for the maximum radar range, which we present below (in Section 5),

Mentser shows that for a single-position system this equation relates

the maximum range with the scattering properties of radar targets,

which are completely characterized by a quantity a, called the effec-

tive reflecting surface of the target, or the radar cross section.

Quantitatively this quantity is defined by the expression

Ww,

where Wr is the flux density of the power dissipated in space, and Wi

is the power flux density of the field of the incoming plane wave.

The quantit a defined aith the aid of the last expression is pro-
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portional to the power dissipated per unit solid angle divided by the

power incident on a unit area. For a single-position system a is a

function of the position of the receiving-transmitting antenna relative

to the target, inasmuch as the radar cross section has different values

for different polarization planes of the incident wave.

Waves shorter than 10 meters are subject to atmospheric refrac-

tion, which is manifest in the deflection of the beam of radio waves

propagating in the lower layers of the atmosphere from straight-line

propagation. The latter circumstance can give rise to errors in radar

measurements. Fennin and Jen [64] investigated errors of this type,

due to atmospheric refraction (the daily variation of the refraction

index).

Of considerable interest is the propagation of radio waves (pre-

dominantly the shortest ones) in the troposphere. As is well known,

the dielectric constant of air in the troposphere is not constant, and

this gives rise-to inhomogeneities. Such inhomogeneities are due to

variations in the temperature and humidity, and under the influence of

the underlying surface and the earth's gravitation these inhomogenei-

ties acquire a stratified character, which in turn creates conditions

for considerable reflection and scattering of radio waves.

The observed variability of the dielectric constant of the tropo-

sphere, as shown by Wheelon [46], influences the propagation of the

radio waves. To an equal degree, the attenuation and fluctuations in-

fluence the propagation of millimeter waves, according to Tolbert'and

Streyton [56].

Problems involving the propagation of radio waves in the tropo-

sphere were the subject of many papers in a scientific conference held

in Moscow in January 1957 [12] concerning problems of long-distance

propagation of radio waves, as well as individual works of domestic
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and foreign authors. Thus, V.N. Troitskiy [13] has shown that quanti-

tative connections exist between the increase in the dielectric con-

stant of air within the confines of the inhomogeneity and the increase

in the humidity and in the temperature. Kitchen and Richmond [58] con-

sidered the question of tropospheric scattering of radio waves by a

troposphere containing inhomogeneities. SCattering of radio waves in

the troposphere (the Booker and Gordon theory of 1950) is the subject

of a paper by W. Gordon [60].

A quantitative determination of the dependence of the field on

the altitude in tropospheric propagation of meter waves was made by

Sexton, Kreylsheymer, and Laskomb [59] using telemetering apparatus

raised by a balloon under anticyclone conditions with pronounced tem-

perature inversion. It was observed that as altitude varied from 15

to 180 meters, the field variation was within 10 db. At altitudes

above 60 meters, the correlation between the fading of the field at

high altitude and at the surface of the earth disappears.

The already mentioned reflection of radio waves can be connected

with multiple scattering within a volume having a large number of scat-

tering inhomogeneities. D.M. Vysokovskiy [2] made an approximate es-

timate of the influence of multiple scattering in diffuse propagation

of radio waves in the troposphere. The results of this investigation

show that the energy scattered in one meter of path amounts to 3.5-10-9

of the incident energy. Say for a path 300 Ian long, the energy scat-

tered at a wavelength X = 10 cm may reach 25% of the initial (incident)

energy. Consequently, one can hardly neglect the attenuation of the--

direct wave due to multiple scattering occurring in the troposphere.

If temperature inversion exists and with it a sharp decrease in

the water-vapor pressure, then conditions are created for super refrac-

tion of radio waves. The latter is manifest in such a bending of the
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radio beam trajectory, at which this bending is equal (or almost equal)

to the curvatu~re of the earth's surface; because of super refraction,

the radio waves propagate in parallel to the earth's surface. 'Under

these conditions, owing to the already noted layered structure of-the

atmosphere there are formed up to altitudes of several t~imes ten meters

so-called atmospheric wave ducts, and under such circumstances the

range of propagation of ultrashort waves can in individual cases reach

2000 Ion and more.

Favorable conditions for the formation of the atmospheric wave-

ducts occur when the upper layers of the atmosphere are exceedingly

dry and warm. Because of this, the density of the upper layers de-

creases, and at the same time the refractive index n decreases, and

consequently anomalous propagation effects are produced.

The normal range of a radar extends to the horizon and conse-

quently depends on the height h a of the antenna. The distance to the

horizon is equal to

D Km= 3,58 Y-h. m

However, anomalous propagation of

d VI radio waves makes it possible for the ra-

dar to "see" much fart'her. For example, at

t Ia wavelength X = 10 cm, when the direct

Fig. 2. Decrease in in- visibility range is about 70 kcm, it is pos-
tensity of electromag- sible to detect by radar over, distances
netic field with in-
creasing distance from exceeding 250 km. Such cases are frequently
the point o.

described in the literature. For example,

a radar in Bombay, located at an altitude h a= 80 meters, had a normal

range of 34~ km, while during the hot season the range increases to 320

and sometimes to even 1120 Ian. A. Klement [~41] cites an example -wherein

this effect was used on the shore of England. A shore radar station of
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the type ANA4PQ-1 operating on X = 3 cm with a normal range of 25 km

detected ships at sea at distances up to 96 km. A method for calculat-

ing the transmission of radio waves in the atmospheric waveguide is

given in a paper by Macfarlane [71], which compares the results ob-

tained with the experimental data,

The intensity of electromagnetic energy is determined quantita-

tively by the intensity of the electric field of the wave E and is

given in volts per meter, while when expressed in terms of power Pz it

is given in watts.

Any propagation of radio waves in space is accompanied by a de-

crease in the propagating energy density (a decrease in intensity)

from point to point in space, reminiscent of attenuation. We must un-

derstand here, however, not some loss of energy, but only its spatial

distribution, as a result of which the field intensity decreases. This

decrease is in inverse proportion to the distance, something that can

be explained in the following manner.

Assume that a source producing the radiation field is located at

the point 0 (Fig. 2). At constant propagation velocity c, the energy W

is transported within a time t1 over a distance rl, where the element

dV1 of the radiation field will occupy a certain volume. In determin-

ing the latter, in view of the small values of the angles .p and *, we

replace the sine by its argument, and obtain

dVI = rjd&rld,•dr = r,2ddý,•Id.

Quantitatively the field energy in this volume will be

dW, = E1
2r,2dT'd,ýdr.

Obviously by the instant of time t 2 the radiation field moves fur-

ther, to a distance r 2 , where the element of the radiation field occu-

pies a volume dV2 . The field energy assumes here the value

dWV2 F %2r2 'dd~dr.
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Assuming that the space between the volume elements dVI and dV2

does not contain any media in which energy can be lost, we can put

dW2 = dWI,

from which it follows that

E2 /El = rl/r 2.

The intensity of the electromagnetic field of the radiation de-

creases in proportion to the first power of the distance from the

source 0. The field energy per unit volume (Just as in the case, for

example, of propagation of light oscillations), decreases in propor-

tion to the square of the distance from the given point of space-to

the radiation source.

In addition to the cause indicated above for the decrease in the

field intensity with distance, under natural conditions there is also

attenuation (weakening) of the intensity in the atmosphere. This is.

caused by absorption and dissipation of energy [14], occurring during

the propagation. These phenomena are caused by the composition of the

atmosphere and by the inclusions suspended in it, for example hydro-

meteors.

In the general case the absorption a of electromagnetic waves

propagating in a humid medium, expressed in decibels, is approximately

equal to

a = 0.3Q/X2 ,

where Q is the rate of precipitation in millimeters per hour, and X is

the wavelength in meters.

Compared with the longer waves, radio waves in the centimeter and

particularly the millimeter band are subject to large absorption. This

absorption is made up of molecular absorption by the oxygen and water

vapor contained In the medium and of absorption and reflection by hy-

dhorneteor elements, predominantly drops of water.
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Fig, 3. Dependence of the attenuation of radio
waves in the centimeter band on the wavelength,
due to the influence of oxygen in air andwater vapor (a), and also due to absorption in
rain of varying intensity (b). i) Wavelength,

cm; 2) attenuation, db/km; 3) oxygen (pressurep =760 mm Hg); 4) water vapor (specific hu-
midity 8 g/m3 ); 5) amount of precipitation,

mm/hr.

The quantitative influence of these factors [43] is illustrated

by Fig. 3, which shows the daxnping of radio waves of the centimeter

band under the influence of the oxygen in the air and water vapor, and

also absorption in rain of varying intensity.

For the band under consideration, the variation of the attenua-

tion [44] as a function of wavelength, expressed in decibels per kil-

ometer, is shown in Table 2.

TABLE 2

1CM 1. 2 "3 4 5 6 8 10
a 0.20 0,075 0.032 0.014 0.007 0,0031 0,001 0.003

Decimeter, centimeter, and milldmter waoes (are ssubject to scat-

tering as a result of the inhdagmng ty of £a e w taoposphere as the
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propagation medium. Waves up to 1.5 cm are absorbed more in summer

than in winter, while the opposite holds for longer waves.

The question of attenuation (joint scattering and absorption) of

centimeter waves in gases, and also by liquid and solid particles con-

tained in the atmosphere, was considered in sufficient detail by J.

Ryde [75]. The author of the article characterizes the attenuation, in

decibels per kilometer of path, by the following expression:

where N is the number of drops per cubic centimeter of air, D the drop

diameter, fa a function of D/X and M as the ratio of the energy ab-

sorbed and scattered by one drop to the energy of the wave front per

area of the drop projection; for the interval 0.005 < D/X < 1 the func-

tion fa ranges between 0.001 and 5. M is a parameter determined by the

coefficient of refraction and by the coefficient of absorption.

Ryde believes that the intensity of a parallel beam crossing an

absorbing and scattering medium decreases exponentially. The article

makes use of the law of random distribution of the scattering par-

ticles, so that the electromagnetic energy radiation scattered by these

particles is assumed to be perfectly noncoherent.

Analyzing the question of the intensity of the reflected signal,

Ryde defines in his paper the equivalent reflecting surface of the tar-

get as the projection of an ideally reflecting sphere,. and gives for

an equivalent surface in the form of a gale an expression

A O.90Zr' 26NS. IO8T M.,

where T is the duration of the pulse in Vsec, r the distance to the

gale in kn, e the aperture angle of the directivity pattern (in terms

of power) in degrees, N the number of drops in one cubic centimeter, S

the zcatter-Ing function of a single drop, T part of the wave-front en-
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ergy incident on the front of the gale, and • a coefficient which

takes into account the attenuation in the gale itself. Averaged values

are used for NS, q) and f.

The factors considered here, which cause attenuation of the elec-

tromagnetic field in space, depend on the properties of the medium in

which the electromagnetic energy propagates. In the case of radar

these factors influence the intensity twice, when the sounding pulse

travels from the radar antenna to the target and then when the energy

reflected from the target returns to the radar antenna.

There are reasons for the attenuation of the received signals,

depending on the laws governing the propagation of the electromagnetic

energy and the structure of the radiowave field. These include, for

example, changes in the polarization of the radio waves.

It is known that electromagnetic waves have two components, elec-

tric and magnetic. When the radio waves propagate in free'space, these

components are in mutually perpendicular planes, and the vectors E and

H of the electric and magnetic components, respectively, are perpen-

dicular to the direction of motion of the wave. The polarization plane

of the wave is defined as the plane passing through the vector E in

the direction of motion of the wave.

The influence of polarization on the reception strength was in-

vestigated by many researchers, and the results obtained can be found

in the book by V.N. Kessenikh [25]. An interesting study as applied to

radar problems was carried out by W. Sharpless [74] who carried out

investigations at a wavelength X = 3 cm. The author of the article ob-

served the propagation of the waves under normal and anomalous condi-

tions and made a comparison of vertically and horizontally polarized

waves. He observed a decrease in the intensity of the signal by more

than 20 db, and showed that there is no essentlal difference in the
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propagation conditions of vertically and horizontally polarized waves.

In addition, it was established that antennas that have sharper direc-

tivity ensure smaller fading of the received reflected signals.

In the general case polarization manifests itself as follows: if

the position of a linear receiving antenna in space is such that its

axis coincides with the direction of the vector of the electric com-

ponent E of the radio wave, then, other conditions being equal, maximum

reception takes place. During the process of radiowave propagation (in

particular the shortest waves), under certain conditions a change

takes place in the position of their polarization plane under the in-

fluence of various factors, which include the existence of two or more

beams in the plane, and their plane of polarization rotates with dif-

ferent velocities. Inasmuch as the components of such a wave are not

mutually parallel in individual points of space along the direction of

the propagation of the wave, their interaction occurs at various

angles. Under these conditions, owing to the interference, the result-

ant vector describes a circle or an ellipse, and thus electromagnetic

fields are produced in space with circular or elliptical polarization.

During the time of magnetic storms [34], rapid rotations of the

plane of the polarization are possible and are caused by strong changes

in the earth's magnetic field. Changes in the plane of polarization

influence the intensity of the received signals.

Losses in free space, in the case of variable microwave-frequency

fields, are due to the fact that the polar molecules* of the substance

(in this case the gas) attempt to follow the variations of the field.

Opposing this motion are the forces of mutual attraction between the

molecules, so that such motion lags behind the variations of the elec-

tric high-frequency fields, and this is manifest in the occurrence of

energy losses in tim substance.
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However, the process of radio-wave propagation is accompanied not

only by energy losses. Let us imagine two regions in space with dif-

ferent values of the parameters F- and p'; this case corresponds to

different values of the radio-wave propagation velocity in these two

media. If the front of the radio wave during the course of its dis-

placement encloses in part (not with the entire front) a region with

different values of 6' and p.' than the values of these parameters for

the remaining portion of the front of the wave, then the portion of

the wave front under consideration will propagate more rapidly (or

more slowly) than the remaining portions. The result will be a change

in the front position and, as a consequence, a change in the direction

of motion of the electromagnetic energy in space.

When we mentioned above the properties of the electromagnetic

field in connection with Maxwell's system of equations (Eq. V) we

noted that the vectors D and B, and also the current density J, depend

on the properties of the medium (on the values of E', V', and a'). In

their propagation, the electromagnetic waves may encounter on their

path regions (volumes of space) which have not only smooth but also

abrupt changes in the values of these parameters, and in particular

one observes an abrupt change in the dielectric constant c', which

gives rise to reflection of the electromagnetic energy from the bound-

ary of the media.

A. Stickland showed in his paper [72] that a change in the dielec-

tric constant c by merely about 10-5 is sufficient for the occurrence

of the reflection effect. Such conditions can be observed when the

water vapor pressure changes abruptly by 1 mb, something possible when

the relative humidity changes by 45% under conditions of a temperature

inversion of 20.

As foliows from the foregoirg equations of the electromagnetic
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field, a change in the parameters of the medium gives rise to a redis-

tribution of the balance of energy between the electric and magnetic

components of the field. It must be noted, however, that such a redis-

tribution on passing through the aforementioned boundary between two

media cannot be effected at the expense of adding energy from the

medium to the energy of the wave, but is the result only of the reflec-

tion of part of the incoming (incident) energy. This explains, in par-

ticular, the possibility of radar detection of dielectric inhomogenei-

ties of the atmosphere and in other meteorological objects.

In radar location of single and group targets (airplanes, ships,

etc.), there are methods for calculating [28] the reflecting proper-

ties of such objects, which make it possible to establish with some

degree of accuracy the effective reflection areas; there are unified

data for the simplest reflectors.

The similar problem for radar objects of meteorological character

is made difficult by the fact that an account of the reflecting prop-

erties of such objects must include a large number of components, many

of which cannot be established for each case with satisfactory accu-

racy. In calculations of this kind one must take into consideration,

for example, such quantities as the mean effective area of the drop

and the number of drops per unit volume, and also the dielectric con-

stant of the medium and the coefficient of energy absorption at a

given frequency. The last two parameters vary over a wide range. As

was shown by J. Sexton [59], who carried out measurements at wave-

lengths X = 1.6, 3.2, and 9 cm, the dielectric constant varies from

1.0051 + 0.0001 to 1.0056 + 0.00005 as compared with the static value

1.00587. The foregoing makes it difficult to establish unified values

for the effective area of meteorological objects.

Let us become acquainted with general considerations pertaining
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to the effect of reflection.

The majority of ordinary radar targets are metallic surfaces, for

example airplanes, ships, etc. In th~s case the surface of the object

behaves for the incident wave like a dissipative medium, which lets

the field of the incident wave penetrate to a depth of a very thin

layer with very small resistance, where the power factor is close to

unity. As the wave penetrates further in this thin layer, the inten-

sity of the wave decreases exponentially. The reflection coefficient

over a wide range of frequency, up to the highest ones, is close to

unity; intense reflection takes place in the presence of such a medium.

The angle of incidence at which the energy arrives at the irradi-

ated surface does not exert a decisive influence on the character of

the phenomena under consideration.

When touching upon an estimate of objects (media) which uo not

have the character of metallic surfaces, we note that, as was indi-

cated above, the ratio of the conduction current to the displacement

-current may be different in different media. Quantitatively they are

determined by the values of the conductivities a and wE, and for the

majority of meteorological objects of interest to us

0 << wE,

which enables us (as will be shown below) to classify these objects as

dielectric media.

For the case when

c= I,

i.e., the impedances are matched, the energy of the incident wave is

completely transferred from the first medium to the second, and by the

same token no reflection will occur from the separating surface.

The boundary between two zones with different values of the param-

eters e', p', and a' is regarded as a discontinuity. Here, in addition
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to the foregoing, a change takes place in the value of the character-

istic impedance Z0 and consequently conditions are produced for reflec-

tion, which in this case is equivalent to backward radiation of part

of the incident energy.

Radar signals can be reflected by artificial objects on land, sea,

and in air (airplanes, radar beacons, radio targets of meteorological

pilot balloons) and also natural objects such as meteorological objects

(precipitation, clouds, etc.) and special layers of the atmosphere.

From the point of view of physics, the processes involving reflec-

tion of electromagnetic waves are represented in the following form.

Assume that on a plane surface, say a boundary between two media,

there is incident an electromagnetic wave in which the components of

the electric field E and of the magnetic field H are in phase. In ac-

cordance with the principles of electrodynamics, the summary (result-

ant) electric field in the reflecting plane should be equal to zero.

Therefore the field component E is reflected with the phase inverted,

i.e., reverses sign. At the same time, the intensity of the magnetic

field (the field component H) is reflected without change in phase,

and consequently the resultant amplitude of the component H is doubled,

i.e., it has a nonvanishing value directly at the surface, in a layer

of infinitesimally small thickness. In this connection, an unlimited

current flows through this layer, the density of which is infinite,

inasmuch as on the surface we have

rot H =

In the case of total reflections, the components E and H inthe

reflected wave are shifted in phase 1800 relative to each other.

The quantitative relationships in the case of irradiation of an

object can be represented in the following fashion.

The incident plane wave, which moves in a dixectIon, i.e., nor-
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mal to the surface of the irradiated object, has a horizontal plane of

polarization, in which lies the vector of the electric component E.

The vector of the magnetic component H of the incident wave is directed

parallel to the surface of the reflecting object. Physically, when the

direct wave strikes the surface of the object, two processes occur:

part of the energy can be reflected, and another part can penetrate

inside the object. These processes are characterized from the quanti-

tative point of view by a reflection coefficient p0 tr and by a trans-

mission coefficient ppr"

Were there to exist only one direct (incident) wave, then the

boundary condition, namely that the intensity of the electric field

component E must vanish for any instant of time, would not be satis-

fied. If there exists another wave, then the resultant field, equal to

the sum of these two components, is sufficient to satisfy the boundary

condition.

Denoting the propagation constant by 'y, the damping by a', the

phase factor by P', and the wave resistance by p', we writethe value

of the resultant field for the boundary surface of the reflecting ob-

ject; in accordance with the statements made above this value consists

of the values of the amplitudes of the incident and reflected waves:.

Erp E.u exp ("'z) ±Eo" exp(- T•Z),
H~p - -ex ('z - ep -- ',

where

T'=s'+iP.

The reflection coefficient Potr is equal to the ratio of the com-

plex amplitude of the reflected wave to the amplitude of the incident

wave on the separation boundary between the two media

BOTP ,
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where p'1 is the wave resistance of the first medium, and P' 2 is the

wave resistance of the second medium. The coefficient potr assumes

values between 0 and 1.

Let us consider the limiting cases, which depend on the proper-

ties of the medium. If the wave resistances of the first and second

media are eq-1. to each other and consequently the tangential compo-

nents of the vectors E and H are equal on both. sides of the separation

between the media, then Potr = 0, i.e., there will be no physical re-

flection process and the entire incident energy will go over into the

other medium. At the same time, as noted above, the change of the im-

pedance Z0 of the individual portions of the medium, without influ-

encing the value of the wave impedance of the medium as a whole, serves

nevertheless as a cause of reflection of electromagnetic energy.

At the start of the section it was indicated that the representa-

tion of the total current density is made up of the concepts of the

conduction and displacement currents of which it is made up. The quan-

titative relationships between these currents make it possible to

classify the medium as a conductor or as a dielectric.

If the medium has properties expressed by the inequality

0 >> EW),

it approaches an ideal conductor with conductivity

and consequently with wave resistance

p1t 0.

In this case total reflection takes place (potr =-1) and the en-

ergy passing to the second medium is quantitatively equal to zero.

Inasmuch as the energy flux cannot penetrate under these condi-

tions tk the boundary separating the media (for example between

the Tree -pace and the Irradiated object), and the vector E is equal
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to zero, the component of the Umov-Poynting vector

So= -IEHI,

normal to the surface of the irradiated object is also equal to zero.

It follows from the foregoing that the entire energy carried by

the incident wave should be reflected if the medium does not contain

any inclusions on which the energy can be dissipated (absorbed) at

least in part.

If the properties of the medium are expressed by the inequality

a << EW,

then such a medium should be regarded as a dielectric.

The expression

gr'

which is evidence of the equality of the conduction current to the dis-

placement current, makes it possible to establish the limiting fre-

quency

above which the predominant role is played by the displacement current;

consequently, the medium should be classified as having dielectric

properties. At frequencies below f gr' the predominant role is played

by the conduction current, pointing to the "conductor" character of

the properties of the medium. At radio frequencies the conduction cur-

rent exceeds, in practice, the displacement current by millions of

times.

Summarizing the foregoing, we shall use the expressions derived

above for the determination of fgr of meteorological objects. We as-

sume E = 80E0 (where eC is the dielectric constant of vacuum); allow-

ing for inclusions, 0 = 3-5 mho (reciprocal ohms). For these data, the

limiting frequency will equal approximately several thousand megacycles,
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which corresponds to the centimeter wavelength band. Consequently, at.

the shortest waves of this band and at waves of the millimeter band

the meteorological objects observed by the radar method must be re-

garded in the general case as dielectrics.

Radar objects are characterized by a reflecting ability which de-

termines the amount of electromagnetic energy returning after reflec-

tion from 'the object to the antenna of the radar station. The reflect-

ing ability depends on the form and dimensions of the objects and to a

considerable degree on the character of the substance (material) of

which the reflecting object is made up, and also on the extent to

which its surface is "smooth."

In analogy with light rays reflected by different surfaces, one

can say that irregularities on the reflecting surface exert an influ-

ence on the position of the front of the reflected wave. Surface ir-

regularities break up the front of the reflected waves if these irreg-

ularities exceed X/8 in height and in depth. Thus, say, a coarsely

ground glass plate, which does not reflect visible light, reflects

well the rays of the longer-wave infrared light. Reflection from rough

surfaces was investigated by V. Twersky [65].

Radar reflection depends among other things also on the smoothness

or roughness of the reflecting surface in the respect that in the

case of a smooth surface the incident energy experiences specular re-

flection; this process is explained in Fig. 4a. In the case of a rough

and uneven surface diffused scattering of energy takes place, similar

to that shown in Fig. 4b. The foregoing pertains predominantly to sur-

face targets.

Radar detectIon of three-dimensional targets has its own specific

nature. Many three-dimensional observation objects (three-dimensional

targets), among which are included aerological objects, consist of a
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large number of independent single scattering

particles, so that statistical laws can be

a) .applied with respect to such targets.

* The problem of radar detection and ob-Sk j.

servation of atmospheric formations (rain,
b6f snow, cloudiness, fog) and the associated

Fig. 4. Specular re- problems of absoypi-ion of microwaves, as well
flection (a) and
dfusetion satteng as the quantitative relationships in thisdiffuse scattering

(b). field has been developed by I.M. Vysokovskiy

[1]. Chapter 4 is devoted to these questions.

The intensity of the reflected radar signal is determined within

known limits by the area of the projection of the object on a plane

perpendicular to the direction of propagation of the radio waves inci-

dent on the object; it is understood here that for a given range the

linear dimensions of the object do not exceed the width of the beam of

radio waves incident on the object. For a quantitative estimate of the

intensity of the reflected signal, of great importance is the angle

formed by the plane of polarization of the incident wave and the plane

in which the reflecting object is situated. The maximum intensity of

reflection is observed when the vector E of the incident wave is ori-

ented normal to the reflecting plane.

3. DIRECTION OF RADIATION AND RECEPTION OF ELECTROMAGNETIC WAVES

As was mentioned in Section 1, the determination of the angular

coordinates of radar objects is made by using directional transmission

and reception of radio waves; this directivity is realized by means of

special antenna devices in the radar stations.

Relegating the study of the directional properties of antennas to

the specialized divisions of radio engineering, we present here only

brief information necessary for the exposition that follows, and the
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readers desiring to become acquainted in greater detail with this prob-

lem as applied to the given case are referred to the series "Radar En-

gineering" [4, 5].

A specified maximum operating range of a radar station is attained

with the aid of directional antennas by concentrating (focusing) the

radiation in a given direction. Such a concentration of the energy is

the result of a suitable decrease in the radiation intensity in all

other directions except the one specified. The directional action of

antennas is thus a function of the direction.

The field intensity produced by a directional antenna in'a given

direction depends on two factors: first, on the efficiency, quantita-

tively determined by the relation

pz

where P is the power radiated by the antenna and P0 is the power fed

to the antenna; second, on the directivity coefficient. The latter is

defined quantitatively for each individual direction as the ratio

0£2

where E0 is the field intensity in the given direction and Esr is the

value of the field intensity produced in the case of isotropic radia-

tion, averaged over all directions.

The characteristic value of D is usually taken to be the value of

this parameter taken for the direction of the principal maximum of the

radiation.

If we take into consideration the fact that the square of the

field intensity is directly proportional to the radiated power causing

it, we can characterize the directional action of a transmitting an-

tenna by a ratio which shows by how many times the power directed by a

nondirectional antenna must exceed the power radiated by the direc-
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tional antenna under consideration in a given direction in order that

both compared antennas produce at a certain distance from the trans-

mitting antenna, at the-reception point, a field of equal intensity.

In other words, we are speaking here of the power advantage resulting

from the use of the directional antenna.

As the standard antenna with which the comparison of the antenna

under consideration is made we can use an isotropic (pointlike) radi-

ator in free space, a Hertz dipole, i.e., an infinitesimally small

radiator with uniform current distribution; the radiation of which is

received in the equatorial plane, or else a real half-wave antenna.

The latter type of standard antenna is much easier to realize in prac-

tice than, say, an isotropic radiator, inasmuch as an inherent prop-

erty of all simple antennas is not to have any radiation in certain

directions. Therefore an isotropic radiator is used predominantly only

in theoretical calculations.

Quaintitatively, the concept of advantage referred to' above is

characterized by the value of the gain, which depends on the direc-

tional properties as well as on the efficiency of the antenna, i.e.,

gain = directivity x efficiency.

The directional antennas used in radar devices can be broken up

into the following groups:

a) antennas made up of elements, namely of half-wave dipoles,

b) reflecting antennas, which make use of reflectors (mirrors) in

the form of paraboloids of revolution and parabolic cylinders,

c) antennas using other optical methods, such as lens antennas,

d) dielectric rod, slot, and other microwave antennas.

The directivity of antennas can be represented graphically with

the aid of dlxze-tvity 'patterns, which characterize the radiation (re-

•ma t~n' e 'aznfteura -n the horizontal and vertical planes. Direc-
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tivity patterns in the horizontal plane are constructed in polar and

rectangular coordinates (Fig. 5). Diagrams in polar coordinates are

more illustrative, in that they represent in a certain scale the pat-

tern of radiation distribution (or reception distribution) over the

terrain.

In both types of diagrams it is advantageous to express the inten-

sity (for example the field intensity) in relative units, assuming,

say, the maximum value of the field to be 100%.

A directivity pattern in polar coordinates is essentially the geo-

metric locus of the points formed by the end of the radius vectors

drawn from the origin in the specified directions, indicated by the

given radius vectors; the lengths of the latter are proportional to

the field intensity at a definite distance.

im. 2 60, 20

Z40 00 I8o 270 360W

Sb)
190. 1 80 1165

Fig. 5. Radiation characteristics of a direc-
tional antenna in polar (a) and rectangular
(b) coordinates.

From the directivity pattern in the horizontal plane it is also

possible to determine one of the essential characteristics of a direc-

tional antenna, namely the aperture angle 0 of the diagram. The aper-

ture angle of the directivity pattern, plotted in terms of power, is

measured at the points corresponding to half the power (Fig. 6a),

while for the diagram plotted in terms of the field it is measured at
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Fig. 6. Aperture angle of the directiv-
it pattern plotted in terms of power
(a and field intensity (b).

the points corresponding to 0.707 of the maximum value (Fig. 6b).

The above-described directional action of transmitting antennas,

resulting from focusing, is manifest in the fact that in some direc-

tions (one or two) the radiation intensity of the electromagnetic en-

ergy is predominant compared with others; by virtue of the reciprocity

principle, which enables us to speak of the reversibility of transmit-

ting and receiving antennas, it is from this direction that the most

Intense reception takes place, as compared with other directions.

For receiving antennas, the parameters described above have the

following physical meaning.

The directivity coefficient of the receiving antenna is defined

as the ratio

D = PIPsr'

where P is the power at the input of the receiver in the case of recep-

tion from the given direction and P sr is the average value of the,

power for reception from all directions.

If we take into consideration the fact that the input power of

the receiver is proportional to the square of the input voltage, the
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foregoing expression for the directivity assumes the form

D~2/U2rD = U2sr

where U is the voltage at the input of the terminal in the case of re-

ception from the given direction and Usr is the mean square value at:

the input of the receiver in the case of reception from all directions.

The efficiency of the receiving antenna is accordingly equal to

the efficiency determined for the same antenna used as a transmitter.

The gain of a receiving antenna in a given direction is the ratio

of the power received at the input of the receiver from the given di-

rection to the power received at the receiver input using a standard

antenna of one of the types referred to above.

Radar antennas for microwave frequencies are made predominantly

in the form of parabolic reflectors. When such a reflector has a diam-

eter D meters, its effective radiation area is equal to

A = 7rD m2

e

and forms a beam of round cross section. The calculated aperture angle

of the directivity pattern (Fig. 6a) of the reflector is given by the

expression

__- _- radians.

In practice this value of D is approximately 25% higher.

If we take the ratio of the maximum density of the energy radiated

by the reflector under consideration to the energy density of an iso-

tropic radiator, then the gain will be

G = 8"rA/3x 2 . '()

In practice the radiation of a reflector is produced by a half-

wave dipole placed at the focus of the reflector and making a right

angle to the reflector axis. In such a position, the gain exceeds by

one and a half times the gain of an isotropic radiator, I.e-,
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The symbol A entering into this expression has the significance

of an effective area in the case of a receiving antenna. It can be

shown [27] that this concept and the concept of gain Go introduced

above are connected by the relations:

Oo-4=-A

A "

According to the reciprocity principle, these expressions hold

true for any antenna possessing directional properties, whether used

for transmission or reception.

In the general case the value of the gain Go, determined in the

direction of maximum radiation, is assumed to be as the nominal one

for the given antenna, characterizing the gain produced by the antenna.

It can also be used to construct relative diagrams (Fig. 5) of the ab-

solute energy densities or fields. For this purpose the energy density

W for a power P supplied to the antenna, at a distance R from the an-

tenna, which density is equal to P/47R2 , must be multiplied by the

gain Go in the direction of the maximum radiation in all other direc-

*tions.

If the concept of the gain is defined as the ratio of the power

P2 in the nondirectional antenna (standard) to P1 in the directional

antenna, both antennas producing identical energy densities at a given

distance, then the gain can be expressed in decibels using the follow-

ing relation

0- 43g -2-db
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4. RADAR SYSTEMS AND STATIONS

System with Continuous Radiation

This system operates in a mode in which the transmitting part

(Figs. 7a and b) of the radar station generates continuously during

the entire time. Because of this, the transmitting antenna radiates a

Fig. 7a. System with continuous radia-
tion. 1) Transmitter; 2) transmitting
antenna; 3) sounding beam; 4) object
(target); 5) reflected signal in the re-
ceiving antenna; 6) receiving antenna;
73 receiver; 8) converter and amplifier;

indicator (head phone).

directional beam of radio waves with phase exp (jwt). An object located

at a distance R reflects part of the energy, which returns to the an-

tenna with a different phase, equal to exp (jwt -- 2kR), where k = 2r/X.

The amplitude of the reflected signals at the antenna will always be

considerably smaller than the amplitude of the radiated signal, and in

practice can be 10-9 times weaker. The latter circumstance raises con-

siderable difficulties in the direct determination of the phase of the

reflected signal.

A system with continuous radiation can be built using some type

of modulation such as shown, for example, in Fig. 7b. Here the fre-

quency of the radiated oscillations (the wavelength) changes monotoni-

cally and periodically from a certain mean value f0 , in both direc-

tions, by an amount Af. Because of this, the frequency of the radiated

oscil-aticzm has for each instant of time a value different from that

t ha't di.&ea 'vre -this •n•tant. At the receiver input enter os-
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cillations with frequencies fl and f2 as a result of which there is

produced at the receiver output an oscillation with frequency f3 ' as

shown in Fig. 7b. At each instant of time the frequency is f 3 = f-f 2 ;

it can be shown [23] that the frequency f 3 is proportional to the de-

termined distance d. This circumstance enables us to feed the voltage

with variable frequency f 3 from the output of the receiver to a meas-

uring instrument such as a frequency meter, the scale of which is cal-

ibrated directly in units of distance to the observed object.

.Systems with Pulsed Radiation

The pulsed mode is characterized by

r generation and radiation into space of

short-duration radio wave transmissions,

called the main sounding pulses, of dura-

f , 642 tion 'ri" The main pulses alternate with

o t longer pauses, of duration tp; during

the time tp the transmitter is discon-

Fig. 7b. Formation nected from the antenna and the receiver
of difference fre-
quency f3 under the connected. The latter receives during

influence of fre-
quency modulation of the pause the signals (reflected pulses)
the radiated oscil-
lations, fI is the from the objects, which return to the

change in the radi- antenna of the station.
ated oscillations
and f 2 is the change A strict rhythm of the operating

in the reflected
signal. sequence of all the elements of the

radar station is maintained by a device called the timer.

A block diagram of a pulsed radar station is shown in Fig. 8. It

includes the following:

an antenna intended to radiate electromagnetic energy in the form

of radio pulses in the transmission mode, and to receive the energy of

the radio waves reflected from the object in the reception mode;
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Fig. 8. Block diagram of pulsed system.
1) Antenna; 2) antenna switch; 3) trans-
mitter; 4) high-frequency generator; 5)
modulator; 6) timer; 7) antenna position
indicator; 8) indicator; 9) receiver;
10) transmission lines; 11) antenna motor.

a transmitter, which generates high-frequency oscillations in the

form of radio pulses, the form and duration of which are set by means

of the modulator in response to the triggering of the pulses of the

timer;

a receiver, which receives and amplifies the reflected pulses and

transforms them into a voltage which is fed to the indicators;

an antenna (TR) switch (usually not mechanical), used to connect

the antenna alternately to the transmitter and to the receiver;

a timer, intended to generate triggering pulses in strictly de-

termined time intervals; these pulses control, via the modulator, the

repetition frequency and the duration of the high-frequency generator

pulses. During the reception time t the timer unblocks the receiver

circuits and in addition triggers the sweep circuits of the indicators.

The block diagram considered applies equally well to radar sta-

tions operating in the meter band and to stations in the centimeter

band. The difference between these cases lies only in the construction
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of the high-frequency elements, which include

the antenna unit with the circuits feeding it

-0 and the receiver and transmitter circuits,

including also the radio tubes.
A

Antennas for meter wavelengths are struc-

Fig. 9. Formation of turally arrays of elementary dipoles, and
a plane wave by a
parabolic reflector. this ensures their increased directivity.
A) Radiator.

Antennas for centimeter and millimeter

wavelengths comprise a combination of a waveguide, feeding the radio-

frequency energy, and a radiating element located at the focus of a

reflector. The latter ensures, as a result of its focusing action, the

required form of the directivity pattern in transmission and reception.

In the general case reflectors of this type are in the form of a para-

boloid of revolution, but depending on the problem to be solved, the

reflector may have a somewhat different form. The formation of a plane

wave by such a structure during the course of the radiation of electro-

magnetic energy is illustrated in Fig. 9.

The gain of an antenna of this construction for a reflector of

radius r, in the focus of which (Fig. 9) is situated a radiator 0 is

given by the formula

where k = 3.8.

The gain given here.for the parabolic reflector characterizes the

radiation in the principal direction, which coincides with the reflec-

tor axis. Simultaneously with radiation in the principal lobe (i.e.,

within the limits of the angle 4 on Fig. 6), however, there is also

formed harmful radiation in the form of the so-called side lobes,

which are symmetrically situated on both sides of the diagram of. Fig. 6.
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Elimination of the undesirable radiation

__in the form of side lobes of the diagram

is effected by choosing the optimum irradi-

Fig. 10. Portion of ation of the paraboloid, something done
sweep on a type-A indi-
cator with visible during the adjustment of the station in
noise (interference
background). the plant.

As indicated above, the directional action of an antenna depends

on the ratio of the reflector diameter to the wavelength at which the

system operates. Therefore in practical conditions an increase in the

directivity is attained in two ways. The first is to decrease the op-

erating wavelength, this being one of the reasons for the- evolution of

radar units toward the use of shorter and shorter wavelengths. The

second means is to increase the dimension of the radiator or reflector,

something effected in the work described in the next chapter.

The receiver of a radar station performs the following tasks: to-

gether with the antenna it detects signals (even those of very low in-

tensity) reflected from objects located at a certain distance; these

signals are amplified to an amplitude sufficient for optical display

on the indicator. The decisive factor in the operation of the receiver

is the presence of interference, called noise, in analogy with acous-

tic noise produced by interference during the reception of sound sig-

nals in a loudspeaker or in earphones. The appearance of noise is mani-

fest in the present case in the fact that the screen of the radar in-

dicator is cluttered with visible images of the "background," In addi-

tion to the useful image, as shown in Fig. 10. It is unavoidable for

the useful-signal image of low amplitude to remain undetected in the

presence of such a background, and "drown" as it were in the image of

the background. Because of this, naturally, the question arises of in-

creasing the amplitude of the signal relative to the noise amplitude,
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which leads to specific requirements imposed on the gain of a radar

receiver.

In this connection, when determining the sensitivity of a radar

receiver one starts from the signal/noise ratio. The nature of the

noise *is explained by the random motion of charges in the substance

(so-called thermal motion), fluctuations of the current in vacuum

tubes, and also electromagnetic processes of galactic and cosmic ori-

gin, i.e., noise entering the antenna from the outside.

The physical process of amplification in the radio receiver cir-

cuits excludes the possibility of first separating the noise from the

useful signal so as to amplify the latter separately. In practice, a

real receiver always possesses internal noise; consequently, for a

quantitative estimate and comparison of receivers one starts from the

signal/noise ratio at the output of the receiver and the concept of

the noise figure, expressed in decibels, is used. For example, for the

type SCR-584 radar, which operates in the centimeter band, this param-

eter amounts to 15 db [82].

The indicators of radar stations can be made in the form of a

cathode ray tube, an instrument with a pointer type meter, in the form

of an electroacoustical unit, etc. In meteorological radar stations

one uses essentially indicators in the form of a cathode ray tube.

Such an indicator is similar in appearance to the screen of a

cathode ray oscillograph (oscilloscope).

Among the large variety of cathode ray indicators, the ones used

most frequently in meteorological radar are the circular-scan indica-

tors (IKO) and type-A indicators.

The screen of a circular-scan indicator is shown in Fig. Ila. The

center of th Jmage coincides with the location of the radar station.

The distances are determined along the radii; for convenience in read-
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Ing, the indicator is fed with voltage from a special unit called the

calibrator, so as to form scale rings (range circles) on the screen.

The azimuth is determined on a scale surrounding the screen. A

(weakly) strobing beam moves around the center, over the screen, with

uniform velocity; its azimuthal position at each instant of time coin-

cides with the direction in which the antenna radiates the main pulse.

If an object reflecting the energy of the main pulse is situated in a

given direction at a certain distance from the radar station, the

strobing beam forms on the screen a bright spot, the position of' which

makes it possible to determine the azimuth and the distance of the ob-

ject relative to the location of the station. The screen of such an

indicator should have considerable persistence, i.e., it should be

able to retain the image visible on it for -a certain time.

The intensity of the reflected signal influences the brightness

of the light spot it produces on the screen; this pertains to indica-

tors with brightness marker (for more details see Section 4 of Chapter

6). This makes it possible, in particular, to judge to a certain degree

the character (intensity) of the meteorological objects. The white

spots on the indicator screen (Fig. lla) represent the radar Image of

clouds; the same figure shows the radially located strobing beam, the

position of which corresponds at this instant to an azimuth of about

1600.

With the aid of this indicator it is possible to observe the

formation, location, and displacement of heavy clouds and thunderstorm

fronts, under suitably chosen scale, within an area of several tens of

thousands of square kilometers.

The type-A indicator does not give any data on the angular coor-

dinates, and permits direct measurements of the range only. The use of

this indicator necessitates the application of a separate indicator
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Fig. 11. Exterior view of indicator
screens: a) circular scan (IKO),
b) with type-A sweep.

f'or the azimuth of the antenna.

The electron beam traces along the diameter of the screen, in a

horizontal direction (usually from left to right), a bright line which

'orms a uniform time scale, comprising by the same token a uniform dIs-

tance scale. The reflected signal received by the receiver causes a

vertical displacement of the beam (usually upward), and as a result

the image on the screen of such an indicator has the form shown in ii'ig.

llb. From the amount of vertical deflection one can estimate the inten-

sity of the given reflection.
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A type-A indicator is equipped with an external range scale, on

which the distances are measured, or else a calibrating voltage is in-

troduced into its circuits, such as to produce light calibration

markers on the screen.

5. QUANTITATIVE RELATIONS

Even in the early (1945) work on the theory of radar it was shown

[44] that the maximum range of radar observation depends on the parame-

ters of the transmitting and receiving parts of the radar, and also on

the properties of the target, and is given by the equation

R... = ¥P, (4g) 2

where Pt is the (pulsed) transmitter power, Pr the (minimal) power at

the input of the receiver, G0 the gain of the transmitting antenna, A.

the equivalent reflecting (scattering) area of the receiving antenna

in square meters, and a the reflecting surface area of the target in

square meters. The value of a takes account also of the directivity .g

of the target (anisotropic).

From the foregoing expression it is easy to obtain the value of

the power Pr" fed under given conditions to the input of the receiver

P,_ (2)

Expression (2) contains the range R in the fourth power because

the range R is regarded as the radius of a sphere twice: once during

the propagation of the radio waves from the radar to the target and

then upon reflection of the radio waves from the target. to the receiv-

ing antenna of the radar.

The data presented in the preceding section enable us to stop and

discuss some quantitative relations illustrating the nature of the ex-

pressions given above.

Let us consider a radar station located at point 0 in Mig. 12,
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Fig. 12. Relative location of the radar and
a target in air.

which has a common antenna for transmission and reception, with direc-

tivity coefficient GO; the directivity pattern of the antenna is also

shown in the figure.

Denoting the transmitter power by Pt. we obtain for the general

case of radiation over a sphere a power flux
S' =Pt/4TR 2 w/m2,

or, taking into account the directivity coefficient, we write for the

flux

S = PG%/4rR
2 w/m 2 .

Assume that at a distance R there is located a reflecting object

M, which has a certain equivalent scattering area Ae, and has a scat-

tering directivity y, which is unavoidable for any real case (although

it may be insignificant). Arguing in the same manner as in the deter-

mination of the flux S', we obtain for the point 0 the following value

of the flux of the reflected energy

S.p=-f watts/m2 .

If we consider real values of the quantities prevailing in radar

stations, for example P = 100 kw, Go = 1200, and R*= 100 km, then the

power of the refle.cted signal at the output of the receiver will be

Potr ' w.

Naturally, reflected signals of such small amplitude call for ap-

preciable gain. However, we are considering not only the quantitative
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aspect of the problem. The gain effected by the receiving circuit must

also be of high quality, in other words, the distortion of the ampli-

fied signals should be a minimum.

The signals (radio pulses) employed in radar have in most cases

envelopes of rectangular form. When such signals are resolved into com-

ponents, i.e., when their frequency spectrum is investigated, it is

easy to verify that the bandwidth occupied by such signals is broad.

In practice this means that the circuits of radar receivers and amp-

lifiers should be broadband, i.e., capable of transmitting during the

course of amplification voltages in a broad frequency spectrum, which

in practice reaches several megacycles.

The factors that determine the employed bandwidth of a radar re-

ceiver are governed by the following two contradictory requirements.

The first is a reduction in noise, as was already mentioned above, and

is attained by narrowing the bandwidth. The second is to maintain the

form of the pulse undistorted, and is attained by using a large band-

width.

The optimum bandwidth Af in the receiving and amplifying portion

of the radar stations is chosen in accordance with the pulse duration

ti" using the equation

4-5

T.f 'r

This amounts to a bandwidth of about 0.5 megacycles for a pulse

duration T1 = 10 ssec.

Manu-
script [Footnote]
Page

No.

28 Possessingan electric dipole moment (after P. Debye and J.
Tmwi5).
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Manu-
script [List of Transliterated Symbols]
Page

No.

13 np = pr = provodimost' = conduction

13 cu = sm = smeshcheniye = displacement

16 n = p = poterya = loss

22 a = a = antenna = antenna

33 rp = gr = granichnyy = boundary

33 naA = pad = padayushchiy = incident

33 OTp = otr = otrazhennyy = reflected

33 np = pr = prokhozhdeniye = transmission

38 cp = sr = sredniye = average

42 = e = effektivnyy = effective

45 n = p = pauza = pause

53 3 = e = ekvivalentnyy = equivalent
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Chapter 3

THEORY OF RADAR DETECTION OF

METEOROLOGICAL TARGETS

1. RADAR FORMULA FOR METEOROLOGICAL TARGETS

Radar objects (targets) of meteorological origin (zones of clouds,

precipitation, etc.), unlike the objects mentioned earlier (airplanes,

ships, etc.) are isotropic radiators: they are usually regarded as

three-dimensional (distributed) targets [23].

In Chapter 2 above, we touched upon problems of spherical propaga-

tion of radio waves, and in particular we presented Expression (2) for

the power Pr fed under these conditions to the input of the radar re-

ceiver. For the case of a radar antenna consisting of a half-wave di-

pole and a reflector we also gave Expressions (1) and (la) for the

values of the gain G and Go, connected with the values of A0 of the

effective area of the radar antenna.

Using Formula (la), we write the expression for the gain Gt of

the transmitting antenna in the following form:

where Ap is the aperture, i.e., effective, area which determines the

quantitative aspect of the radiation.

After substituting Gt in Eq. (2) we obtain

ý p ' - A p ~ l .( 2 a )

In this equation it is necessary to take into account the multiple

character of the meteorological objects and the fact that under real
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conditions the radio waves propagate in an absorbing medium.

The clouds and the precipitation consist of suspended and precip-

itated drops and ice crystals. The entire aggregate of the drops and

the crystals contained in a certain volume is perceived as a single

target. In the general case the scattering area of such a target var-

ies depending on the distance between the particles of the clouds and

the precipitation. Under real conditions one observes a random dis-

tribution of these particles in space, and this gives rise to a random

distribution of the phases of the electromagnetic waves reflected from

them.

The foregoing circumstance, with account of the distances between

the particles, make it possible to assume in first approximation that

this reflection is noncoherent, i.e., that the average power of the

wave reflected from the particles at a given distance is the sum of

the powers of the waves reflected from all particles.

Thus, the signal received at the input of the radar receiver from

the meteorological target comes from a rather large number of elemen-

tary targets and constitutes one resultant signal. On the basis of the

foregoing it can be stated that the scattering area per unit volume of

a meteorological target consisting of identical particles is equal to

the product of the number of these particles by the scattering area of

each particle.

For clouds and precipitation, the actual scattering area is given

by the relation

Ae = vl,

where v is the volume of the cloud or the rain, the reflected signals

from whose particles enter the input of the receiver simultaneously,

and I is the overall scattering area of all the drops per unit volume

of the cloud or rain. The value of TI, taking into account the particle

- 56 -



distribution by dimensions, can be determined as

where o(D, X)is the scattering area of a particle with dimension D

for the wavelength X and N(D) is the number of particles having dimen-

sions D per unit volume.

Let us determine from what volume the reflected signals come sl-

multaneously to the input of the receiver.

From a point target, the reflected electromagnetic waves arrive

at different instants of time during the time of the pulse. On the

other hand, if the target is a three-dimensional cluster of cloud par-

ticles and precipitation, then the receiving antenna of the radar sta-

tion receives simultaneously signals from all the particles located In

a volume bounded in width and in height by the directivity pattern of

the antenna (the dimensions of the radio beam) and limited in range to

CTi/2, where T is the duration of the radiated pulse and c is the

velocity of propagation of electromagnetic waves in the atmosphere,

equal to the velocity of light.

Indeed, assume that at some initial instant of time the main

pulse in the zone of cloud and precipitation occupies the volume ABCD

(Fig. 13). During the time Ti/2, the trailing front of the pulse AD

reaches the particles on the surface MN, located at a distance equal

to half the length of the pulse h/2 from its initial position. During

the same time, the leading front BC, becoming reflected from the par-

ticles which lie on its surface, will also reach the surface MN. Sub-

sequently the trailing front AD, on reaching the particles lying on

the surface MN and becoming reflected from them, will reach the receiv-

Ing antenna of the radar simultaneously with the secondary radiation

from the leading front of the particles lying on the surface BC. It
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follows therefore that the depth of the region from which a secondary

(reflected) radiation arrives at a given instant at the radar is

Since usually R >> h, the volume filled with cloud or precipita-

tion particles, from which the reflected energy reaches the receiving

antenna simultaneously, amounts to*

e (3)

Consequently, this reflecting volume is half as large as the ir-

radiated volume.

This relation holds true for any filling of the pulse with cloud

and precipitation particles, other than

zero. The value of the reflecting volume

itself lies usually within the limits

Fig. 13. Beaming and re-

flection volumes, depending on the degree of filling of

the pulse with the cloud and precipitation particles. To take this cir-

cumstance into account in calculating the reflecting volume by Formula

(3), it is necessary to multiply the obtained value of the volume by

the filling coefficient kz, which is equal to the ratio of the volume

of the pulse filled with the cloud and precipitation particles to the

entire volume of the pulse.

To take into account the attenuation during the pr(pagation of

the electromagnetic wave in an absorbing medium, it is necessary to

introduce a coefficient k. which is connected with the attenuation co-

efficient a(R, X) by the relation

O=3 ,d (4)

z'ere .is, 1 Tke -attenuatIon In decibels per unit length of path
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at a distance R from the transmitter to the point of the cloud or pre-

cipitation zone under consideration.

Taking (2a), (3), and (4) into account we can write down the fun-

damental radar equation of atmospheric formations in the general form

P, - 7j2,h" 'N(D)a(D, X)ha~k. (5)

If Pr is the minimum observable signal, then the distance R is

the maximum distance of detection of the atmospheric formation.

2. ANALYSIS OF THE RADAR FORMULA FOR METEOROLOGICAL TARGETS

Of great importance in the detection of clouds and precipitation

are the physical characteristics of the latter. Clouds and precipita-

tion consist of drops of water, hailstones, ice crystals, and snow-

flakes.

Let us consider a case when the clouds or precipitation consist

of spherical water droplets only.

Figure 14a shows the distribution of the drop dimensions in cer-

tain forms of clouds, while Fig. 14b shows the relative distributions

of the drop dimensions in rain.* From the analysis and comparison

of the curves on both figures we can see that cloud drops as a rule

are limited to a radius of about 50 p. Rain drops are much larger than

cloud drops. The radius of the largest rain drops reaches 3-4 mm. The

8
number of cloud drops per cubic meter is quite large and may reach 108,

whereas the number of rain drops in the same volume does not exceed

500-600. As was indicated above, the theory of radar detection of at-

mospheric formations, such as clouds and precipitation, is based on

the assumption that the reflection is coherent, i.e., that there is no

interference between the fields radiated by the individual particles.

This assumption, however, may not be Justified for certain wavelengths

at which modern radar systems operate, since the distance between cloud
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particles is on the order of I mm, i.e., it is as a rule noticeably

smaller than the encountered wavelengths. In such cases, when the wave-

length is much larger than the distance between particles, the scatter-

ing volume can be regarded as continuous. Then an important role in

the determination of the power of the reflected signal will be played

by the interference between the waves scattered by individual par--

ticles, and in solving the reflection problem one can regard the at-

mospheric formation as a continuous body. An account of the influence

of the interference signifies that it is necessary to add not inten-

sities but fields, taking into account the corresponding phases. The

intensities always add up, whereas fields may also cancel each other

if their phases are opposite.

% b

40

30~

20

I N'2010

0 0 4 u Q *•° o , 42 4j 4'

Fig. 14. Distribution of drops in stratus
clouds (a) and in rain (b) with inten-
sity 12.5 mm/hr.

K.S. Shifrin [30], who made a thorough study of this problem, has

shown that the magnitude of the reflected signal is described in gen-

eral with sufficient accuracy by the following relation:

S=-NS 1 +0,752 O- (_ 4 (6)

where N is the number of particles per unit volume, S0 the intensity

of the secondary radiation of each individual particle, X is the wave-

length, 1 the distance between cloud or precipitation particles, and

B is the radius of the spherical volume equal in magnitude to the re-
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flecting volume of the pulse,
3fB /-4 R'- (7)

The product NS 0 describes a noncoherent radiation, while the

terms in the square brackets represent a correction for coherence.

If we denote the ratio of the coherent part of the reflected in-

tensity to the noncoherent part by p, then we get from (6)

0O,752-10- (8)

When T << 1 the scattering is noncoherent; when T >> I the scat-

tering is coherent. When T is close to unity we have an intermediate

case and both terms in Formula (6) must be taken into account.

Using Relations (7) and (8) we can calculate the.ratio of the co-

herent scattering to the noncoherent one, T, for different ranges for

clouds and precipitation separately. In this case the distance between

cloud particles, 1, is usually assumed to be 0.1 cm, while for rain

one assumes it to be 10 cm.

3. EFFECTIVE RADAR SCATTERING AREA OF CLOUDS AND PRECIPITATION

From Mie's research on the diffraction of electromagnetic waves

by a sphere it becomes possible to determine the radar scattering area

of droplets, in the form of definite series of spherical Bessel func-

tions of the parameter wmD/k, where m is the complex refractive index

of water for the wavelength ) and D is the drop diameter.

In the case when the drop diameter is D < 0.05x, i.e., consider-

ably shorter than the wavelength, its effective radar scattering area

is expressed sufficiently accurately by the well-known Rayleigh rela-

tion
0 -. ••--

(9)

Here e is the complex dielectric constant of water, .equal to the
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square of the refractive index.

o} Jew /When D = 0.08X the value of a amounts to

4.5s 0.8 of the value indicated in (9). The effec-

45 tive radar scattering area then doubles as

6 , compared with (9) at D/X = 0.2, and with fur-

Fig. 15. Ratio of ther increase in the drop dimensions it fluc-
actual effective
scattering area to tuates about a constant value close to its
the Rayleigh area.

transverse cross section area.

Figure 15 shows the ratio of the actual radar scattering area,

calculated from the exact formulas, to the Rayleigh area for two wave-

lengths, X = 1.25 and X = 3 cm [31]. It is seen from the figure that

Formula (9) is quite suitable for the calculation of a of small drops,

which make up clouds and fog. As regards rain drops, particularly

large ones, the use of this formula can lead to undesirable errors,

principally when X 1 cm and shorter.

Table 3 lists the average values of ND6 for cloud and rain drops

[69].
TABLE 3
Average Values of the Reflecting Characteris-

tic ND6 of Clouds and Rain (in cm3 )

4PopMa o6Aaaka NDS J2 eCMMCb OA NtiS

8 11
. CAOcTue .... ....... 8,57 - 10-" Cla6b•i (1.25 Nm/qac.) 0,07. 10-10

Bucoxo-c.oncn-e . . . 2,70 - 10-7 91
C.1oHcTo-.o1'cAesae . . . 14, 79 -10 -1M epeHmmA (5 m-/qac.) 0.7- 10-1e

CAo.CTO-Kyqeame . . . 99.10-17 CH•.•HMA (12.5 M"/qac.) 2.2-10-10
7Kyqe.ae .... ......... 6.13- 10-"

1) Form of cloud; 2) intensity of rain; 3)
stratus; 4) altostratus; 5) nimbostratus; 6)
stratocumulus; 7) cumulus; 8) weak; 9) mod-
erate; 10) strong; 11) mm/hr.

The principal radar equation for atmospheric formations in the

case of detection of liquid-drop clouds and precipitation, when D << X,
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can be written after making the substitution of (9) in (5) and carry-

ing out simple transformations in the form
P, =(*-lO),6k

4@K- +2 J(10)

From Table 3 and from Formula (10) we see clearly that the effec-

tive radar area of the drops, and consequently also the power of the

received signal, depend very strongly on the diameter of the drops

(as the sixth power). For example, doubling of the drop diameter leads

to a 64-fold increase in the power of the received signal. Because of

this the number of drops per unit volume exerts a much smaller influ-

ence on the magnitude of the signal. However, one must not always

neglect small drops, since their number per unit volume may be 106_-i08

times larger than that of large ones.

The effective radar area, as follows from (9), is inversely pro-

portional to the fourth power of the wavelength at which the radar op-

erates. This means that when the wavelength is decreased the probabil-

ity of detection of small drops and the maximum range of detection of

the precipitation zone increase. However, one must bear in mind here

always the increase in the attenuation with decreasing wavelength,

which may appreciably limit the maximum range of detection of the pre-

cipitation zones.

At the present time to detect clouds one uses radars operating

most frequently at wavelengths 0.86-1.25 cm, while for precipitation

zones the wavelength used is 3-10 cm [79]. The use of a 3-cm radar is

advantageous in modern latitudes, where the intensity of the precipi-

tation is on the average smaller than in tropical regions. Here, how-

ever, it is advantageous to use a 10-cm radar, since the attenuation

at this wavelength is much smaller [31].

Strictly i 1pealkig, the power of the received signal depends on
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the wavelength not only because of the factor I/Xk4 contained in Eq.

(10), but also because of the frequency dependence of the dielectric

constant E. In practice, however, the influence of the last factor is

small. Thus, at a temperature of 180, the value of E changes from

78.5 - 112.3 for X = 10 cm to 34.2 - 135.9 for X = 1.25 cm. The cor-

responding change in the factor le - 1/E + 212 in (10) lies in the

limits 0.9286-0.9206.

Condensed water exists in the atmosphere not only in the form of

liquid drops, but also in the form of ice crystals, hail, snow, etc.,

which in moderate latitudes are encountered no less frequently than

liquid water particles. In calculating their effective scattering area

the main difficulty consists of the fact that ice particles do not

have such a simple geometrical form as the spherical water drops. Fur-

thermore, in spite of the fact that the imaginary part of the refrac-

tive index, i.e., the absorption, can be neglected for ice and the di-

electric constant can be regarded as a real number, the problem of re-

flection from ice particles has not been solved completely to this

very date.

Ice crystals, which are found in cirrus clouds at temperatures

below -40°, represent for the most part platelets with transverse area

of several microns and thickness of a fraction of a micron. In alto-

stratus clouds at a temperature near --15O one encounters most fre-

quently small prisms with transverse dimension of a fraction of a mic-

ron and a height of several microns. In nimbostratus clouds crystals

with hexagonal structure predominate.

However, as a result of the fact that the dimensions of all the

ice crystals indicated above are much smaller than the wavelengths at

which the modern radar receivers operate, only the electric dipole ex-

citation is of importance. In first approximation we can regard this
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to be a volume phenomenon only, not dependent on the form of the par-

ticles. It is therefore possible to extend Formula (9) to this case,

too. Then the effective area per unit volume of the cloud, consisting

of ice crystals, will be determined by the following relation:.

011W It-) 2k

where W is the amount of ice in g/m3 , m is the average mass of each

crystal in grams, p is the density of ice, and k is a dimensionless

coefficient close to unity, introduced because the shape of the crys-

tal deviates from a sphere.

Inasmuch as the dielectric constant of ice is appreciably smaller

than that of liquid water, the factor Is - 1/e + 212 = 0.16 and not

0.92. Consequently, the intensity of reflection from cirrus, alto-

stratus, and nimbostratus clouds, which consist of ice crystals, is

approximately one fifth that from clouds consisting of water drops of

the same dimensions and the same concentration. In the icy clouds in-

dicated above, the water content is very small and amounts to 0.01-0.1

g/m 3 at a particle dimension not exceeding several microns. Because of

this, the intensity of reflection from such clouds is appreciably

smaller compared with reflection from water clouds, let alone clouds

which produce liquid precipitation.

In those cases when snow crystals are observed, the dimensions of

which may reach 2-3 cm and which have a complicated form, the calcula-

tion of their effective radar scattering area becomes exceedingly dif-

ficult and insufficiently accurate. Some authors have made comparisons

of reflections from snow and rain of identical intensity. The inten-

sity was expressed in mm/hr. As a result it turned out that snow con-

sisting of flakes weighing from 1 to 2 mg yields on the average the

same reflection as rain of the same intensity.
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Snow crystals frequently assume a complicated form, since individ-

ual snow flakes are produced as they are precipitated, with dimensions

that can reach 2-3 cm. In this case their dimensions are comparable

with the wavelength, and their complicated form makes rigorous calcu-

lations of the reflection from them very difficult. Furthermore, we

must bear in mind the fact that the crystals forming the snow flakes

are located at such short distances from one another as compared with

the wavelength, that their radiation is coherent and the reflection is

proportional to the number of such crystals squared. Thus, the snow

precipitated in the form of flakes gives a reflection which is many

times larger than snow falling in the form of individual small flakes.

In the case when the snow crystals melt and are further transformed

into rain drops, the reflection increases even more, principally because

of the increase in the dielectric constant. During the time of melting,

the small snow flakes have a falling speed which is close to that

prior to the start of melting. Later on, however, they acquire rapidly

the same speed as falling rain drops and their concentration decreases.

This in turn leads to an increase in the magnitude of the reflection.

In the summertime the precipitation sometimes is in the form of

hail. In the calculation of the effective radar area of an individual

hail stone, some deviation in its form from spherical can be disre-

garded. However, the dimensions of hail stones frequently are compar-

able with the wavelength. Therefore to calculate the reflection from

hail it is necessary to employ the exact formulas.

In those cases when the hail consists of hail stones of equal di-

mensions, its effective area per unit volume is given by the formula

wherp I is the intensity of precipitation in g/m2 per sec, v is the
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velocity of the falling hail stones at the earth's surface, in m/sec.,

m is the mass of one hail stone in grams, and a the effective area of

one hail stone in m2 .

Finally, it must be noted that other solid particles which are in

suspended state in the atmosphere can produce a radar reflection. Sand

storms, dust, smoke should also scatter electromagnetic waves. Inas-

much as in these cases the dimensions of the individual particles are

considerably smaller than the wavelength, their effective radar area

can be determined with sufficient accuracy with the aid of the Rayleigh

relation.

The dimensions of sand particles are close to dimensions of rain

drops, so that one can expect noticeable reflections from sand storms.

On the other hand, dust particles usually have much smaller dimensions,

not exceeding several microns. Consequently, and also because of their

concentration, the reflection is proportional to the cube of the 1in-

ear dimensions of the individual scattering particles. Therefore r(_

flection from dust clouds and smoke is exceedingly small.

Electromagnetic waves may be reflected also from atmospheric

formations on the boundaries subject to radical change in the dielec-

tric constant E. This change may occur because of a radical change in

the temperature or humidity of the air in the direction of radio-wave

propagation. Such jumps can be observed on the boundaries of inver-

sions and of convective and turbulent formations of the atmosphere.

If the inhomogeneity of the atmosphere represents an inversion

layer characterized not only by the increase in temperature but also

disclosing a drop in the air humidity with increasing'height, one can

assume that starting with a range R equal to the height of the inver-

sion the refractive index n within the limits AR of this layer will

vary with a constant gradient. Further, denoting by Q the area of the
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inhomogeneity, we can determine the effective area with the aid of the

following relation:

4x L'dRJ-1SiDOTc (12)

where
n , 79/ _4800t•

"n= + t -T). (13)

In Formula (13) 2 is the pressure of the humid air in millibars,

T is the absolute temperature, and e is the partial pressure of water

vapor in millibars.

Using the method of K.S. Shifrin, we can show that in the case of

an abrupt change in the humidity by 10-15% the effective area of the

inhomogeneous layer will be of the same order of magnitude as many

types of clouds.

We can assume that the inhomogeneities consist of unevenly placed

clusters of molecules and that the distribution of the refractive in-

dex within each such cluster is expressed by the relation

(ai - n.) - at-- .+.O

where a is the dimension of the cluster and the origin is located at

its center.

Then the effective reflecting area of the cluster can be calcu-

lated on the basis of the formula

Formula (14) can apparently be used for an approximate calcula-

tion of reflections from convective and turbulent formations of the

atmosphere. Individual portions of these formations represent the

above-mentioned "clouds" of molecules, which scatter the radio waves

noncoherently, and consequently the n2gnItude of the total reflecting

area is the sum of IndlvIdual effective areas of the "clouds."



In conclusion it must be noted that questions pertaining to the

theory and practice of detection of dielectric inhomogeneities of the

atmosphere still need further development.

4. ATTENUATION OF ELECTROMAGNETIC WAVES

In the general case the magnitude of the received signal from the

clouds and from the precipitation decreases In proportion to the

square of the distance. For a single target, such as an airplane, this

decrease is proportional to the fourth power of the distance. The in-

dicated distance, as can be readily seen, is due to the fact that the

reflecting volume of the cloud and precipitation zones increases with

increasing range in proportion to the square of the distance.

In addition to the attenuation of the electromagnetic energy with

increasing distance to the clouds and the precipitation, one must also

bear in mind the attenuation due to the following factors: absorption

by the water vapor and oxygen, molecular scattering by atmospheric

gases, and finally scattering and absorption by the particles of the

clouds and precipitation.

From among the gases contained in the atmosphere, electromagnetic

energy is attenuated by oxygen and by water vapor, and this attenua-

tion is almost exclusively by means of absorption. The molecules of

oxygen interact magnetically with the field of the radio waves, while

the molecules of the water vapor interact electrically with this field.

Both in the case of absorption in oxygen and in the case of absorption

in water vapor, there are frequency ranges where the absorption is

large because of resonant phenomena. In the case of oxygen this region

lies near wavelengths 0.5 and 0.25 cm, and at this resonant frequency

the attenuation may exceed 15 db/km. In water vapor resonance takes

place at a wavelength of 1.3 cm and the absorption is much smaller.

Figure 3 has shown the overall molecular absorption in moist air
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(at a specific humidity 7.5 g/m3 and a temperature 200).

In those cases when the propagation of electromagnetic waves oc-

curs in cloudy and precipitation zones, the molecular absorption in

the gases is supplemented by attenuation dueto scattering and absorp-

tion of energy by the particles of the cloud and the precipitation.

The attenuation of the flux of electromagnetic energy on passage

through the atmospheric formations indicated above is described by the

following relation:

S =S- ,

where S. is the Umov-Poynting vector to the zone of clouds and precip-

itation, dx is the width of the zone of clouds and precipitation, and

TJN (D) Q(D, k) dD.
0

Here N(D)dD is the number of particles per unit volume having di-

ameters ranging from D to D + dD, and Q(D, X) is the overall effective

area of the particles, equal to the sum of the effective scattering

and absorption areas Q = Q5 + Qt

In practice it is more convenient to express attenuation in terms.

of the parameter a, which has the dimensionality of decibels per kilom-

eter, and which is connected with y by the relation a = 443T db/km. In

the general case N(D) and consequently a and y, are functions of the

distance x along the propagation path of the electromagnetic waves. It

is known from experimental data that the number and dimensions of par-

ticles making up the clouds and the precipitation exhibit great varia-

tion in space. Therefore an exact calculation of the attenuation is

difficult and can be carried out only when the phase state of the par-

ticles and their distribution by dimensions are known. Yet the pres-

ently existing methods for measuring microphysical characteristics of
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clouds and precipitation are not sufficiently accurate and furthermore

such measurements are carried out only sporadically.

As was indicated above, for drops of small dimensions the effec-

tive scattering area is proportional to D /X . On the other hand, the

effective absorption area is proportional to D3/X. It is clear there-

fore that the effective absorption area is much larger than the effec-

tive scattering area. As a result of this, in the presence of drops of

sufficiently small dimensions, the attenuation is determined almost

completely by the absorption and is proportional to the diameter of

the drops-raised to the third power, i.e., to the water content. This

condition is well satisfied for clouds and fog at all wavelengths,

used in modern radars. For cloud drops it is applicable for decimeter

wavelengths and within certain limits even for wavelengths of several

centimeters.

It was found empirically that in the wavelength range from 0.5 to

10 cm [31] the attenuation can be expressed, accurate to 5%, by the

following formula

a = 0.438w/X 2 db/kn, (15)

where w is the water content in g/m3 and X is the wavelength in cm.

By way of an example, Table 4 shows the values of the attenuation

in clouds and fog at a water content of 1 g/m 3 and a temperature of 180.

TABLE 4

1 0.2 0,7 1.o 1,25 2.0 3,0 5.0 10.0

U A6/KM 7,14 0,88 0.438 0,280 0.112 0.05 0.0178 0,0045.

1) cm; 2) db/laa.

Both Formula (15) and the data on the attenuation listed in Table

2 are based on the apsumption that the temperature of the drop is

equal to 180. To take into account the influence of the temperature,

the right half of (15) must be multiplied by a coefficient whose values
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at different wavelengths and different temperatures are listed in

Table 5.

TABLE 5

SCU

0, 3.2 I 1 00

0 1.59 1.93 1.98 2.0

10 1,20 1,29 1.30 1.25

20 0.95 0,95 0,95 0.95

It is seen from the table that when the temperature varies from 0

to 200, the attenuation may decrease by 1.5-2 times.

For rain drops Formula (15) is no longer valid and it is neces-

sary to solve the attenuation problem by using Mie's formulas.

Inasmuch as for meteorological practice it is necessary to know

not the distribution of the raindrops by dimensions but the intensity

of the precipitation expressed usually in millimeters per hour, the

attenuation for various wavelengths is presented as a function of the

precipitation intensity in Table 6.

TABLE 6

. 0,3 1.0 3,2 r 0.0

0,25 0,305 0,037 0,00224 0,0000

1,25 1,15 0,228 0,0117 0.00041

2,5 1, 98 0.492 0.0317 0,00072

12.5 6,72 2,73 0.298 0.00369

25.0 11.3 5.47 0.5.W 0.00724

100,0 33,3 20.0 2,80 0.0311-

1) mm/hr.
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The table lists the values of the attenuation at a temperature of

380 [31].

The data of Table 6 enable us to draw certain qualitative but im-

portant conclusions. The attenuation in rain of waves shorter than 10

cm is insignificant and can be neglected in practice. The attenuation

of waves from 10 to 3 cm can be appreciable quite rarely, namely in

the case of very intense rain.

When considering attenuation in rain, it must be borne in mind

that although the intensity of the rain may be large at a given point

during a short period of time, in order to produce noticeable attenua-

tion the rain must be of large extent. For this reason, short-duration

strong showers may be less significant than continuous rain covering a

large region.

The attenuation of waves shorter than 3 cm in rain increases rap-

idly with decreasing wavelength, and waves 1.25 cm and shorter attenu-

ate even in moderate rains much more strongly than in water vapor and

in oxygen.

Table 6 lists the values of the attenuation coefficients a, cal-

culated at a temperature 180. At other temperatures a will generally

speaking have other values. However, in the range of wavelengths for

which the attenuation coefficient in rain must be taken into account

in practice (X less than 3 cm) the influence of the temperature does

not exceed 20 or 30%, so that it can be neglected in many cases.

Attenuation in hail, dry snow, and ice crystals is many times

smaller than in liquid-drop clouds and precipitation, and is therefore

usually disregarded. An exception is wet snow, the attenuation in

which, according to the investigations of N.V. Rogova, may be commen-

surate with attenuation In rain, and in some cases may even exceed it.

We have indicated above the values of the attenuation separately
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for clouds, rain, and solid water particles. Under real conditions,

when nimbostratus and cumulonimbus clouds and the associated precipi-

tation are present, the propagation of radio waves will occur in dif-

ferent parts of these clouds, characterized by different phase state

of the water particles and different dimensions of these particles. As

a result, the accuracy with which the attenuation is determined under

such conditions is appreciably lower.

The filling coefficient. In estimating the power of the reflected

signals from meteorological -targets or for an estimate of the limiting

range of detection, it is essential to take into account the value of

the so-called filling coefficient, which, as was indicated above, is

the ratio of the volume of the pulse in space, filled with cloud and

precipitation, to the entire volume of the pulse. The value-of the

filling coefficient depends in general on the geometrical dimensions

of the irradiated zones of clouds and precipitation, the width of the

directivity pattern, and the distance to these zones.

With increasing distance between the radar and the zones of the

clouds and precipitation, the height of the electromagnetic beam above

the surface of the earth, even at angles 0 and less, increases as a

result of the earth's curvature. Since the zones of the clouds and the

precipitation have limited vertical dimensions, starting with a certain

distance the electromagnetic beam turns out to be above the upper

limit of the zones indicated above.

The dependence of the height of the cross section of the beam on

the distance, with account of UHF refraction, is expressed by the fol-

lowing simple relation:

H = R2 /16.9 + a,

where H is the height of the beam above the earth's surface, in meters,

R is the distance to the zone of the cloudiness and precipitation in
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kilometers, and a is the height of the radar above the earth's surface

in meters.

For small ranges to the cloud and precipitation zones, the height

of the beam above the earth's surface, even in the case of a large

beam width, is smaller than the height of the upper limit of the indi-

cated zones, and the filling coefficient is equal to unity. This. is

followed by a range interval in which the beam gradually turns out to

be less. and less filled with cloud and precipitation particles. Here

the filling coefficient becomes less than unity and at a certain dis-

tance it vanishes. It is obvious that this distance is equal to the

maximum possible range of detection and is independent of either the

technical characteristics of the radar or of the intensity of the

cloudiness and precipitation zones.

In observing nimbostratus clouds and continuous precipitation,

and also frontal cumulonimbus clouds and the associated shower precip-

itation, which have large horizontal dimensions, the filling coeffi-

cient will depend on the range, the width of the directivity pattern,

and the vertical thickness of these zones. Its value can be determined

with the aid of the following expression

E-f'+a) ,

where E is the height of the upper limit of the reflecting part of the

clouds and the precipitation in meters and e2 is the width of the di-

rectivity pattern in the vertical plane in radians.

In those cases when intramass showers and thunderstorms are ob-

served, whose horizontal. dimensions as a rule do not exceed 10-15 laa

in width, the filling coefficient decreases much more rapidly with in-

creasing distance to the shower. With this, its value can be calcu-

lated from the following formula:
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(Rea- ()[£-I 7g +• a)]

where 01 is the width of the directivity pattern in the horizontal

plane and L is the dimension of the precipitation zone in a direction

perpendicular to the radio beam.

5. CHOICE OF WAVELENGTH FOR RADARS FOR METEOROLOGICAL PURPOSES

In the design of radar stations intended for the detection of

clouds and precipitation, principal attention must be paid to the

choice of the wavelength. Radar stations used for meteorological pur-

poses operate in the 10, 5, 3, 1.25, and 0.8-cm bands [79, 62].

It frequently turns out that the meteorologist must use some par-

ticular radar station not because the wavelengths are the most suit-

able, but because it is necessary to use existing radars constructed

for other purposes.

The effective reflecting surface of cloud and precipitation par-

ticles whose linear dimensions are insignificant compared with the

4wavelength, is proportional to I/k . However, the increase in the at-

tenuation of the incident and reflected electromagnetic energy at very

short wavelengths can be larger than the compensation due to the

higher reflecting ability, which in final analysis leads to a decrease

in the detection range.

Recently questions concerning the choice of wavelengths for radar

used in storm warning were dealt with by Ye.M. Salman and W. Hitchfield

[37). In connection with the fact that at the present time radar sta-

tions are coming into use not only for the detection of showers and

thunderstorms but also for measurement of cloud altitudes [9], V.D.

Stepanenko made a detailed analysis of the choice of optimal wave-

lengths for radars for meteorological purposes, with account of cli-

matic characteristics of the clouds and precipitation, which are typ-
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ical for medium latitudes.

Detection of Regions of Shower Precipitation

To determine the most suitable wavelength it is necessary to

carry out a thorough analysis of the backward scattering and attenua-

tion, with account of those meteorological propagation conditions,

which are characteristic from the climatic point of view for a given

geographic region. The maximum range of detection Rmax of clouds and

precipitation is proportional to the square root of the product of

their scattering area by the attenuation coefficient, i.e.,

R.. +(16)

As was already indicated, the effective backward-scattering area

per unit volume of clouds and precipitation can be expressed by the

well-known relation, corrected for the deviation from the Rayleigh law,

- I- 17-l 1(17')

where D is the diameter of the drops in microns, N the number of drops

per in, c a correction coefficient which takes into account the devia-

tion of the Rayleigh scattering from the real one (c = 1 when D<< X);

a is expressed in cm-I and X in cm.

Inasmuch as the reflecting characteristic ZND6 correlates with

the physical characteristics of the clouds used in meteorology, namely

water contents w in g/cm:3 and the precipitation intensity I in mm/hr,

we shall express a henceforth in terms of w and I. Indeed, for the

backward scattering area per unit volume of rain we obtain

=6 0. -8 Psc, (18)

where a is in cm-1, X in cm, and I in mA.W.

For clouds a = 1 and
1 . - 1(19)
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where w is in g/m 3 .

The expression for the coefficient which takes into account the

attenuation of radio waves in the troposphere can be written in the

form
k -1=00"..+ v&+ %M.

(20)

The first term in the exponent takes into account the attenuation

in the gases of the atmosphere (Rmaks is the maximum detection range

in kIn, aI is the attenuation coefficient in oxygen and in water vapor

in db/km), the second takes into account the attenuation in the clouds

(R 2 is the extent of the clouds in the direction of radio-wave propaga-

tion, in In, w their water content in g/m, and c2 the attenuation co-

efficient in clouds in db/kn/g/m:3 ), while the third term takes into

account the attenuation in rain (R3 is the extent of the rain in the

direction of radio-wave propagation in km, I its intensity in um/hr,

and a3 is the unit attenuation coefficient in rain in db/km/mm/hr). a.,

a 2 , and o. depend not only on the wavelength but also on the tempera-

ture. At one and the same temperature but at different values of a,

the change in these coefficients does not exceed 3 db in the range X =

= 0.5-10 cm [31].

On the basis of (18), (19), and (20) we obtain for rain

-108 C .0- 0.
2 IRmx +%U',*J", (21)

and for clouds

- 13,2.1012 -- 17 +(22)

In order to solve the question of the optimum wavelength for a

meteorological radar station, it is necessary to find the right halves

of the indicated relations for different wavelengths and to compare

them with one another. Me•qantitles necessary for the calculation

are listed fm Table ., ýimh -'is '.based on the data of several authors
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[30, 42, 72].

TABLE 7

SOHI , aH o CM 006 @ S(a Cho 91 A6/jK .26IKM /r/MS /M
Cm C

4 5 2 3

0.8 13.6- 10-8 33,3.10-12 0,06 0,66 0,251,25 2,45- 10- 5,35- 10-12 0.16 0.28 0.1

2 4.0. 10-9 8,2. 10-"' 0.015 0.11 0,03
3 7.4. 10 -] 1,6. 10-13 0.011 0.044 0,02
4 2.3. 10-1 5.7. 10-14 0,008 0,027 0,006
5 10-° 2,1 . I0-'4 0.007 0,018 0.003
6 4.4. 10-1 10-14 0.007 0,012 O,O01S
7 2,5- 10-" 5,4. I0-15 0.0065 0,009 0,001
8 1,5. I0-" 3,2. 10-1S 0,0065 0,007 0,0006
9 9.0- 10-121 2,0. 10-1s 0,006 0.0054 0,0004

10 6.0- 1O-12 1 .3. 10-- 0,006 0.004 0.0003

f) Wavelength, cm; 2) db/km/g/m3 ; 3) db/km/mm/hr;

4) of rain; 55 of clouds.

With the aid of Table 7 and Relations (21) and (22) it is pos-

sible to plot curves whose horizontal axes represent the wavelengths

in cm and the vertical axes the right half of Relations (21) and (22).

The plots of Figs. 16-19 are constructed for X = 0.8, 1.25, 2, 3 cm,

etc., in steps of 1 cm up to 10 cm inclusive.

,(oI50

1 2 3 4 5 6 7 6 S 1OAcm

Fig. 16. Detection of the near-
est boundary of the region of
precipitation through a cloud;

w = 0.3 g/m3 .
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/0 20 30 40 50 60 701u.l,,as

Fig. 17. Probability of precipitation of
rain of different intensity. 1) I, mm/hr.

RV57 9 50lO-6 L I/"! I , J . I Port".•
I 3" 5 a 9 foxes

Fig. 18. Detection of the far
boundary of the precipitation
region; I = 10 mm/hr, w 1 I

g/m3.

The plot of Fig. 16 pertained to the case of detection of a pre-

cipitation-region boundary closest to the radar station, located at

distances 50, 150, and 250 km, in the. presence of screening clouds and

in the absence of screening precipitation. The horizontal extent of

these clouds is taken to be one third the distance from the precipita.

tion zone to the radar station, and their water content is assumed to

be 0.3 g/m 3 . These conditions are apparently characteristic for the
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warm time of the year under meteorological conditions that give rise

to showers and thunderstorms.

An analysis of the plot shows that at small distances (up to 50

Ian) even the 8-mm band is effective. However, at large distances the

optimal wavelengths are 2 or 3 cm. Most unsuitable is 1.25 cm, since

the electromagnetic waves at this wavelength experience very strong

attenuation in the gases of the atmosphere (0.16 db/km).

Cases can be observed when the radar station is separated from

the precipitation region not only by clouds but also by precipitation

zones. In the summertime of the year, as a rule, showers fall, a char-

acteristic feature of which is relatively short horizontal extents,

which rarely exceed 10 km* [19].

The probability of a second region of shower precipitation being

located between the radar station and a region of shower precipitation

within 250 Ian is not large and amounts to approximately 10 or 15% (Fig.

17). Thus, for the shower precipitation region boundary closest to the

radar station the best band, with probability 85-90% are the 2 and 3

cm bands, as can be readily seen on Fig, 16.

An analysis was also made of the detection of the far boundary of

regions of precipitation of varying intensity, from weak rain (I mm/hr)

to showers (150 mm/hr) with a width of 10 Im. The analysis has shown

that in the case of weak and moderate shower rains up to 250 km, and

at strong rains up to 150-200 Ian, the optimum wavelengths, with prob-

ability 85-90%, are also 2 and 3 cm. Only for the detection of far

boundaries of strong rains, at a distance of. 250 kn, and of showers

whose frequency amounts to only several percent (Fig. 18), wavelengths

4-5 cm become optimal.

During the cold time of the year in the shore regions of the Bal-

tic, the north, and the east of the USSR, one frequently observes the
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so-called snow showers, which move from the sea to the dry land. The

intensity of the precipitation in these snow showers rarely exceed 2

or 3 mm per hour. Consequently, again the optimum wavelength for their

detection is 2-3 cm.

'0-e /'4,F"

0 2 34 5 6 7 8 9 10 2Ca

Fig. 19. Detection of the up-
per limit of nimbus clouds;

w = 0.5 g/m 3 , R2 = 10 km,

R3 = 5 km.

Determination of Heights of Clouds

The optimum wavelength for the determination of the heights of

the lower boundaries of nonrainy clouds, located at a distance up to

10 km, in the absence of screening cloud layers, is 0.8 cm.

For equal potentials of the radar sta-

tion, the maximum range of detection at X =

= 0.8 cm is approximately 10 times larger

than at X = 10 cm. X = 0.8 cm is also the1 2 3 5P
best wavelength both for the detection of the

Fig. 20. Space-time
pattern of nimbus upper limits of the clouds, including very
clouds passing over a
radar station. dense ones (w = 1 g/0) within the limits of

the indicated distance (Fig. 19), and for the detection of the upper

limits of clouds which produce drizzle and weak rain for any water

content of the clouds, up to I g/m3 , when the vertical extent of the
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rain zone does not exceed 5 km.* Only when the rain intensity is not

less than 5 mm/hr does the optimum wavelength rise to 2 or 3 cm.

The frequency of rains with intensity larger than 5 nmmhr amounts

to about 25% for moderate latitudes. Thus, the 8-mr wavelength Is op-

timal in 100% of the cases when determining the heights of all the non-

rainy clouds and in 75% of the cases when determining clouds that give

liquid precipitation. If we bear in mind the determination of the

height of the upper limit of the clouds during the wintertime, when

the precipitation has the form of snow, hail, etc., in which the at-

tenuation of the radio waves is quite small, then the 8 -mm band will

have even a greater percentage of optimality.

In those cases when falling large water or ice particles are sit-

uated under the clouds, In the form of drops of drizzle, rain, hail,

or snow, the use of radar stations operating at wavelengths much larger

than the dimensions of the foregoing particles (X >> d) for the meas-

urement of the height of the lower limit of the clouds is either com-

pletely impossible, or accompanied by large random errors. Indeed, in

the case when a rain, hail, or snow covers a large space, the radio

beam is filled with the falling particles and the height of the lower

limit of the clouds cannot be measured, since it starts at the start

of the sweep (Hn = 0). If drizzle falls in the form of individual in-

clined strips, the height of the lower limit of the clouds, measured

with a radar station, is actually the height of the lower limit of the

precipitation zone and consequently H. < Hc.**

To explain the foregoing let us turn to Fig. 20, which shows

schematically the space-time pattern of the passage of rain clouds.

This figure shows the position of the directivity pattern of the radar

station relative to the passing &m~ds and prec1pitation, so that we

can see the change and the Me".--n th•s irdar height of the lower



limit of the clouds as compared with their actual height. In position

I the radar is most likely to give too high a value for the lower

limit of the clouds. Position 2 characterizes the time during which

the lower radar limit coincides with the actual one. In position 3 the

height of the lower limit of the clouds will be underestimated by the

radar. In position 4 the lower limit merges with the image of the

local objects. Finally, in position 5 we see well the upper limit of

the precipitation and a somewhat too high limit of the clouds. In ex-

amining Fig. 20 we must bear in mind that in positions 1 and 5 the

radar height of the lower limit of the cloudiness may coincide with

the actual height if the water content of the clouds in the lower part

is sufficient for detection.

The indicated peculiarities and errors in the measurement of the

height of the lower limits of the clouds are inherent in the radar

method at a wavelength considerably higher than the dimensions of the

particles. In those cases when light waves are used (X < d), operating

experience has shown that the actual height of the lower boundary of

the clouds coincides with the measured one. This fact is attributed to

the different laws governing the backward scattering at X » d and

X < d. Indeed, why does a radar for which X » d not measure the

height of the lower boundary of nimbus clouds? The reason for it is

that the increment in the signal due to the accumulation of small

cloud drops on their lower boundary comprises a negligibly small quan-

tity, which cannot be detected by modern means. In fact, when X > d

the scattering area of the drop is given by the Rayleigh relation (17).

Let us imagine precipitation from clouds consisting of clusters

of drops with diameter d1 = 2.10-3 cm, in the form of rain drops with

diameter d2 = 0.2 cm. For a cloud drop, according to (17), when X = 3

cm we have 01 = 3-10-18 cm2 3"10-22 mn2. On the other hand, the scat-
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tering area of a volume of 1 m containing 109 drops is equal to a, =

= 1.9lO-ll m2/m 3 .

For 1 m3 of rain containing 300 rain drops, we have accordingly

a2 = 2.10-6 m2 /m 3 .

Comparing the scattering areas of the rain and the clouds we see

that the former scattering area is five orders of magnitude larger

than the latter. Since the rain drops are located not only in the

space between the lower boundary of the clouds and the earth's surface,

but also inside the clouds, the echo signal from the rain drops under

the clouds is practically equal to the echo signal from the lower

boundary of the clouds, where there exist not only rain drops but also

cloud drops.

On the other hand, if the radar operates on a wavelength smaller

than the dimension of the particles of the indicated atmospheric forma-

tions (X < d), the pattern of backward scattering will be entirely dif-

ferent. In this case the scattering area will in accordance with [7]

be expressed by

- up),(23)

where F(Pp) is a function that depends on the scattering angle p and

p -27rd/X.

With the aid of (2.43) and (2.44) from the paper of K.S. Shifrin

[30] we obtain for F(Pp)

In turn

U(P) + (a')2.

where

a, P (I + Cos;)
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Since we are interested in the back scattering, 1 = 180°. At this

value of P we have ¶(•) 0.1918 [30) and a' 0 .

The net result is

F (f p) - 7,7-iO-3. (24)

Thus, the scattering area of the rain drops and clouds, for which

X < d, is determined from the following formula, which is derived with

account of (24):

.(=) 42.7,7 10-3. (25)

With the aid of Formula (25) we can find the scattering area of

one cubic meter of rain and clouds:

for rain

S=.47. 10-' O1N, (26)

for clouds

02 = 2,5.10-4 um2 '. (27)

From a comparison of (26) and (27) it follows that the echo sig-

nal from the lower boundary of the clouds, where small cloud drops are

located, exceeds by more than five times the echo signal of rain. This

is fully satisfactory for suitable measurement of the height of the

lower boundary of the clouds which produce precipitation.

It is also useful to compare the scattering areas for X = 3 cm

and for the optical range. A comparison shows that the scattering area

of clouds, calculated for the optical range, is approximately seven

orders of magnitude larger than for the radio range, while that of

rains is larger by approximately two orders of magnitude.

All the facts noted above indicate that it is preferable to use

wavelengths X < d for the measurement of the heights of the lower lim-

its of clouds. However, in order to measure the heights of the upper

limits of the clouds, and also to warn against showers and thunder-
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storms, it remains advantageous to use wavelengths X > d, for they are

incomparably less subject to attenuation during the course of propaga-

tion than optical waves. Practical experience of operation of optical

detection and radar detection confirms the foregoing conclusion. In

this connection, it is recommended that multiband radar stations be

used for meteorological purposes, and that one band be in the optical

range.

Manu-
script [Footnotes ]
Page

No.

58 For simplicity the volume is assumed to be cylindrical. In
this case, as shown by G.M. Burlov, the errors for most
radars used in meteorology, starting with a distance 1.5-2
kIm, do not exceed 1 or 2%.

59 The number of drops 0.15 cm in diameter is assumed here to

be 100%.

81 We have in mind intramass showers and thunderstorms.

83 In our latitudes this vertical extent of the rain is close.
to maximal.

83 Here Hn is the height as determined by the radar and Hc the

actual height.

Manu-
script [List of Transliterated Symbols]
Page

No.

48 3 = e = effektivnyy = effective

57 z = i = impul's = impulse

75 3 = z = zapol'neniye = filling

78 MaKC = maks = max = maximum
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Chapter 4

PRACTICE OF RADAR DETECTION OF ATMOSPHERIC FORMATIONS

1. USE OF RADAR FOR THE DETECTION AND INVESTIGATION OF CLOUDINESS AND
PRECIPITATION

To ensure high grades of observations of cloudiness and precipi-

tation, the correct choice of the location of the radar Is of great

significance. The principal requirement that must be satisfied by the

place where the station is located Is that the space can be readily

surveyed in all directions.

To this end, the radar should be mounted on an open and high space

(the roof of a building, a hill, etc.) so that local objects located

around it do not rise above the horizon by 20, or better still so that

these objects are below the level of the radar installation.

When the station is installed it must be leveled and also ori-

ented with respect to the compass directions. These operations must be

repeated periodically in order to exclude the possibility of errors in

the determination of the azimuth and the elevation angle during meas-

urements of cloudiness and precipitation zones. After the radar is in-

stalled, it is necessary to study the images of the local objects on

the receiver screens. For this purpose observations are made during

clear weather or weather with little cloudiness, and the images of the

local objects on the receiver screens are photographed. The photographs

obtained make It possible to distinguish the images of the meteorolog-

ical targets from the images of the local objects.

During the course of radlcmeteoroloagcal observations, the re-
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ceiver screens must be photographed without fail in order to maintain

complete documentation.

At the present time there is a clear-cut distinction made between

radars intended for the detection of a precipitation zone, particularly

for warning in advance against storms and showers which are of great

danger to aviation, and radars used to detect and investigate clouds

and other dielectric inhomogeneities of the troposphere.

Radar stations used to detect precipitation zones operate in the

wavelength range from 3 to 10 cm and use a main pulse of large power

[72]. During the operation of such stations, the search for the pre-

cipitation zones must begin with a distance equal to the maximum op-

erating radius of the employed radar. This is necessitated primarily

by consideration of timely warning of the interested institutions of

the approach of such dangerous phenomena as showers, thunderstorms,

and hail.

For a better observation of showers and thunderstorms it is nec-

0essary to carry out observations with antenna elevation angles 0-2°,

varying this angle smoothly after each rotation of the antenna in azi-

muth.

Observation of continuous precipitation is best carried out-at

large antenna elevation angles, namely 5-100.

If the operating radius of the radar is 150-200 kIm, then timely

warning of individual regions can be provided 5-8 hours in advance,

taking account of the encountered speeds of displacement of the con-

tinuous and shower precipitation.

An image of the precipitation zone traced or photographed from

the circular-scanning indicator (IK0) makes it possible to determine

its distance from the radar station and its azimuth, and also to esti-

mate approximately the form and dimensions of the horizontal area, if
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the sweep Lscaie is known. In addition, from thie resultu of' two or more;

observutions carried out within not less than 10 or' 15 rriirIutes, .1, Ic

possJble to determine the direction and velocity of dlrplac-menl of'

the precipitation zone.

We si(,ill show below circular-scan images at different Instarits of'

tirrie obtained from one and the same precip1ta',idn zone, loc'ated In a

d11';cf,.iori 290-330° and at distances 12-20 kln (see Figs. 2'( and 28). it

.i easy to see that during the 10-minute time I.nterval the center of'

grav.1ty oa' the precipitation region shifted 6 km in a west-northwest

direction. This shift corresponds to a speed of' 36 lcn/hr.

In addItion, it Is possible to estimate approximately the area of'

f'he ivL'lcctlng precipitation zone, the intensity of the preclpltatlor,

('rom the brightness of' the glow on the circular-scan screen), and Its

evolution.

Alon•g w.Vth obtaining images of continuous and shower precipita-

tilon us.oin a cIrcular scan, which gives the radio echo picture In a

fio' Izoni~al plane, it is also important to have vertical sectionrs.

Such sections are obtained either by using special recel.vers or

wi. lh thie atd of a circular-scan indicator in which the sweep can ro-

,Late In synchronism with the rotation of antenna both In azimuth and

0
In elevation from 0 to 90

Fig. 21. Vertical time section through precip-
itation zone. Sounding height 4200 meters.

In this case, knowing the sweep scale, it is possible to deterIrlne

the width and height of the reflecting precipitation zone From the
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given azimuth.

Inasmuch as the time of antenna rotation in elevation from 0 to

900 usually does not exceed 10-20 seconds, it can be assumed that this

method gives an instantaneous image of the reflecting zone in the ver-

tical plane. Along with such sections it is possible to obtain vertical

time sections in the height-time coordinates. In the latter case the

antenna is set at an elevation angle of 900, i.e., vertically upward,

and the image of the stationary sweep line is projected with the aid

of a special photographic attachment on film which is wrapped around a

drum rotating at a rate such as to make one revolution in 20-30 min-

utes. During the time that the precipitation passes over the station,

the glow brightness of the individual portions of the sweep line on

the circular-scan indicator will depend on the distribution of the re-

flecting properties of the precipitation in a vertical direction. As a

result, a picture similar to that shown in Fig. 21 is obtained on the

photographic film.

The procedure for detection of clouds and other atmospheric forma-

tions, which produce weak reflected signals, consists primarily of us-

ing radar equipment operating in the wavelength region from 3 cm down-

ward [9, 66].

Under the guidance of V.V. Kostarev, a radar installation (Fig.

22) with large reflector was developed and built at the TsAO. The

radio beam produced by the antenna unit of the radar station is sta-

tionary and directed vertically upward.

By photographing on a moving film the stationary sweep line on an

indicator with target brightness indication (TK0), vertical~time sec-

tions of the clouds and other inhomogeneities are produced in their

transport direction. The rate of motion of the film is usually between

1 and 5 mm/mmn.
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stallation of the TsAO.

Recently, in connection with progress in radar technology, equip-

ment operating in the millimeter band came into use for these purposes

[62, 79]. Within this range, the radars are capable of detecting not

only precipitation zones and all forms of clouds, but also certain di-

electric inhomogeneities of the atmosphere.

2. RADAR IMAGES AND THEIR PHYSICAL INTERPRETATION

By now much factual material has been accumulated on radar images

of precipitation zones. There are much fewer data on the results of

radar images behind clouds and other atmospheric formations.

Engaging in the analysis and physical interpretations of radar

reflections (which we shall call briefly radio echos) were N.F. Kotov,

P.N. Nikolayev, R. Wexler, M. Ligda, and others [10, 67, 69].

Image of Precipitation Zone

In the analysis and systematization of the images of precipitation

zones on radar indicator streams, it is necessary to take into account

the fact that the character of these images depends on the procedure

used in the radar sounding.
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We consider below the classification of radar images of precipita-

tion zones on a radar for the 3 cm band, type H2X [82] and CPS-9 [62].

This classification can be extended without much error to include

other radar equipment, too.

The first type of radio echo - a bright strip or layer - is usu-

ally observed in the fall or in the spring upon passage above the

radar of a nimbostratus cloud which produces weak continuous rains or

wet snow, the intensity of which does not exceed 2 mm/hr. Most fre-

quently this precipitation is due to the passage of warm fronts, occlu-

sion fronts, or cold fronts of the first kind.

On the basis of the results of simultaneous radar, airplane, and

radio sounding it was established that the bright strip is the image

of the layer in which the snow flakes that fall from the nimbostratus

cloi)s melt. The upper boundary of this layer almost coincides with

the zero isotherm. Its thickness is on the average 300 m. There are no

images above and below the bright strip.

The occurrence of the bright strip can be explained in the follow-

ing manner. The small snow flakes falling above the zero isotherm have

a small effective scattering area, and the weak signal from them is;

not registered by the radar. On falling lower and reaching the height

of the zero isotherm, the snow flakes begin to melt and are covered

with a film of liquid water. Because the dielectric constant of water

is several times larger than that of ice, the reflected signal from

the melting snow flakes will also be larger. Also contributing to the

increase in the signal will be the fact that at below-zero tempera-

tures that are close to zero, i.e., as the snow crystals approach the

level of the zero isotherms, the crystals can easily stick to one an-

other and form larger snow flakes than thcse situated above.

Vith further d-_= of the :snow lTakez, a-!ter =ros-sls the zero-
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isotherm level, their melting becomes more and more intense and at a

certain height they turn into rain drops. The dimensions of these

drops and their concentration is smaller, owing to the rapid rate of

fall, than that of the falling snow flakes. Because of this the signal

reflected from the rain drops is also smaller and if the rain has a

low intensity it may not be registered at all by the radar.

The bright strip on different types of indicators and under dif-

ferent methods of radar sounding has different forms. When vertical

sections are obtained, its appearance is usually as shown in Fig. 23.

In the case when the antenna rotates around a vertical axis at a def-

inite elevation angle, the bright strip on a circular-scan indicator

has the form of a concentric white ring. It is obvious that the radius

of the ring depends on the elevation angle of the antenna and on the

height of the bright strip. To determine the actual height and width

of the bright strip it is necessary to multiply the radius of the ring

by the sine of the elevation angle.

On an indicator with amplitude marker (range), it is best to view

the bright strip at antenna elevation angles 10-20°. The amplitude of

the signal received from the melting layer is small, and the form of

the signal is symmetrical.

The second type of radio echo is observed also in continuous pre-

cipitation, the average intensity of which amounts to 2-4 mm/hr. This

continuous precipitation can be classified as moderate to strong. Usu-

ally it is connected with the passage of clearly pronounced warm fronts

and occlusions.

The second type of radio echo is a bright strip with an image of

the zones situated above or below the strip. In the vertical section,

the zone situated above the bright strip can have the form either of

layers inclined to the bright strip, or horizontal layers, or finally
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Fig. 23. First type of reflection from
precipitation. Imagu of bright strip
Jn a vertIcal cut through continuous
precJpitat-lon. Distance botween scale
markers Is 2 km.

Pormations that have no definite form.

The zones located under the brilghi. strip consist of' minute sus-

pended cloud drops and Palling rain drops which are larger than In the

Nirsi, type o1 radio echo. As regards the Images above the bright strip,

.It was at first assumed that they are the image of' only sufficiently

large snow Plakes that full inside the cloud. It turned out later, how-

ever, that the images above the bright strip can be attributed equally

well to either the falling snow drops or to suspended or Calling super-

c.ooled drops of' water. This is confirmed by practice gained in radio-

meteorological observations, for it is very rarely possible to obtain

the image of a snowfall In "pure form," i.e., in the layer from the

lower boundary of the cloud to the earth. At the same time, the images

located above the bright strip are encountered quite frequently, in

spite even of the fact that as a rule they are located farther away

from the radar than the images of the snow that falls directly above
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it. This circumstance brings to mind the idea that the contribution of

the supercooled drops to the formation of the image above the bright

layer is appreciable if not commensurate.

This contribution can also be direct when there is added to the

scattering of the radio waves by the snow flakes also scattering by

the supercooled drops of water, or may be the result of continuous

settling of relatively large drops on the surface of the snow flakes.

During the time that the latter fall, something like a supercooled

film of liquid water is formed. The fact that a cloud is seeded

with supercooled drops is well known. In this case, under particularly

favorable conditions, it can lead to a sharp increase in the dielec-

tric constant of the snow flakes, and consequently to an increase in

the scattering of the radio waves in the granulated layer. As the snow

flakes pass through the granulated layer and enter into layers with

smaller drops, which do not coagulate with the snow flakes, they can

again have only one ice phase. Their dielectric constant again de-

creases and this leads to a decrease in the scattering of radio waves

and to a vanishing of the image on the radar indicator.

The second type of radio echo has its own modifications, in which

one observes either a bright band with the image of the supercooled

zone only, or else with a zone of rain under it.

A typical view seen in vertical sections is the one shown in Fig.

24.

On indicators with amplitude markers, the second type of radio

echo is characterized by a few splashes, the height and width of which

is somewhat larger than in the first type.

The third type of radio echo is observed usually in the case of

intensive rain at the surface, averaging 10 mm/hr. Participat-

ing in its formation are principally cumulonimbus clouds and shower
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precipitatlon, connected W.Ith the pas-

sage of secondary cold Pronts or' cold

occlusion fronts. One obtains on the

radar indicators a (q tlit(: dkltl riftr:t te-

or1on o0' rain and a less noticoable re-

glorn of meltingf. Figure 25 shows the

third type of' radio echo in a vertical
FJg. 24. Second type o1'
reflections ip vertical plane. The figure shows clearly other
section of' moderate con-
tinuous precipitation. characteristic 'eatures of' this type,
Distance between scale
markers is 2 kin. connected with singularities in the

structurc of cumulonimbus clouds, with

their ml crophysical structure, and wi ,h

their geometrical shape. The images rep-

resent white bright spots, on the upper'

or middle parts of which one can notice

the melting layer'. The latter, which Is

usually intermittent, is thicker than in

11g. 25. Third type of
reflections in vertical the first and second types of reflec-
section through moderate
shower precipitation. tions. Frequently the main image merges
Distance between range
scale markers is 2 kmn. with the Image of the melting layer'. The

considered (third) type is apparently connected with the following

state of the cumulonimbus cloud. In the upper part of the cloud, in

the zone above the zero isotherm, the precipitated water particles rep-

resent predominantly soft or hard hail. If they pass through the super'-

cooled layer, they produce an image above the melting layer. In the

opposite case there will be no image observed of the supercooled zone.

If the hail enters the region of above-zero temperatures, it begins to

melt without appreciably changing its rate of fall and the dimensions.

As a result they turn into rain drops. The dielectric constant and the
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number of particles remain practically un-

changed from the height of the zero iso-

therm to the earth. Consequently, the

bright band merges with the irmage of the

rain. In those parts of the cumulonimbus

cloud where the precipitating particles

predominate in the form of snow, the bright

Fig. 26. Third type of band becomes noticeable.
reflection in circular
scan. Distance between A typical image of the third type of
scale markers 2 1in.

radio echo in the case of circular scan is

shown in Fig. 26.

The last and fourth type of radio echo comprises reflections from

powerful frontal and intramass cumulonimbus clouds, which produce

strong shower rains with intensity on the order of 40-50 mm/hr, or

else hail. The characteristic feature of the fourth type of radio echo

Is the complete lack of' visible images of the melting layer, i.e., of

bright strips. This is the only type of radio echo in which one can

observe images of supercooled parts of a cumulonimbus cloud in the ab-

sence of a bright strip. Another feature of this type of radio echo is

the large vertical extent, which reaches heights of 10-12 km.

Figures 27, 28, and 29 show characteristic patterns of this type

of radio echo in the horizontal plane on a circular-scan indicator and

on an indicator with amplitude marking, respectively. A striking fea-

ture of the last figure is the exceedingly large amplitude of the re-

ceived signal.

The formation of images from thick cumulonimbus clouds can be ex-

plained in the following manner. First, the absence of a bright strip

indicates that the hail stones predominate absolutely -over the snow

flakes in the zone of below-zero temperatures. Second, the large ver-
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Fig. 29. Fourth type of reflections on an
indicator with amplitude marking.

tical extent suggests that there is possibly a considerable difference

in the distribution of the temperature inside the cumulonimbus cloud

as compared with its distribution outside the cloud (the temperature

is higher inside the cloud). In addition, an important role is also

played by the factor of wetting and seeding of the hail drops. Because

of this, a considerable part of the supercooled zone can have almost

the same dielectric constant as the melting and rain zone.

Images of Clouds

Radar as used for the detection of clouds uses antennas which are

directed vertically upward. Because of this one obtains on the indi-

cator screens an altitude-t.ime section through the clouds passing over

the station.

We shall consider below the characteristics of vertical images of

the fundamental forms of clouds which produce no precipitation, ob-

tained by observation with two radar stations: the modernized radar of

the TsAO and the 1.25-cm foreign APS-34 equipment [9, 66].

Cumulus clouds. In the detection of vertical-development clouds,

one of the principal factors in the production of the radio echo is

the degree of development of these clouds. As a rule, .only thick cumu-

lus clouds begin to give images (Fig. 30). Cumulus clouds in good
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1521 151 weather and broken cumulus clouds do not

produce images, with rare exceptions. In

"the initial state the radio echo of thick

cumulus clouds is weak, and has an uncer-

tain outline. When the thick cumulus cloud

is in the developed state, the peak of the
Fig. 30. Reflections
from thick cumulus radio echo becomes sharp and the radio
clouds. Sounding
height 7800 meters. echo then assumes the shape of a column.

O••ne observes images of the falling bands,

the curvature of which in a vertical direc-

W tion corresponds to the vertical wind pho-

Fig. 31. Reflections tograph.
from stratocumulus
clouds. Sounding height Stratocumulus clouds (Fig. 31). The
4800 meters.

images of translucent and opaque strato-

cumulus clouds are rather weak and differ little from each other. They

have a shaggy upper boundary, made up of short tightly packed strips.

The dense portions of the radio echo have the same appearance as the

horizontally converging air streams. The density of the radio echo de-

creases in the lower and middle parts toward its upper part. Observa-

tions show that stratocumulus clouds are best observed at below-zero

temperatures.

Stratus clouds (Fig. 32). In spite of the closeness to the radar,

stratus clouds are observed well only when drizzle is observed. The

radio echo has the form of fluffy strips with a rather even upper bound-

ary. The base of stratocumulus clouds is rarely observed, since it is

usually masked by images of local objects and by the drizzle. The den-

sity of the radio echo changes little in time and in altitude, owing

to the homogeneous structure of the stratus clouds.

Altocumulus clouds. The images of altocumulus translucent clouds
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Fig. 32. Reflection from dense stratus and al-

tostratus clouds. Sounding height 8000 meters.

have the form of closely arranged strips,

- - - --- the bases of which are bent backward at

an average angle of 450 to the horizon.

An increase in the density in the upward

direction is most frequently observed.

Altostratus clouds. Translucent al-
Fig. 33. Reflection from
transparent altostratus tostratus clouds produce images (Fig. 33)
clouds. Sounding height
7800 meters. a characteristic feature of which is the

even outline of the base and top. The lower part of the cloud is homo-

geneous, and has a medium density. Toward the upper part the density

of the radio echo decreases until the image completely disappears.

Ueather-fli.ht reulto have shown that the majority of altostratus

clouds are encountered at temperatures between 5 and -35 and the

radar images were frequently due to crystals of ice or snow.

Cirrus clouds. The clouds of the upper layer give very weak radio

echos and are detected relatively rarely. The easiest to detect among

the cirrus clouds are the cirrostratus clouds, the radio echos of which

are very similar to the radio echos of altostratus clouds and differ

only in having a lower density.

Image of turbulent and convective formations. The radio echos of

turbulent and convective formations, obtained under the guidance of

V.V. Kostarev, were observed only during the bright time of the day at
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the start of cloudiness and in cloudless weather. Their appearance on

the screen of the radar indicator is apparently due to reflection of

electromagnetic waves from the eddy formations, which are regions in

space where the dielectric homogeneity is disturbed, and on whose

boundaries one observes a considerable change in the temperature and

humidity.

Fig. 34. Reflection from convective and turbu-

lent formations. Sounding height 8000 meters.

In the given case the radar reflection has the form of short

strokes or bars (Fig. 34). The width and length of these strokes cor-

responds to the dimensions of the eddies. The limiting height of de-

tection of such reflections amounts to about 5 mn.

3. ERRORS IN RADAR OBSERVATIONS OF CLOUDS AND PRECIPITATIONS

Only recently has the accumulated experience made it possible to

investigate the errors in radar observations of clouds and precipita-

tions. Yet an estimate of the errors in meteorological observations is

very useful.

At the same time, a preliminary evaluation of the errors is in

practice exceedingly difficult, so that as a rule the errors are class-

ified as random. Studies of radar observation errors were made by V.V.

Kostarev, K.S. Shifrin, V.D. Stepanenko, and D. Atlas [8, 9, 61].

Errors due to the dimensions of the sounding pulse. As is well

known, the length of a radio pulse in space and its angular width are

due to the directivity pattern of the antenna and the mode of the
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Fig. 35. Explaining the distorted form
of the precipitation zone due to the
finite duration of the pulse (a) and the
finite width of the directivity pattern
(b).

radar transmitter.

The length of the pulse does not depend on the distance to the

target, and the width varies as R2 . Indeed, the sounding pulse has a

spatial extent cri = h. When the pulse passes through the precipita-

tion zone, the reflected signal arises at the instant when the leading

front of the pulse touches the reflecting particles (the forward

boundary of the cloud or precipitation zone), then increases and

reaches a maximum value upon complete entry of the radio pulse into

the reflecting medium. When the pulse leaves this region, the reflected

signal vanishes only after the trailing front of the pulse is situated

in a space free of cloud and precipitation particles.

Assuming that even very small reflected signals can be discerned

on the indicator, we reach the conclusion that the radial dimension of

the precipitation zone will be increased by a factor 2cT i = 2h. If we

assume that only the maximum signal corresponding to total penetration

of the radio pulse into the precipitation is observed, then the radial

dimension will be decreased by the same amount 2cTi = 2h. Obviously,

the error will be eliminated if the signal appears on the indicator at

the instant when half the extent of the pulse has entered the precipi-
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tation zone.

Figure 35a shows the distortion of the actual form of the precip-

itation zone caused by the duration of the pulse.

Inasmuch as for existing radars Ti may have values 0.1, 0.3, 0.5,

1.0, and 2.0 ýLsec, h will, respectively, equal 30, 100, 150, 300, and

600 meters.

In the case of warnings against storms and showers, owing to the

appreciable distances the radars usually operate in a mode with long

pulse duration (h = 300-600 m), so that this compensates to a certain

degree for the attenuation of the reflected signal due to the distance.

Consequently, the most frequent error occurs in the determination of

the distance to the shower and its geometrical parameters in a radial

direction, amounting to 600 - 1200 meters.

However, taking into account the features of thunderstorms and

showers, their variability in time and in space, this error can be

neglected in practice. Indeed, what practical value can be attached to

the fact that the distance to a thunderstorm located 100 Ian away has

been determined with an error of +600 or 1200 meters?

The situation is different if one determines the height of the re-

flecting layers of clouds and precipitation situated above the station.

It is quite clear that a determination of height with the errors in-

dicated above (600-1200 m) is very crude. Consequently, the radar op-

erates in the mode where the values of T are the smallest, i.e., 0.1,

0.3, and 0.5 Vsec (h = 30, 100, and 150 m). Consequently, the heights

of the clouds will be determined with absolute errors on the order of

30-150 meters. It is therefore easy to see that layers of clouds and

precipitation which are spaced in height by less than h may appear to

be merged.

Further, as a result of the increase in the width of the beam
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with increasing distance from the target to the station, the error in

the direction perpendicular to the beam axis increases. The linear

dimension of the false broadening is 20R, where 9 is in radians.

Figure 35b shows the distortion of the image of the precipitation

zone resulting from the finite angular width of the electromagnetic

beam, while Table 8 shows its values at different distances for a

radar in which 9 = 3°•

TABLE 8
R, km 1 10 100

eR, km 0.052 0.52 5.2

It is seen from Table 8 how important the error can be in a direc-

tion perpendicular to the beam axis. It must be particularly taken

into account when determining the vertical thickness of showers which

are located at large distances. Indeed, at a distance of 100 Ian this

error may reach 5 Ian.

Errors due to "secondary -sweep." The phenomenon of secondary

sweep usually takes place in radars characterized by a short operating

radius (on the order of 30-60 km). This phenomenon is observed on the

circular-scan indicator screen in the form of false images of the pre-

cipitation zones.

The secondary sweep is due to signals from showers located beyond

the limits of the theoretical range of the station. The reflected sig-

nals produced by them are much larger in intensity than the ordinary

signals and are therefore observed at anomalously large distances. The

time of travel of the radio waves from the transmitter to the reflect-

ing shower and back to the receiver is longer at such large distances

than the time interval between pulses. Since the cycle of motion of

the sweep spot begins every time during the instants that a pulse is

emitted and terminates before the transmission of the next pulse, the
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signal received from a shower situated beyond the range of the station

is "delayed" and is received by the receiving unit after the radiation

of the next pulse. As a result, this image will appear among the images

of the signals from the close-lying targets, arriving during the

next operating cycle of the station. In this case the range will ap-

pear to be much shorter than the true one, and the form of the image

will not correspond to the real outlines of the precipitation zone.

To determine the true range one uses the relation

Ri = R' + c/2F,

where R' is the range to the image in the case of secondary sweep, c

the velocity of propagation of light, and F the pulse repetition fre-

quency.

One can visualize a case in which the time elapsed from the in-

stant of radiation to the instant of reception of the reflected signal

exceeds twice the time interval between pulses. However, in practice

this case is little likely, since the reflected signals arriving from

the precipitation zones will be too weak to be detected and in addi-

tion the height of the electromagnetic beam above the earth's surface

will at such large distances undoubtedly be much larger than the height

of the precipitation zone.

The dimension of the reflecting region of the precipitation zone,

which produces the secondary-sweep image, can be determined from the

following formula (if the filling coefficient is Kz = 1)

Li = L'RI/R',

where Li is the tangential dimension of the image, corresponding to

the actual size of the precipitation zone, and L' is the width of the

zone as read on the circular-scan indicator in the case of secondary

sweep.

It can be shown that there exists a region which has the form of
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a ring with acenterat the location of the radar station, inside of

which precipitation zones are not observed in either the form of or-

dinary bright images or in the form of secondary-sweep images. The

width of this "blind" ring B can be represented by the formula

B = c/l_ -

where Rmax isthe maximum range which can be obtained on the circular-

scan indicator.

Images obtained as a result of secondary sweep have characteris-

tic attributes which make it possible to distinguish them with suffi-

cient accuracy from ordinary images of precipitation zones. These at-

tributes are as follows:

the height of the peak of the reflecting zone is abnormally small

and usually cannot be measured at all,

the image is stretched out in a radial direction.

From the secondary-sweep image, using the formulas given above,

we can readily determine the true range and the dimensions of the

source of reflection, and also the velocity and direction of the dis-

placement. The azimuth of the displacement is determined directly,

while the velocity must be multiplied by the quantity Ri/R'.

or 9 3 R

Fig. 36. Visible (apparent) varia-
tions of the area of the shower
due to variation of the scale
along the sweep.

Errors occurring when the scale changes along the sweep. In addi-

tion to the errors in radar detection of clouds and precipitation as

considered above, it is necessary to bear in mimd the errors due to

the change of the scale along the sweep an a IixclXlar-scan dicator.
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In the existing types of radar stations it is encountered quite fre-

quently and is connected with the nonlinearity of the charging of the

sweep-generator capacitor with time.

The variation of the scale can be readily detected by measuring

the distance between neighboring scale rings (range markers). What is

striki:ng Is the constant increase in distance between range markers in

a direction away from the center of the screen (of the circular-scan

indicator) to its periphery.

The change in scale along the sweep causes the image of the melt-

ing layer, on taking a vertical section through nimbocumulus clouds

from 0 to 900, to have the appearance of not a horizontal bright strip

but of a curve.

It is important to note how significant the increase of the scale

along the sweep is. Indeed, at a distance of 2-3 km this increase

amounts to 30-40%, while at 8 km its value is 50%.

Let us consider now the detection of an individual precipitation

zone, which moves in a direction toward the radar, without changing

its area or configuration (Fig. 36). Further, for simplicity, we shall

assume that the radio waves do not attenuate and the images of the

shower zone are not subject to distortion due to the change in the dis-

tance to the shower. Finally, we assume that the dimensions of the

zone allow us to neglect the variations of the scale within the width

of the zone itself.

As this zone approaches the radar, its image on the circular-scan

indicator will become compressed, as it were, something particularly

noticeable in the direct vicinity of the radar.

On the other hand, if the precipitation zone moves away, the con-

verse will be observed, i.e., the image of the zone will increase as

it were with increasing distance from the radar.
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Finally, when the precipitation zone moves along a circle, no

change of area will occur at all, in view of the constancy of the

scale.

It was indicated above under what assumptions Fig. 36 was drawn.

Under actual conditions, when the area of the precipitation zone and

its intensity vary in time and in space, and also as a consequence of

the attenuation of the electromagnetic waves, it will be exceedingly

difficult to separate from the entire set of factors which cause the

area of the radar images to change the particular factor connected

with the change in scale along the sweep.

This problem is much easier to solve in the case of spatial ver-

tical sounding of cumulonimbus clouds and continuous precipitation,

when a bright strip is observed on the circular-scan indicator screen.

From the practical point of view, within the limits of 10-20 kan

it is perfectly permissible to assume the bright strip (the melting

layer) horizontal. However, experience in obtaining spatial vertical

sections shows that the bright strip is frequently a bent strip of the

type shown in Fig. 23. Such an unusual form of the bright strip is

precisely the consequence of the change in the scale along the sweep.

A curved bright strip whose height decreases above the station can be

obtained also theoretically, by using the variation of the scale along

the sweep and its height.

It becomes clear from the foregoing that in determining the ver-

tical and horizontal dimensions of the atmospheric formations it is

necessary without fail to take into account the Variation of the scale

along the sweep. The account consists of using the scale which is ob-

served at the range corresponding to the atmospheric formation.

Errors due to technical parameters of the radar and to the range

and structure of the clouds and precipitation. We have considered
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above errors in the radar detection of cloud and precipitation zones,

when the operator observes the image of such zones on the radar indi-

cator screens. These errors influence in one form or another the accu-

racy with which the range and the geometrical parameters of these

zones are determined, and can be taken into account. Yet there are

more significant errors, which depend on the technical parameters of

the radar, on the range and structure of the clouds and precipitation,

and which frequently cannot be evaluated at all.

The reasons and consequences of these errors become more easily

understood after the following reasoning. If we denote the factor

7T5 Pt A ph/48X4 IE - 1/E + 212 in Formula (10) for the radar detection of

clouds and precipitation consisting of liquid particles by C, the for-

mula can be rewritten as

NIDI,
Pp C .Ljkka.

Let us illustrate, using the detection of precipitation as an ex-

ample, the errors connected with the different values of the radar

constant C.

A connection between YD' and the precipitation intensity I was

obtained experimentally. For moderate latitude the most suitable con-

nection is

z = 2201"6, (28)

where

z NA m NJDIuu6J',

and I has the dimensions of mm/hr.

Then

VIA (29).P, := Cl' kka. (9

For what follows it is convenient to introduce the quantity V -

- 111 -



= P/Prmn I where Prmin is the minimum value of the power of the re-

ceived signal, which can still be detected by the radar. The quantity

p. characterizes the brightness of the image on the circular-scan indi-

cator screen or the height of the pulse on the range indicator. When

p. > 1, the image appears on the screen, and when p. _ I the image dis-

appears. Consequently, the geometrical locus of the points for which

p -- 1 will be the boundary of the area of the images of clouds, pre-

cipitation, and other atmospheric formations.

Dividing both halves of (28) by Prmin' substituting k in expanded

form, and assuming the filling coefficient to be kz = 1, we obtain

~ (+ x 2*-0.2. JI(x)'dx 30t = cr,.P, (R + X)-2. 10 o0 (o

where I(x) is the distribution function of the precipitation intensity

along the path of propagation of the sounding pulse, x the path cov-

ered by the pulse in the precipitation, and R the distance from the

station to the forward boundary of the precipitation.

After taking logarithms of Eq. (30) we obtain
X

1gP= I1C2 + 1,61gI(x) - 2 Ig (R + x) - o.22 f I (x) dx. (31)

Equation (31) can be used to calculate the contour of the precip-

itation-zone image, if we set p. equal to unity. In the calculations it

is necessary to bear in mind that for X > 5 cm the coefficient is a = 0,

while for X < 5 cm it rapidly increases with decreasing wavelength.

When X = 3 cm, the value of a can be assumed to be 0.031 db/km/mm/hr

(31].

It must be noted that different radars detect in different fash-

ions the same atmospheric formations.

Along with the distortion considered above, an important role is

played by distortion due to the distribution function of the precipi-
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tation along the direction of propagation of the electromagnetic waves

and due to the range to the precipitation.

It must be noted that a change in the range greatly influences

the character of the image of one and the same shower. Its rear parts

are particularly strongly distorted. The distortion occurs both be-

cause of the increase in the range and because of the attenuation of

the radio waves in the shower. The influence of the last factor be-

comes particularly noticeable, if screening precipitation is found be-

tween the observed shower and the radar.

An interesting fact is that for X = 5 cm the increase in the in-

tensity of the precipitation zone leads directly to an increase in the

power of the received signal from all parts of the zone and, conse-

quently, to a decrease in the distortion, and vice versa. In the latter

case there occurs an instant when the entire precipitation zone pro-

duces a signal smaller than Prmin and no image of the precipitation or

other atmospheric formation is observed by the radar.

For X < 5 cm the increase in the intensity of the precipitation

leads first to an increase in the power of the received signal, and

thus to a decrease in the distortion. However, starting with certain

values of the intensity and the width of the precipitation, the atten-

uation of the electromagnetic wave begins to predominate. This leads

to a decrease in the power of the received signal and to an increase

in the distortion, particularly in the rear parts of the precipitation

zone.

Distortions in the geometrical dimensions of atmospheric forma-

tions are confirmed by the results ofsimultaneous radar and airplane

observations of cumulonimbus and nimbostratus clouds and the associ-

ated precipitation. The results of these obser atkns are shown In Flg.

37, from vhich It is seen that the vertical per or tbe radmio echo on
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a circular-scan indicator of a radar for storm warning is always ap-

preciably smaller than the vertical extent of the cumulonimbus and

nimbostratus clouds.

n00
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Fig. 37. Correlation between the
real height of cumulus clouds and
their radar height.

This radar detects the indicated cumulus clouds if their vertical

extent is not less than 1 or 2 km. In 55% of the cases of their detection

the upper boundary is located at heights larger than 6 mn.

As regards the distortion of the horizontal dimensions, the most

distorted are the nimbostratus clouds and the associated precipitation,

inasmuch as their image on the circular-scan indicator of the afore-

mentioned radar does not exceed as a rule 40 kn in diameter. At the

same time the actual horizontal dimensions of these clouds amount to

hundreds of kilometers. The least to be distorted are cumulonimbus

clouds, owing to their smaller dimensions and larger intensity of the

precipitation falling from them.

4. MEASUREMENT OF INTENSITY OF PRECIPITATION AND WATER CONTENT OF
CLOUDS BY RADAR METHODS

Radar stations are used not only to observe the clouds and the

precipitation, but also for quantitative measurements of the intensity

of the precipitation and the liquid-water content of the clouds. The
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results of these measurements make it possible, in addition, to formu-

late and solve such important practical problems as the quantitative

estimate of the intensity of icing of airplanes, bumpiness, visibility

in clouds, etc.

The theoretical basis for these measurements is the fact that the

characteristic of the reflection of clouds and precipitation

z - ENI D,',

to which the power of the received signal is proportional, and the in-

tensity of the rain, are connected for the case of moderate latitudes,

as indicated above, by the expression

1.6
z = 2201

For the liquid-water content of clouds w, when 0 < w < 1.3 g/m3,

we obtain

z = 0.048w2 .

Consequently, if we can determine quantitatively the power of the

received signal relative to the sensitivity of the receiver V and use

the relation
11.6 •

X)(32)

we can determine the intensity of the rain.

For a reliable determination of the intensity of the precipita-

tion one first determines by experiment the radar constants C2 which

are contained in Relation (32). The radar measurements of the power of

the reflected signal are made simultaneously with the meteorological

measurements of the intensity of the rain. The meteorological measure-

ments are usually carried out at short distances from the radar so as

to reduce the influence of the attenuation coefficient. From there-

sults of these measurements one obtains the constants C2 of the radars.

Subsequently these constants are used for quantitative measurements of
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atmospheric formations and for estimates of the effectiveness of their

detection.

It must be noted, however, that in the constructions of surface,

marine, and aircraft radars used in meteorology, the overwhelming ma-

jority of the equipment is equipped only for the detection of targets

and not for the measurement of the power of the reflected signals.

This circumstance raises certain difficulties when it comes to using

radar stations for the aforementioned quantitative measurements of the

meteorological elements and phenomena.

Recently, however, R. Langill, R. Donaldson, Ye.M. Sal'man, and

A.B. Shupyatskiy [11, 18, 62] and others published data on methodolog-

ical developments aimed at measuring the power of reflected signals

from clouds and precipitation and their quantitative estimate.

Direct measurement of the power of the reflected signal is diffi-

cult in this case, since it is necessary to measure powers on the or-

der of 10-6 -0-12 watt and less. When measuring such small values of

power, the bolometric method cannot be employed. A convenient method

is to compare the power of the measured field with the power produced

at the same frequency by a signal generator.

To measure the power of reflected signals one uses the following

control and measurement apparatus: radar tester 31 IM and oscilloscope

EO-7. Information on the measuring instrument 31 IM is given in Chap-

ter 7 below.

Measurement of the Power of the Reflected Signal

One distinguishes between different methods for measuring the

power of a reflected signal, particularly between measurement of its

amplitude on a type-A indicator and measurement with the aid of a cal-

ibrated attenuator at the input of the receiver.

Let us take some receiver used for the measurements. Let the power
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of the reflected signal be regulated by the knob of an attenuator, the

angle of rotation of which is read against the scale of a stationary

dial with the aid of a pointer which is rigidly connected to the knob.

Then the determination of the power of the received signal from the

known value of its attenuation in decibels can be explained by means

of the following arguments.

If we denote the power of the received signal by Pr" and its at-

tenuation by n (db), then after the attenuation we receive a signal

Prn" which is smaller than the signal Pr by an amount 10O'I We

consequently get

,.=10- "P,.
If, for example, n = 20 db, then Pr,n is smaller than Pr by 100

times.

Let us assume that we decrease the gain of the receiver by such a

number of decibels, n, which makes the signal Pr,n equal to Prmin"

i.e., equal to the sensitivity of the receiver, then

P,. =P, .. =10,- °.' P (33)
The latter relation enables us to determine the power of the re-

ceived signal Pr from the known receiver sensitivity Prmin' which is

determined before each series of measurements, and from the attenua-

tion n.

The most accurate way of performing measurements of this type is

by using a type-A indicator. However, in view of the relatively long

measurement time, due to the fact that such measurements cannot-be

carried out with a continuously rotating antenna, it is advantageous

in many cases to carry out the measurements with a circular-scan indi-

cator. This makes it possible to obtain quite rapidly, after 10-15 sec-

onds, a photograph of the power distribution of the reflected signal

In a horizontal or vertical plane, and from this distribution deter-
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mine the distribution of the intensity of the precipitation or the

liquid-water content.

Photography of the circular-scan indicator with the antenna rotat-

ing is carried out in order to determine the values of n, the attenua-

tion of the received signal: in the case of weak and moderate precipi-

tation the photographs are taken every 2 db, while in the case of

showers they are taken every 5-10 db.

If the horizontal structure of the pre-

* cipitation or of the liquid-water content is

. m investigated, one records for each photo-

graphic frame the time, the scale, and the

value of n in decibels. In the case of ver-

tical sections, the azimuth is also recorded.

The measurements are carried out from

Fig. 38. Vertical
distribution of rain full gain down to the vanishing of the image
intensity in a weak
shower. The lines of on the screen. Each photograph gives the con-
equal rain intensity
are drawn every mil- tour of the region corresponding to the min-
limeter per hour.

imum signal at a given receiver gain n in a

horizontal or vertical plane. The series of the photographs makes it

possible to determine from the contours the distribution of the inten-

sity of the precipitation or the water content of the clouds. For rain

intensity one uses the relation

CXI(R+X)f'1O 0 *'"kk 3=P,.P (34)

By way of an example Fig. 38 shows the vertical distribution of

rain intensity obtained by the radar method.

When working with a radar having X > 5 cm and k = 1, and also in

the case of complete filling of the pulse, the last-mentioned rela-

tions make it possible to obtain in rather simple fashion reliable

data. In those cases, however, when I < 5 cm, it becomes meeezzary to
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take into account the attenuation of the rain [63).

Using the measurement of rain intensity as an example, let us il-

lustrate the procedure whereby the attenuation of the electromagnetic

wave is taken into account. After taking logarithms, we rewrite Eq.

(34) in the following form, assuming that the rain fall begins at the

radar station and fills the radio beam completely (under these assump-

tions R 0 and kz = 1):

O=1OtgC 2+16gl--2O1gx-n-2.f(k,+k 2 ,--w+aI)dx;, (35)
0

where

k=1O- 0.2 (I.+ .w+ 0J)

Here kl, k2 , and a are the per-unit attenuation coefficients for

the gases of the atmosphere, the clouds, and the rain, respectively.

Putting C2 = 1)1.6 we rewrite (35) in the form

Y ---161I&1--20 1g x-- a/ldx -- 16 Ig C2,- (36),

where

Y - + 2.f (k, + k2w) dx.
0

The quantity Y represents the reflected signal, corrected for the

attenuation due to the atmospheric gases and the clouds. The attenua-

tion of the electromagnetic waves by the gases of the atmosphere can

be readily determined if the pressure and the humidity of the air are

known. As regards the attenuation produced by the clouds, it can have

practical significance only for wavelengths .shorter than 3 cm, i.e.,

for those rare radar stations which detect clouds.

Relation (36), in the form in which it is written, does not make

it possible to determine the intensity of the rain, since the value of
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the attenuation in rain, i.e., the term 2 fddx. , still remains unknown.
of

To find this term we use experimental data which make it possible to

express the per-unit attenuation coefficient a as a function of the

rain intensity I for different wavelengths. In general form, this de-

pendence is expressed by the following relation:
ulZ-1i

a a .l (37)

Then

fldx f ,lIdx.
* 0

In those cases when a is given in db/milelmm/hr, we have for x

= 3 cm the value a1 = 144-10-4 , and z = 1.3; for X = 5-6 cm we have

a = 47-10-4 and z = 1.1; finally, when X = 10 cm we have a1  4.9 x

x lO-4 and z = 1.

Taking (37) into account, Relation (36) is rewritten as

Y =16Ig I- 20 Ig.x- 2 f alJdx - 16 IgC2. (38)

This equation can be represented in a form more convenient for

the solution, namely:

=Din/- Einx - F f 1zdx-- DIn C', (39)

where
D = 16- 0,4343 == 6,944,
E = 20.0,4343 - 8,680,

F = 2. -

After differentiating (39) we get

dy D dl
-dx i'1 x z

Making the substitution u = I-z we obtain a linear differential

equation, which can be solved with respect to I. The result of the so-

lution is
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EI[(. E: ÷ ,. ] (4o)

where (1/C"2)z is the integration constant.

In principle C" 2 can be determined from (35) and (40). This is

difficult to do algebraically, however. Consequently, C" 2 is fre-

quently determined experimentally by simultaneously measuring the

power of the reflected signals at the radar and the intensity of the

rain with the aid of a pluviograph.

Another method of measuring the average values of the power of

signals reflected from clouds and precipitation and their intensity is

the method of standard target, used and developed in our country by

A.B. Shupyatskiy [18]. If the echo signal from the precipitation is

compared with the signal from the standard target sufficiently rapidly,

it can be assumed that the instability of the radar parameters influ-

ences both signals to an equal degree.

The standard target employed is a corner reflector or sphere,

whose effective surface should be commensurate with the effective area

of the rains. For X = 3 cm it is sufficient. to employ a trihedral cor-

ner reflector in which the length of each side is 130 cm. When the

sides are perpendicular to one another, this guarantees an effective

surface cA = 1.17-104 m2 (see Table 14).

To install the standard target, it is best to use wooden masts,

sufficiently far away from the radar. The height of the mast should

guarantee direct visibility of the standard target from the location

of the radar antenna.

The sequence of the measurements reduces to the following stages.

First the investigated rain region is observed on the screen of the

circular-scan indicator. Then, aiming the radar antenna onto this re-
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gion, the amplitude of the reflected signal is measured on a type-A

indicator and photographed. For this purpose one can recommend the use

of the SI-I oscillograph. The antenna is then rotated in the direction

of the corner and the measurement and photography repeated. As a re-

sult of the measurements one can determine the magnitude of the re-

flecting characteristic of the rain z, and consequently also its inten-

sity.

Indeed, the ratio of the squares of the amplitudes of the signals

reflected from the rain and from the corner A2 will, in accordance,

with Formulas (2a), (10), and (3'), be

A2= P" .(41)

Combining all the constants in (41) and putting ZND6 = z we get
i

z=BA 2 R 2  (42)

If k6 = k = kz = 1 this method makes it possible to determine

rather simply the value of z, and consequently also the intensity of

the rain from the ratio of the amplitudes of the echo signals from the

rain and from the standard target, using the practically linear part

of the amplitude characteristic of the radar receiver.

It must be borne in mind that it is advantageous to use this

method if the radar of the TsAO is used only if no rain falls between

the radar and the standard target. For radars operating at wavelengths

that are insignificantly attenuated by rain, the use of this method is

more universal.

Errors in Radar Measurements

An estimate of the errors of the radar measurements of reflected

signals is a difficult problem, since it becomes necessary to take

into account a large number of errors in theradar and in the measure-
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ment apparatus; in addition, the accuracy of the initial formulas with

the aid of which the intensity of the precipitation and the microphys-

ical characteristics of the clouds are determined from the magnitude

of these signals, is low.

In radar measurements it is necessary first of all to be assured

of the stability of the technical characteristics of the radar, char-

acteristics which determine the constant C2 in Formula (34).

For most radars it can be assumed that, starting with a range of

1.5 Ion, the receiver has constant sensitivity. Up to 1.5 km the sensi-

tivity can vary within +3 db [28].

As regards the changes in the wavelength and in the pulse dura-

tion, these do not exceed several hundredths of a percent during the

course of operation of the radar. Thus, the over-all maximum error of

the measurements of the reflected signals may amount to 40-50%. The

probable error will undoubtedly be smaller.

To estimate the accuracy of the radar determination of the rain

intensity it is necessary, in addition, to take into account the er-

rors in the initial. formula (34), since the latter has been obtained

by experiment. As a result, the over-all error in the measurement of

the rain intensity will be quite large. This circumstance, which re-

stricts somewhat the application of radar in meteorology, is compen-

sated to a considerable degree by other advantages of the radar method,

namely the operation at a distance, the speed, and the possibility of

carrying out measurements under all conditions and with a great degree

of detail.

To confirm the foregoing we can cite the results of-simultaneous

radar and meteorological measurements of rain [38]. The radar installa-

tion employed operated om a wavelength of 3 cm. Provisions were made

for changing abruptly the sensitivity of the receiver during each rota-
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tion of the antenna. The meteorological rain-measuring network con-

sisted of 33 rain meters, distributed over an area of about 162 k 2m

The distance between rain meters was on the average 2.7 kin. The accu-

racy with which the amount of rain was measured was 0.1 mm. The re-

sults of four comparisons are shown in Table 9.

Case 1 ts of interest because the rapidly moving region of shower

rain with thunderstorm passed through the center of the observation

region. The amount of rain as determined by radar measurements was 29%

less than that registered by the rain meters. This error is equivalent-

to the error in a rain-measuring network with a density of one rain

meter for every 104 km2.

TABLE 9

1 3o%.111'CCT OO nM ll3lluero AOW.o 1 m pai- 8 9
OHC Ha36,o•21CHII (MM)

S0 5 florpew- rl.IoTIIOCTb AO)KJeU-

cPe.lXHce no paVioHly OCTb pa- MCpHOR CCTH, SUU-
AHOAUOKa- m6a,1Hil no

M|IH- MKC~o|6- •"OHHbMX OIUH6Ka & At pUHO-

HK- axcm- 6o 7P MHa6.11O.oe- ,OKaUHOEHhIM Ha-
- ma.bMoe Ma.lb)Ioe a o,'e- paRHiiobi- 1111H 6. ,ioAefHHlN (IKM2

KaW.,mHae- (010) ma OAHU Ao)CAemep)

CeTb

1 0.00 8.0 1.75 1.25 -29 104
2 2.2 6,0 3.0 4,8 +58 400
3 4,2 19.8 11.0 4,5 -59 650
4 6.5 19,8 11.0 10,0 -9 72

1) Cases; 2) amount of falling rain in the ob-
servation region (mm); 3) minimum; 4) maximum;
5) average over the region; 6) rain-measuring
network; 7) radar observations; 8) error of
the radar observations (%); 9) density of rain-
measuring network, producing an error equiva-
lent to that of the radar observations (square
kilometers per rain meter).

In case 2 the rain was weak and fell over a large area. Measure-

ments with the aid of the radar are equivalent with respect to their

errors in this case to measurements using one rain meter every 400 I2a

Case 3 pertains to the measurement of rain associated with a rap-
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idly moving front. The rain intensity reached 135 nmu/hr. As shown by

the comparison, the radar measurements gave for the amount of falling

rain a value which was 59% too low compared with the data of the rain-

measuring network. So large an error can be attributed to the fact

that no account was taken of the attenuation of the electromagnetic

waves in the 3-cm band in the rain.

Statistical reduction of all the cases has shown that on the av-

erage, with a probability of about 95%, radar measurements are equiv-

alent from the point of view of error to measurements with a'rain-

measuring network having a density of one rain meter every 163 k 2.

5. QUANTITATIVE ESTIMATE OF THE WATER CONTENT OF CLOUDS AND OF ICING
OF AIRPLANES BY RADAR METHODS

At the present time certain types of radar stations operating in

the centimeter and millimeter bands are used to detect not only rain

clouds, but also clouds without precipitation [9, 66]. This has given

rise to a real possibility of using radar methods for a quantitative

estimate of the liquid-water content of clouds and the icing of air-

planes within the operating radius of the radar station [17].

As is well known, light, moderate, and heavy icing occurs when

the supercooled drops of the clouds and precipitation collide with

parts of the airplane.

The degree, or strength of the airplane icing depends on the mic-

rophysical characteristics of the clouds and the precipitation, on the

type of the airplane, and also on the duration and the flying condi-

tions in the icing zone. The degree of icing is usually characterized

by the overall thickness of deposited ice, with simultaneous estimate

of the influence of the icing on the flying conditions and on the

piloting technique.

In addition, in order to obtain an objective estimate of icing
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initiated in flight, and also to calculate the power rating of the de-

icing system, it is necessary to know the intensity (speed) of ice

growth.

The main factors which determine the amount of growing ice is the

liquid-water content, the dimensions of the drops of the supercooled

clouds, the extent of the cloudiness, the air speed of the airplane,

and also the aerodynamic characteristics of those parts of the air-

plane, on the surface of which the ice is produced.

The amount of ice and the rate of its growth are influenced not

by the total water content of the cloud (drops plus crystals), but the

amount of liquid water per unit volume.

In general form, the rate of growth of ice on any portion of the

airplane is given by the following formula [21]

Q=pE-(D)-L!-v~wcm/sec (43)
PA

where P is the freezing coefficient, equal to the ratio of the mass of

the growing ice to the mass of the settling water during the same time

and on the same surface, E(D) is the capture coefficient, equal to the

ratio of the number of settling drops to their total number, w is the

water content in g/cm3 , pv is the density of the water in g/cm3 , P1 is

the density of the ice in g/cm , and v is the air speed of the air-

plane in cm/sec.

It follows from Formula (43) that the growth intensity and conse-

quently also the thickness of the ice are proportional to the water

content of the clouds. This dependence was confirmed experimentally in

specially organized flights, by simultaneous measurements of the water

content and the rate of ice growth.

The foregoing dependence can be fairly well approximated (with a

probable error of 0.2 mm/min) by the following formula for v - 250
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km/hr and 0.2 < W < 2 g/O:

Q=0.83w - 0.2. (44)

A diagnosis of the danger of airplane icing calls for solution of

two basic problems. First, it is necessary to determine the horizontal

and vertical extent of the icing zone with account of the temperature

stratification of the atmosphere and the flying speed, and second, it

is necessary to determine the thickness of the growing ice with ac-

count of the flight trajectory in the indicated zone.

Determination of the Horizontal and Vertical Dimensions of the Icing Zone

When applied to this problem, the radar makes it possible to ob-

tain almost instantaneously a spatial horizontal or vertical section

through the cloudiness and the precipitation

I20O--1Od within its operating ra dius.
161 600a6

200M6 Using radio and airplane sounding data,

and in the case of continuous precipitation

using the position of the melting layer as

2O 6 0 IO00PKM/' obtained by radar observations, it is pos-

Fig. 39. Kinetic sible to determine the height of the zero iso-
heating during icing
at different heights. therm, and consequently the vertical extent
1) km/hr.

of the supercooled zones of the clouds. How-

ever, in order to determine to determine the vertical extent of the

icing zone it is necessary to take into account the influence of the

air speed of the airplane.

Indeed, when flying in the atmosphere at speeds greater than 200

or 300 km/hr, it is necessary to take into account the kinetic heating

of the airplane parts, due to the compression and friction of the air

stream. Consequently, the lower icing limit will be located above the

zero isotherm, which leads to a reduction in the vertical dimension of

the icing zone.. Consequently, the vertical dimension of the icing zone
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depends not only on the vertical dimension of the clouds and the height

of the zero isotherm, but also on the airplane flying speed.

To determine the magnitude of the kinetic heating one can use the

results of specially organized flights under icing conditions (Fig. 39).

From the plot of Fig. 39 it is possible to determine the tempera-

ture of the unperturbed air stream, at which icing of the airplane be-

gins for a given flying speed and altitude (pressure).

From the determined temperature one can readily find, using aero-

logical data, the height of the lower limit of the icing zone, and

knowing the position of the upper limit of the supercooled clouds from

radar observations, it is possible to determine the vertical and also

the horizontal dimensions of this zone.

Determination of the Water Content of Clouds and the Thickness of the
Growing Ice

It was indicated above that at a constant flying speed the thick-

ness of the ice formed on the frontal parts of the airplane Is deter-

mined principally by the water content of the clouds. On the other

hand, the water content of the clouds is connected by the following

empirical relations with the reflecting characteristic of the clouds,

which determines the power of the reflected signal [80]:

z: o.o48w2 , (45)

where z is in mm6/m, and w Is In g/m3.

Let us write out the fundamental radar equation for clouds and

precipitation In the following form, and let us solve it by the method

developed in [62],

R-2 _M (46)

where
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Here Pt is in watts, e1 and 82 in degrees, h in meters, and X in

centimeters.

Let us divide the left half of (46) by Pt and let us take loga-

rithms. Then

In P' 9lnC,+21nw - 2nR-2i fMwdR 2fiadR, (46')

where C2 C.

Grouping the terms that characterize the attenuation of the re-

ceived power as a result of the range and the gases of.the atmosphere,

we obtain

a

(47)

Then

2,ny=in ! +22,nR+ 2fmdR.

Substituting (47) and (46') we obtain

a,mny = iiC,+ -w -f uiuwdR. (48)

Differentiation of this equation with respect to the range leads

to the following expression:

dIny 1 dw-= --- _2"W.

If we put

u = l/w, (49)

then
I dy dwy -R -- d-R -'

and since

dw I da
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then

I dy I do 2

Furthermore,

dy do "

then

i U - -aly.

Inasmuch as

fuydR=- f aydR,

we get
a

uy = - f aydR + const

or, with allowance for (49),
R

1 - d,ydR + consL (50)

The integration constant can be readily calculated by making the

substitution w = 0 (a, = 0). Taking (46) into consideration, we obtain

const = C.

From (50) we obtain at last the final expression for the deter-

mination of the water content of clouds at any range R Ri, where the

power of the reflected signal is y = Yj

yt

Ca-jI.&YdR

In many cases it is advantageous to employ a somewhat different

method of determining the water content, based on the measurement of

the power of the reflected signals with the aid of a two-band radar

station [80]. In this case the wave bands are chosen such as to produce
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a noticeable difference in the attenuation coefficients.

Using (46') and expressing the attenuation in decibels, we can

write

I1gP,=I01g (4+)-- 2fziwdRý-2fdR. (5-1)

Let the measurement of the power of the reflected signals be car-

ried out at two ranges R1 and R2' within the limits of which the aver-

age water content is w = const. Then the difference in the power of

the indicated signals, expressed in decibels, will be

A=10Ig . =I10Ig -- 221.. W (R, - R)-

-2. (R2,- R). (52)

For the other band of the radar we have accordingly
B= 1olg_ý_ = 1olgf 7-' 2a,10-.,1

B=IO~~g!!- =Og-
2 ~w(R2-R1)-

- 2a, (A, - R). (53)

Subtracting (53) from (52) we obtain

A - B = 2 (R2-- R,) ( cL, b-- a,. )-w + 2 (R2-- R,) (ab--aj. (54)"

Equation (54) enables us to find the average water content ii from

the known values of the powers of the reflected signals A and B, the

per-unit attenuation coefficients in the clouds LIb and al,a, and

also from the per-unit coefficients of attenuation in the gases of the

atmosphere, ab and aa, for the two wave bands.

Using wavelengths of 0.86 mm and 3 cm at a temperature of 00, we

obtain al,a = 1.121 db/kn/g/m3 and al,b = 0.076 db/km/g/m3 .

In the gases of the atmosphere aa = 0.06 db/km and cb = 0.01 db/km.

Assuming the accuracy with which the difference in the powers of

the reflected signal A - B is measured to be 0.5 drb, we can find the

minimum water content of the clouds, below which measurements are im-

possible for a given thickness R2 - R of the layer (Table 10). The
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data in the table are given for X = 3 cm and X = 0.86 cm.

TABLE 10

R2 - Rl km 0.2 0.4 0.6 0.8 1.0

w, g/m3  1.15 0.55 0.35 0.28 0.19

An analysis of Table 10 and Formula (54) shows the advantages and

disadvantages of this method. On the one hand, the advantage of the

method is the fact that the water content does not depend on the quan-

tity z = END . This is particularly important, since the first method,

2which uses the correlation relation z = 0.048 w , is characterized by

a large probable error when the drop diameter exceeds 30 V and the

water content exceeds 1.3 g/m3 . According to the latest measurements

of the spectrum of cloud elements, made at the TsAO, in nonrain clouds

there are frequently contained drops 100-200 p. in diameter. In spite

of the fact that their concentration is small and they make a negli-

gible contribution to the water content of the cloud, their influence

on the quantity z = END6 is quite appreciable. On the other hand, the

accuracy of the measurement of the ratio of the signals reflected from

the same volumes of clouds, which amounts to 0.5 db, imposes a lower

limit on the water content, below which measurements are impossible.

Consequently, the first method is conveniently used if the clouds are

characterized by small values of the water contents with narrow spectra

of the cloud drops, and the second is best used for clouds with broad

spectra and relatively large values of the water content.

Knowing the water content of the liquid-drop phase of the clouds,

it becomes possible to make a quantitative estimate of the intensity

of ice growth or its thickness from the known power of the reflected

signal and from the other parameters contained in Relations (50) and

(54).
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However, in order to solve the question of the degree of danger

of icing it is necessary to have, for specific types of airplanes, the

connection between the characteristics of the ice formation and its

influence on the flying conditions of the airplane and on the piloting

technique. Usually such connections are established experimentally by

flying through clouds that give rise to different degrees of icing.

The main characteristics of the ice are in this case its thickness and

its shape. As regards the shape of the ice, it is very difficult to

calculate, whereas the thickness of the ice can be measured relatively

simply. As a result, one uses for the estimate of the icing danger the

thickness of the ice formation on the parts of the airplane not

equipped with deicers. Let us assume that the dependence of the strength

of icing on the ice thickness is such as shown in Table 11.

TABLE 11

Light Moderate Heavy

Up to I0 mm 10-20 mm >20 mm

To determine the thickness of the growing ice it is more con-

venient to use not the water content w, but the layer of the deposit

of ice h. For a given flying velocity, the thickness of this layer,

formed on some part of the airplane after a flight of one meter, is

equal to

pa (55)

where h is in mm and w in g/0.

According to experimental data [17], the product of the first

three factors in the right half of the relation ranges between 0.2 and

0.5. From this it is easy to determine h if the flight trajectory and

the distribution of the wter cmtent are known.
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Limitations and Errors of the Method

The method considered for a quantitative estimate of the icing

danger is not universal at the present-day stage of develo-'ment of

radiometeorology, in the sense that apparently it is difficult to em-

ploy in an arbitrary meteorological installation. Theoretically, its

field of application, covers only liquid-drop clouds. However, at below-

zero temperatures there can exist along with the supercooled drops

also ice particles. In calculating their scattering area, the main

difficulty lies in the fact that the ice particles do not have a sim-

ple geometrical form like the spherical water drops.

Let the clouds consist of ice crystals. Because of the fact that

the dielectric constant of ice is smaller than the dielectric constant

of water, the power of the reflected signal from cirrus, altostratus,

and stratus clouds, which consist of ice crystals, is approximately

one fifth as large as from clouds consisting of water drops of the

same dimension and of the same concentration.

In the ice clouds indicated above, the water content of the solid

phase is very small and amounts to 0.01-0.12 g/m3 for particle dimen-

sions not exceeding a few microns. This circumstance will also de-

crease the received power. Consequently, a symptom that distinguishes

clouds consisting of ice crystals can be the small power of the signal

reflected from them. Even if we assume that these clouds are made of

water, the error in the estimate of the degree of icing will be small,.

for at such a signal and at the observed geometrical parameters of the

clouds the icing will as a rule be light.

It is much more complicated to employ the given method in

meteorological situations in which precipitation falls. In the main,

the precipitation can fall in the form of dry and wet snow, hard and

soft hail, rain, and drizzle. The falling of dry snow occurs only at
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below-zero temperatures. The dimensions of the snow crystals can reach

2-3 cm, and the intensity of the snow fall converted into liquid quan-

tities rarely exceeds 2-3 mm/hr. Most frequently the intensity of the

snow fall is less than 0.1-0.2 mm/hr.

When estimating the danger of icing in clouds that produce precip-

itation, considerable difficulties arise in connection with the fact

that it is necessary to separate from the over-all resultant power of

the reflected signal.the component due to supercooled drops, collision

with which causes formation of ice. If snow is observed to fall, it is

necessary to separate the signal from the supercooled drops, considered

against the background of the over-all signal (the signal from the

drops plus the signal from the snow flakes). Under the assumption that

the intensity of the snow fall during the process of the measurement

does not vary with altitude, the separation of the signal from the

supercooled drops can be made in the following fashion.

If we aim the antenna at small elevation angles, close to 00,

then the reflected signal will be the signal from the snow flakes fall-

ing in the space limited in altitude by the lower limit of the clouds

and by the earth. Let us denote this signal by P'r" If the antenna is

aimed at large elevation angles, the signal received from the par-

ticles located above the lower limit of the clouds will represent the

sum of the signals P'r + Pr" where Pr is the signal from the super-

cooled drops. Under the assumption made above, the signal from the

drops is determined as the difference between these two signals. How-

ever, for practical utilization of this method of separating the use-

ful signal it is necessary that the ratio of the signal from the drops

to the signal from the snow be larger than the distinguishability co-

efficient

m (P/P) . (56)
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When observing useful signals against the background of signals

from precipitation on a circular-scan indicator we have m = P- PIr

= 1.6.

Bearing in mind the aforementioned power ratio Pr/P'r, we can de-

termine with the aid of Relation (56) and the equation of the meteoro-

logical target (10) the values of water content at which clouds can be

observed and the values at which they cannot. It was indicated above

201.6that P' r - 2001"6 where I is the intensity of the snowfall in mm/hr.

This ratio was established for 0.1 < I < 2 mm/hr [43]. It can appa-

rently be extended to include also values of I somewhat smaller than

0.1 mm/hr. The power of the signal reflected from the liquid-drop

phase of the clouds is Pr - 0.048 w2.

Using Relations (28) and (45), we obtain

w = (52011-6/0.048)I/2. (57)

The solution of Eq. (57) with a snowfall intensity I = 0.Imm/hr

gives a tremendous value of water content (on the order of 20 g/m3 ).

At larger values of I, the value of the water content .turns out to be

even larger. These values of water content are not encountered even in

the summertime in cumulonimbus clouds. Consequently, the increment in

the signal due to the suspended cloud drops in the case of snowfall

will not reach a value that is practically noticeable and measurable

at the ordinary indication of the reflected signals. Actually, however,

when snow flakes fall through liquid-drop or mixed clouds, the incre-

ment in the signal should be larger, because coagulation and seeding

of the snow flakes by the supercooled drops takes place. This seeding

is more appreciable during the warm half of the year than during the

cold one, since during the warm half of the year the number and dimen-

sions of the particles of the liquid-drop phase in supercooled clouds

is larger than during the cold part of the year.
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As is well known, layers with large drops, in which the seeding

of the falling snow flakes takes place, are called the upper bright

strips. The upper strips occur in moderate and weak rains observed on

earth. The reflected signal from the upper strips can exceed the sig-

nal from the rain zone below the zero isotherm.. Taking into account

the mechanism of formation of the upper bright strips, one must expect

that flight through them can be accompanied by an airplane icing which

is of considerable strength. A quantitative estimate of the water con-

tent is a much more complicated matter in such cases, and is less def-

inite as compared with the estimate given for clouds without precipi-

tation. The difficulty lies in the fact that, first, there is as yet

no connection established between the degree of seeding and the scat-

tering area of the snow flakes, and second, there is added to the at-

tenuation in the atmosphere and in the clouds also attenuation in the

rain zone, in the melting layer, and in the supercooled zone.

In the summertime, shower precipitation and hail can fall from

the intramass and frontal cumulonimbus clouds. The water content in

such clouds may reach 5-8 g/mO. In spite of the much smaller horizontal

dimensions of cumulonimbus clouds as compared with the dimensions of

the nimbostratus clouds, they can be much more dangerous from the ic-

ing point of view. Furthermore, when flying in the direct vicinity of

such clouds, and particularly inside them, very strong bumping of the

airplanes is observed. Consequently, it is natural to assume that in-

tense icing takes place in the supercooled part of the cumulonimbus

cloud. In such a case the radar is useful as a means which makes it

possible to determine from a distance the cumulonimbus cloud from the

form and power of the reflected signal.

The accurac v1w•iw hich the thickness of ice on the airplane is

deteetea aa= aepends on the degree to which the linear relation be-
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AWN tween the attenuation a and the water content

I.. is satisfied. According to literature data

\f0.75 [31, 62] the deviation of the attenuation cal-

2- culated from the exact formulas from the Ray-

"leigh approximation can differ by not more

o •! .._ than a factor of two when X = I cm for drops

Fig. 40. Maximum 0.6 cm in diameter and when X = 3 cm for drops
ranges of cloud de-
tection of milli- 1.3 cm in diameter. On the other hand, If the
meter-band radars.

drop diameter is 0.3 mm, then when X = 1 cm

the attenuation calculated from the exact formulas is found to be only

20% too high. Accordingly, for X = 3 cm the drop diameter is equal to

0.5 mm.

Thus, the attenuation coefficient calculated after Rayle•igh is

applicable with small errors not only for clouds but also for drizzle.

As regards the relation connecting the reflecting ability z with

the water content w (z = 0.048 w2), it was derived for cloud particles

with average diameter not exceeding 30 p. However, for small raindrops

and for drizzle drops with an average diameter from 0.1 to 0.5 mm, It

is also possible to derive the relation z = Pw2 , where P = 200. This

is much larger than the value of P obtained for clouds.

In addition to the question of whether the radar signal expresses

only the water content of the clouds, it Is necessary to solve still

another important problem. This problem, for the radar now available,

is the efficiency of detecting various clouds, which depends, on the

one hand, on the technical characteristics of the radar, and on the

other on the water content of the clouds and on their distance.

Figure 40 shows the effectiveness of detecting clouds by means of

a TPQ-6 radar [63]. The analysis of the curves on this figure .lo

that the TPQ-6 at a distance of 3 km detects only those clouds wbtdd
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have a water content not less than 0.7 g/m3 . If the water content is

smaller than this value, then the power of the reflected signal will

be less than the sensitivity of the radar receiver, and such a signal.

can of course not be measured. However, in spite of this, the upper

limit of the water content, and consequently also the upper limit of

the degree of icing, can be established. Errors of a different kind

are those due to the integral of the attenuation in the clouds and in

the gases of the atmosphere. An error of 20 in the determination of

the air temperature can change the attenuation in the clouds by 10%.

Errors in the determination of the attenuation integral in the gases

of the atmosphere are quite small for the wavelength band X = 0.86 cm

even when standard atmosphere is used.

In measuring the power of the reflected signal, errors will also

arise as a result of the errors in the calibration of the radar, in

the measurement of the radiated power, and the sensitivity of the re-

ceiver [11].

Practical Use of the Method

To determine the water content of clouds and the intensity of

growth of ice with the aid of Relations (50) and (55) it is necessary

to measure the power of the signals reflected from the clouds.*

In our experiments the power of the reflected signals was measured

with the aid of an SI-I oscillograph, the input of which was connected

to the output of the second detector of a radar station modernized for

meteorological purposes. The received power was measured relative to

the sensitivity of the receiver, which was monitored during the course

of the measurements with the aid of a signal from an echo-resonator.

The measurement range amounted to about 60 db.

In practice the determination of the water content of clouds and

of the rate of growth of the ice with the aid of Relations (50) and
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(55) is best carried out in the following sequence.

1. The most important stage is the determination of the coeffi-

cient C1, i.e., the calibration of the radar. The coefficient C1 must

be calculated using Relation (29), by simultaneous measurements of the

power of the reflected signals from clouds and from their water con-

tent, which is determined with the aid of corresponding instruments

during the time of airplane or balloon sounding. Under our conditions,

the radar and the airplane measurements were carried out simultaneously

using radio communication. The radar operators used a small-size radio

station operating both in transmission and reception.

The sounding airplane was equipped with the following instruments:

an airborne SM-43 meteorograph, which was mounted in a special frame

under the fuselage, a shielded airplane thermometer SET, a micropho-

tography installation for the measurement of the spectrum of the drops,

a meter for the transparency of the clouds, and water-content meters

SIV-2 and SIV-3. To measure the rate of growth of the ice, its shape,

and its thickness, a new version of ice meter was developed on the

basis of the preceding instrument designs.

An exceedingly important condition for the calibration of the

radar is that the airplane measurements of the microphysical character-

istics of the clouds occur within the limits of the width of the up-

ward-directed radio beam, or at least sufficiently close to it, not

farther away than a distance corresponding to the time necessary to

gather the samples of the drops or to measure the water-content of the

clouds. For the drop samples this time amounted to about one or two

seconds, while for the water content measurements it was from 10 to 30

seconds in the case of not dense clouds. Thus, at a flying speed of

250-260 km/hr, averaged values of the drop spectra were obtained for

distances not less than 72 m, while those for the water contents were
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from 720 to 2100 m. On this basis, the location of the radar station

at the. airport was chosen. The radar was located at a distance of 200

meters from the landing strip. The measurements of the water content

and of the drop spectra on the airplane, and also the simultaneous

measurements of the power of the reflected signals, took place when

the airplane, moving within the pattern of the homing radio stations,

moved past the nearby homing station and flew over the strip at a spec-

ified altitude. It then made a standard turn and again passed over the

homing stations, but at a different altitude, etc.

From the results of the ground and airplane measurements one

could calibrate the radar station, i.e., find the average value of the

coefficient CI. For the radar station employed it was found as a re-

sult of the measurements that the experimental value of C1 is approx-

imately three times larger than the theoretical value.

2. The curve characterizing the variation of the power of the re-

flected signals with altitude is broken up into n layers, inside each

of which the variation of the power is practically linear. This is

followed by a determination of the average temperature of the layer,

and using the data of [31] by the determination of the value of the

correction to the coefficient a in Formula (50).

3. Taking logarithms of (45), each value of the power is corrected

for the range and attenuation in the gases of the atmosphere, after

which the power is divided by the radiated power (determination of y).

For each wavelength the attenuation coefficient in the atmosphere a is

a function of the temperature, the pressure, and humidity of the air

[31]. By dividing each value of y by the calibration constant CI, one

determines the water content w. The determined water content and the

range corresponding to it represent a point on a plot made for the

specific radar station. An example of such a plot for the TPQ-6 radar
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is shown in Fig. 39.

If the plotted point turns out to be to the left of the curve f =

= 0.35, then it is not advisable to correct the obtained value of the

water content for the attenuation of the radio waves in the clouds,

since this attenuation is very small. If the plotted point is situated

between the curves f = 0.35 and f = 0.75, it is necessary to account

in the determination of the water content for the attenuation of the

radio waves in the clouds, using the method indicated in item 4 [62].

On the other hand, if the plotted point turns out to be to the right

of the curve f = 0.75, it is not advisable to determine the water con-

tent in view of the large error.

4. One evaluates the integral characterizing the attenuation in

the clouds,

a,VdR.

where R0 and R are, respectively, the near and far boundaries of the

clouds detected by the radar. As is well known, a sufficiently satis-

factory solution of the integral is obtained in the form

dR --AR[ ). Y.

5. Using (50), one determines the water content in g/m 3 .

6. To estimate the danger of icing, it is necessary to know the

geometrical parameters of the icing zone. Therefore one determines

from the radar data and from the height of the 0 isotherm the height

and the thickness of the icing zone, with allowance for the flying

speed, and also the horizontal dimension of this zone.

7. To determine the overall thickness of the ice formed after the

airplane crosses the icing zone, and also to determine the rate of
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growth of the ice, it is necessary to find the distribution function

of the layer of the deposited ice over the flight trajectory in the,

icing zone, i.e., it is necessary to solve the integral

H =f (R)dR. (58)
a./

where H is the overall thickness of the ice in mm, and h(R) is the dis-

tribution function of the layer of deposited ice in nmn; h(R) can be

readily determined with the aid of Formula (55) if w(R) is known.

8. After determining the thickness of the ice H and its rate of

growth, it is possible to estimate with the aid of Table 11 the danger

of airplane icing.

By way of examples illustrating the effectiveness of the radar

method of estimating the danger of icing, let us consider the case of

4 November 1959 (Fig. 41). The cloudiness observed that day was strato-

cumulus and altocumulus without precipitation. The ground temperature

was 60, the wind from the south at 5 m/sec, the pressure 765.5 mm, the

relative humidity 83%, and the visibility 4 km.

The lower layer of the clouds was not fixed by the radar, since

it was visible against the background of local objects, and its water

content did not exceed on the average 0.034 g9/0. The second layer of

dense altocumulus clouds was located at altitudes from 1800 to 2700 m.

The vertical distribution of the water content was almost typical of

these clouds: near the lower limit, on the average w = 0.098 g/mn, at

altitudes of 2.0 and 2.5 km, respectively, the water content was 0.26

and 0.393 g/m3,' and, finally, near the upper boundary of the opaque

altocumulus, at an altitude of 2.65 ka, w = 0.121 g/mS (Fig. 41).

The radar station fixed a layer of clouds having a water contenL

from 0.26 to 0.393 gi/O. The measured values of the reflected-signal

power were, respectively, n0-132 an n a.8a-_0O-U2 -att_ iM these
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HAN parts of the clouds, the rate of ice

------ growth was from 0.16 to 0.52 mm/min. As
&/ y eawe o6flapt 12 a result of a 35-minute flight in the

altocumulus, three areas were plotted at

l~c1,CMO-•• Ne• o6AaS a altitudes 2.0, 2.5, and 2.65 km. The

to o ,ot'3- first two corresponded to a duration of
0 45 Ilaje /M

about 10 minutes, and a third to 14 min-

Fig. 41. Flight of 4 No- utes. The increase in the thickness of
vember 1959. The shading
shows the part of the
cloud fixed by the radar. the growing ice was 2.5, 3.6, and 0.4 mm
1) Altocumulus clouds; 2)
stratocumulus clouds; 3) at the first, second, and third altitudes,

g/m3. respectively.

As was already indicated, the radar fixed these clouds with water

content not less than 0.26 g/m 3 on the average. Consequently, the quan-

titative estimate of the icirg could be obtained from the airplane

flight only for the first two areas.

The theoretically calculated total thickness of the ice on the

sensitive element of the meter should have equaled 10.2 mm after 24

minutes of flight and should have corresponded to moderate icing,

since moderate icing is observed when the ice thickness is between 5

and 15 mm. Actually the thickness of the ice was 6.5 mm.

The difference between the theoretically calculated ice thickness

and the actual ones was qualitatively attributed to many .causes, in-

cluding the change in the capture coefficient of the sensitive element

due to the distortion of its shape by the growing ice, the errors in

the empirical formulas connecting the reflecting ability of the clouds

and the water contents, the error in the measurement of the power of

the reflected signals, and the impossibility of carrying out in our

experiments radar measurements of the water content along the flight

trajectory.
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However, in spite of all this, it was possible to make a much

more reliable diagnosis of the danger of the airplane icing than by

the synoptical method alone.

6.' ESTIMATE OF TURBULENCE BY THE RADAR METHOD

The frequency of the radio waves reflected from objects moving

with velocities vs along their line of propagation differs from the

frequency of the incident radio waves. This change in frequency is de-

termined by the well-known Doppler formula

2v. (59)

where w0 is the frequency of the main pulse and c is the velocity of

light.

In atmospheric formations consisting of a large number of reflect-

ing particles, it is possible to observe both the average velocity of

motion of the particles along the radio-wave propagation line, and the

velocity of motion of the particles relative to one another. The av-

erage velocity causes a change in the frequency of the reflected sig-

nal, whereas the relative motion causes fluctuations in itsamplitude.

For those velocities of motion possessed by the cloud and precipita-

tion particles, the determination of At with the aid of ordinary radar

stations is impossible without the use of special equipment, since the

transmitter frequency changes by 0.2-0.3 Mc, while At-- 666 cps at

v = 10 m/sec.

A study of the fluctuations of the amplitude of the reflected sig-

nal can be used for the determination of the value and the spectrum of

the random velocities of the reflecting particles.

The radar signal reflected from some volume of clouds or precipi-

tation can be written in the form
N

A ao cosft + a, Cos (Wf-- (60)
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where a0 cos i0t is the overall signal from the particles which do not

move along the propagation line, w0 = 27fo is the frequency of the

main pulse, while a., ws" and T. are the random amplitude, frequency,

and phase of the signal reflected from the moving particles.

Assuming that the velocities of the random motion of the par-

ticles have a Gaussian distribution, we can write the following ex-

pression for their mean square velocity vo:

S•--a+• (61)

where At is the period of the pulse repetition frequency and An and

An+1 are two successive values of the signal amplitude.

In the case when a 0 = 0 and w = 2A 2/7 Relation (61) assumes the

form

o= 8U -' A (62)

If a 0 / 0, Eq. (60) must be used. In this case

a,= V2A2 - (-)A and. 0 = W2 - ('A)2 .

2 We see that to determine v0 it is necessary

to carry out a prolonged processing which calls

for the use of computers as part of the operating

procedure. To carry out an approximate estimate of

the random velocity one can use a simplified method.

It follows from (59) that the envelope F and!s

the velocity of motion v8 are connected byFig. `42. Posi-

tion of iso- vs =-FaX/2.
lated volume in
a cloud, in The frequency Fs is determined by the number
which one meas-
ures the turbu- of maxima of the envelope of the pulses per second.
lent motions.
lj Radio beam; The number of maxima n over a selected period of

radio echo
of the cloud; time AT can be determined, in turn, from the rela-
3) isolated vol-
ume of cloud. tion n = FsAT. Hence
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v8 = nX/26T. (63)

According to experimental data, the dif-

ference between the velocities obtained from

the accurate and the approximate methods does
Fig. 43. Recording
of instantaneous and not exceed 50%.
average values of
echo signals from The principle of radar measurement of
rain.

turbulence in clouds, developed at the TsAO

by A.G. Gorelik, V.V. Kostarev, and A.A. Chernikov [6] is explained

with the aid of Fig. 42. Let the antenna of their radar station be di-

rected upward. Part of the energy of the main pulse from the transmit-

ter, passing through the cloud, is scattered in the opposite direction

and reaches the receiver of the radar. At the output of the receiver

is a special device, a radar-signal selector. The selector is turned

on for a short time interval Tsel during the interval-between the

transmission of two neighboring main pulses. By varying the delay of

the on instant, it is possible to measure the amplitude of the signal

reflected from any part of the cloud, located within the limits of the

radio beam. The volume isolated for observations is limited in this

case by the width 9 of the beam and by the time T sel that the receiver

is on. The selector segregates from among the assembly of signals re-

ceived by the radar receiver the particular signal reflected from the

investigated volume of the cloud, which is located at the altitude of

interest to us. Later on this signal is transformed without amplitude

distortion to a form convenient for observation and recording. The in-

strument employs the method of time selection of the radar receiver

video signal.

To observe and register the fluctuations of the signals from the

investigated volume it is possible to use a long-persistence oscillo-

scope and snlJ! sweep rates, so that the sequence of pulses visible on
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its screen can be photographed.

Recently special magnetoelectric automatic recorders MPO-2 and

others have found use in. the recording of sequences of pulses. To simp-

lify the recording of a sequence of pulses, a tape recorder is used,

the data of which are processed with a spectrum analyzer. Figure 43

shows one of the recordings of pulses reflected from a rain zone, ob-

tained by P.A. Rublev and S.M. Gal'perin with the aid of the MPO-2 in-

strument.

7. EFFECTIVENESS OF DETECTION OF CLOUDINESS Alm PRECIPITATION ZONES BY
RADAR STATIONS

At the present time the effectiveness of the radar detection of

precipitation zones with the aid of storm-warning radars have been in-

vestigated with sufficient detail. On the other hand, data on the ef-

fectiveness of the detection of clouds are scanty and need additional

verification.

The practical possibilities of radar detection of clouds and pre-

cipitation can be determined sufficiently completely after first find-

ing the ranges for the detection of zones of precipitation of varying

intensity or of water content of the clouds, and then Imowing the prob-

ability of observing these zones at different distances. By probability

of detection is meant the ratio of the number of precipitation or

cloudiness zones fixed by the radar to the actual number of such zones.

The first characteristic of the effectiveness of radar detection

depends on the type of the radar, on the intensity of the precipita-

tion, or on the water content of the clouds andthe distance to them*

and the second characteristic is determined in addition by the fre-

quency of the indicated atmospheric formations in some particular geo-

graphic regions. Thus, the probability of radar detection is in a cer-

tain sense a climatic characteristic of the effectiveness of detct-lum.
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its screen can be photographed.

Recently special magnetoelectric automatic recorders MPO-2 and

others have found use in. the recording of sequences of pulses. To simp-

lify the recording of a sequence of pulses, a tape recorder is used,

the data of which are processed with a spectrum analyzer. Figure 43

shows one of the recordings of pulses reflected from a rain zone, ob-

tained by P.A. Rublev and S.M. Gal'perin with the aid of the MPO-2 in-

strument.

7. EFFECTIVENESS OF DETECTION OF CLOUDINESS AND PRECIPITATION ZONES BY
RADAR STATIONS

At the present time the effectiveness of the radar detection of

precipitation zones with the aid of storm-warning radars have been in-

vestigated with sufficient detail. On the other hand, data on the ef-

fectiveness of the detection of clouds are scanty and need additional

verification.

The practical possibilities of radar detection of clouds and pre-

cipitation can be determined sufficiently completely after first find-

ing the ranges for the detection of zones of precipitation of varying

intensity or of water content of the clouds, and then Icrowing the prob-

ability of observing these zones at different distances. By probability

of detection is meant the ratio of the number of precipitation or

cloudiness zones fixed by the radar to the actual number of such zones.

The first characteristic of the effectiveness of radar detection

depends on the type of the radar, on the intensity of the precipita-

tion, or on the water content of the clouds andthe distance to them*

and the second characteristic is determined in addition by the fre-

quency of the indicated atmospheric formations in some particular geo-

graphic regions. Thus, the probability of radar detection is in a cer-

tain sense a climatic characteristic of the effectiveness of ctevtium_
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Let us examine each characteristic in detail.

To determine the limiting detection ranges for precipitation of

varying intensity or for the water content of the clouds, it is first

necessary to find by experiment the constants C of the radar, con-

tained in Eqs. (34) and (50). Radar measurements of the power of the

reflected signal are carried out in this case simultaneously with

meteorological measurements of the intensity of the rain with the aid

of a pluviograph and measurements of the water content of the clouds

with the aid of an airplane. The meteorological measurements are usu-

ally made at short distances from the radar so as to reduce the influ-

ence of the attenuation coefficient. The radar constants are deter-

mined from the results of the measurement.

These constants are subsequently used to calculate the limiting

detection ranges for the atmospheric formations indicated above, i.e.,

for the determination of the first characteristic of the detection ef-

fectiveness. The calculation is usually carried out under the follow-

ing simplifying assumptions: the rain intensity and the water content

of the clouds along the path of propagation of the electromagnetic

waves are assumed constant; it is assumed that there are no screening

rains; the vertical thickness of the reflecting region is assumed to

be 3 kn for rain with intensity not larger than 10 mm/hr, 5 km for in-

tensity from 10 to 20 mn/hr, and 7 kIn for rain intensity larger than

20 mm/hr. The vertical thickness of the rain zone is necessary for the

determination of the filling coefficient. Having now all the initial

data for the solution of our problem, Eq. (34) can be written, after

taking logarithms and considering all the assumptions made, in the form

21g(R rx)ýIgC2 +1,61g+-lgk-+-gk. (64.)

Putting kz = I and assuming that x = 0, since the very fact of

the detection of the front part of the rain zone is satisfactory, we
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obtain

2lgR=IgC,+1.61g1+ lgk. (65)

Specifying now the values of the precipitation intensity in mm/hr,

we can readily obtain the values of R in Ion from (65). Thus, rain

zones with intensity 10 mm/hr will be detected at distances not exceed-

ing 37 Ion for the 3-cm H2X radar [82]. At larger distances :from the

radar this precipitation will not be detected, since the signal re-

ceived from them is smaller than the sensitivity of the receiver.

It is of undoubted practical interest to estimate the effective-

ness for the detection of precipltation zones by other radar stations,

including those in regular operation. However, in solving this problem

one frequently encounters greater difficulties, connected principally

with the lack of systematic observations. In addition, these radar ob-

servations are not accompanied as a rule by measurements of the pre-

cipitation intensity (or the water content of the clouds). The latter

circumstance does not make it possible to determine the radar constants

by the same method as was done for the-H2X radar. Consequently, one

resorts to a computational procedure of determining the constants con-

tained in Eq. (34). The gist of this procedure is to calculate the dis-

tances from the tactical-technical data of the radar for which these

constants are determined, and from analogous data on radars for which

these constants are known. In our case such a quantity is the constant

of the H2X radar, namely C2 = 28.

Indeed, we can assume that

.C2/c,2 = B/B',

where C2 is the constant of the H2X radar, which is equal to 28, C'2

is the constant of the unknown radar, B is a coefficient determined by

the technical characteristics and by the attenuation and filling coef-

ficients of the H2X radar, and B' is the same quantity for the unknown
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radar:

B=-r5P. a-1) kka,

B' = .-P;A --h' 1.2

48U'4 -- T- fk h.. (66)

Using the technical characteristics of some ground radars [36, 79],

we can calculate their constants C12. The average values of these con-

stants are listed in Table 12.

In compiling the table, the values of the filling coefficients

are calculated for precipitation zones of varying vertical dimensions,

with allowance for the different attenuation of waves of different

length.

With the aid of the constants listed in Table 12, it is possible

to obtain, by solving (34), also the limiting values of the range for

the detection of precipitation of varying intensity using different

types of radars. From the analysis of these data it can be concluded

that the most effective for the detection of precipitation zones is

the 10-cm WSR-57 radar, and the worst is the weapons sighting radar

SCR-584.

In those cases when it is impossible to measure the power of the

reflected signals, the curves of Fig. 44 can be useful for an approxi-

mate estimate of the lower limit of the intensity of the precipitation

zone or the water content of the clouds.

The estimate made of the limiting ranges for the detection of pre-

cipitation of varying intensity is very useful in the organization of

a radar network for storm and shower warning, since it helps decide

the distances at which the radars must be located in order that the

radar field produced by them be dense enough for all the dangerous

showers, let alone the thunderstorms.

Th t his connection, there is undoubted interest in ascertaining
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TABLE 12

Bepnca. 3b .• i~a.mbeoctb (Ku)
1 Tion ua A 3o -(MM

pa1.,,o.,oiaTopa MOcMb 40
. .,- (KN) 20 40 60 so 100

41 Ha3 ,Has PJ1C 3 2S0 2S0 3S0 390 400
o6eapy'•eHs 5 280 280 120 320 400

WSR-57 7 250 280 2S.80 280 280

.5 OpyitnoA 3 8 8 8
HaROAK. 5 8 8 1 8
SCR-584 7 8 8 8

AN/TPS-10 3 69 69 87 105
5 69 69 69 71
7 69 69 69 69

1) Type of radar; 2) vertical thickness of
shower (kIn); 3) range (kin); 4) ground detec-
tion radar; 5) weapons sighting.

which showers are dangerous and which are not. Obviously, an answer to

this question can be obtained only for some specific meteorological

servicing of a given branch of the national economy, transportation,

or the military. If we have in mind meteorological service to aviation,

showers with intensity starting at 5-10 mm/hr and above can be re-

garded as dangerous, for in moderate latitudes they can be accompanied

by thunderstorms, by strongly developed bumpiness, poor visibility,

etc. [20].

On this basis it is possible to determine with the aid of the

plots of Fig. 46 the so-called meteorological radius of each radar sta-

tion relative to the rain intensity indicated above. It is obvious

that to create a continuous radar field for the detection of thunder-

storms and showers it is necessary to locate the radar stations at dis-

tances which in any case do not exceed double their meteorological op-

erating radius.

To determine the limiting ranges for the detection of clouds we

use Relation (32), in which we replace the rain intensity I by the

water content w. Afte=r taking logarithms we obtain
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W 'W ,g/m 3

42 
44

Fig. 44. Limiting heights Fig. 45. Limiting
for the detection of clouds height for the de-
with different water con- tection of clouds
tents with the aid of the with different water
modernized TsAO installa- contents by the TPQ-6
tion. radar.

2 Ig(R+ x)-= IgCa1+ 2g(x) + Igk. (67)

Specifying now different values of the height and thickness of

the cloud layers, and also assuming that the water content of the

clouds is constant in height, we can readily obtain from Eq. (67) with

allowance for the attenuation of the electromagnetic waves in clouds

and gases of the atmosphere the values of the water content (Figs. 44

and 45).

The curves on Figs. 44 and 45 enable us to determine the limiting

ranges for the detection of clouds with varying water content. Thus,

for example, the radar installation modernized at the TsAO is capable,

with a height of the lower boundary of the clouds at 1.5 kin, of detect-

ing these clouds up to 5 kin, if their water content is not less than

1 g/m 3 . The TPQ-6 radar station, owing to the stronger attenuation of

the 8.6-mm waves, will detect these clouds only up to 3 kn [62].

Another characteristic-of the effectiveness of detection of at-

mospheric formations is the detection probability. The probability can

be readily determined if a large series of radar observations is made.

For example, G.M. Burlov has found on the basis of 1500 observations

of showers with the aid of a type H2X radar that the probability of

their detection decreases with increasln xrange (Fig. 46).
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Indeed, within a radius of 10 km

this radar detects all the showers, and

at a distance of 50 Ian it detects on the

average 15%, while at 100 Ian it detects

about 1% of all the showers that are

.produced. It follows therefore that

wherever the H2X radar shows a shower,

d the shower actually exists. However,
o " M Q V 60 M 80 vim where it does not show a shower, the

Fig. 46. Probability of
detection of showers by shower may also exist. The probability
means of various radar
stations. 1) 10-cm weapons of such an error increases with increas-
sighting radar SCR-584;
2) type H2X radar; 3) ing distance to the shower or with de-
AINIPS-10; 4) improved
radar type H2X; 5) 10-cm crease in the shower intensity. As re-
detection radar WCR-57.

gards the probability of detecting con-

tinuous precipitation, a radar of the type H2X detects all the contin-

uous precipitation with intensity 0.3-0.5 mm/hr at a distance of 2-3

km, half of them at a distance 7-8 in, and 2 or 3% at a distance of

20 kmn.

For an approximate determination of the mean values of the proba-

bility of detecting precipitation by other radar%, use can be made of

the relation

•C; P, (68)

This relation remains valid for any number N of cases of detec-

tion of meteorological targets. Multiplying the left and right half of

this equation by N and taking the limiting detection cases, when 4 =

= 1' = , we verify that the probability of detection say with a radar

type H2X, expressed by the left half of (68), is equal to the same de-

tection probability multiplied by the dimensionless coefficient
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C' 2 Pr mi/C2P'r min* The latter can be smaller or larger than unity,

depending on the parameters of the radar. In the plots (Fig. 46), the

ordinates of the points of curve 2 represent the probability of detec-

tion of showers and continuous precipitation from data of the type H2X

radar. If we take the values of these ordinates for different ranges

and multiply them by the above coefficient, we can obtain the probabil-

ity of detection for other radars.

Of all the radars considered, the highest probability is possessed

by the detection-type (spotting) radar. The lowest probability for the

detection of precipitation is that of the weapons-sighting radar. Even

in the direct vicinity, only 1/3 of the precipitation is observed. In

addition, this station has a rather limited operating radius, not ex-

ceeding 60 km.

Along with the detection of precipitation zones a very urgent

problem of meteorological service for aviation is to differentiate

showers from thunderstorms. Recently Ye.M. Sal'man and N.F. Kotov [10,

11] established the following main symptoms by which to distinguish

reflections from thunderstorms and from showers: the top of the radio

echo of thunderstorms is located as a rule above the -130 isotherm;

the reflecting characteristic of precipitation, z, decreases slowly

with altitude in the case of thunderstorms; in thunderstorms the pre-

cipitation intensity exceeds as a rule 7-10 ran/hr.

Along with an estimate of the probability of detection of contin-

uous precipitation, shower precipitation, and thunderstorms, great in-

terest attaches to the determination of the probability that the radar

will detect clouds which produce no precipitation.

In working with a type H2X radar it was established that this sta-

tion does not detect clouds which produce no precipitation. From among

the other radars indicated above, only a detection radar is capable of
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fixing thick cumulus cloudiness within a radius of 50 kn. The reason

for it is the relatively small value of the constant C2 .

To detect clouds and dielectric inhomogeneities in the trans-

parent atmosphere it is necessary to make use of radars whose constants

C2 are large. Such radars are cloud-measuring radars, whose probabil-

ity of cloud detection is listed in Table 13.

The data presented in Table 13 characterize the probability of

radar detection of clouds in the case of vertical sounding, i.e., with

the antenna directed vertically upward. The values of the probabilities

themselves comprise the ratios (percentages) of the number of cases of

radar detection of clouds of various forms to the number of cases of

clouds actually seen passing over the radar.

In analyzing the tabular data, we are struck by the fact that the

probability is as a rule less than 100%. On the average, approximately

half the clouds which produce no precipitation can still not be de-

tected by modern radars.

TABLE 13
Probability of Radar Detection (%)

1 4op.Ma o6iKxo,

5o, -o6l8 93- 15

0~3' >. 5~Io ~ m ~
in C C~g = ao

3 j~iaePH3n~oia i Has 100 0080 % 100 60 5~0 1 0 1

PA1CUAO IOIOIO~-IOIOIOjO

1) Form of clouds; 2) radar; 3) modernized radar of TsAO; 4) cumulo-
nimbus; 5) thick cumulus; 6) opaque stratocumulus; 7) translucent
stratocumulus; 8) stratus; 9) nimbostratus; 10) opaque altostratus;
11) translucent altostratus; 12) translucent altocumulus; 13) opaque
altocumulus; 14) cirrostratus; 15) cumulus.

This leads to another important conclusion, namely that the thick-

ness and the height of cloud layers, determined by cloud-measuring
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radars, frequently differ from the actual values. It can be assumed,

that the upper boundary of the clouds will appear to be lower and the

lower boundary appear to be higher; but the extent to which this is so

is a subject for further research.

In order for the probability of detection of clouds of all forms'

to be 100% and for the thickness of the clouds to correspond more

'closely to the results of the measurements, it is necessary to in-

crease the constants C3 of the cloud-measuring radars by a factor of

several times ten.

8. RADAR OBSERVATIONS OF PRECIPITATION ZONES FROM ARTIFICIAL SATELLITES*

At the present time artificial earth satellites .are used abroad

to observe cloud zones using television and photographic cameras. It

turns out that one of the principal shortcomings of such observations

is the lack of information on the dis-

h_ 1 tribution of the precipitation zones

and the heights of the clouds. Yet the

radar is at present the only means cap-
Fig. 47. Geometry of radar
beam. 1) Upper boundary of able of eliminating this shortcoming.
precipitation.

A meteorological radar station

mounted on a satellite should have [81] small weight, small power con-

sumption, a sufficient view of the earth's surface, a suitable wave-

length guaranteeing small attenuation in the atmosphere, and large

values of effective precipitation scattering areas, and also. take into

account the influence of interfering reflected signals from the water

and earth surfaces.

The visibility area on earth and the thickness of the atmosphere

above the earth's surface, observed by the radar from the satellite,

depend on the resolution in vertical direction, on the travel time of

the pulse from the radar to the target and back, and on the .information
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storage and computing capacity. In order to guarantee the required

swept area on earth, the radio beam must be scanned in a plane perpen-

dicular to the satellite velocity vector.

The resolution 4sh of the radar in the indicated vertical plane,

causing the observation of precipitation zones with minimum vertical

height, depends on the height of the satellite h, on the duration of

the sounding pulse T, on the width of the radio beam 0, and on the

sighting angle 1 (Fig. 47). This dependence is given by the formula

A/i +~b J/2 -,(,R+ /1) -j

6 2

-2(R+h,)sin •s 4 + (R + h)2 sin.p + -- )-- (69)

where R is the radius of the earth.

At definite sighting angles f, the lower part of the sound pulse

may touch the earth's surface, and the middle and upper parts strike

the precipitation zone. As a result, the signals reflected from the

earth's surface arrive at the radar receiving antenna simultaneously

with echo signals from the precipitation and make their observability

worse. Solution of Eq. (69) shows that Ah depends more on the width of

the radio beam than on the pulse duration T.

Another factor determining the visibility area is the time of

travel of the pulse from the radar station to the precipitation and

back. For a chosen type of scanning, the time during which the radar

antenna makes a given sighting angle P is a function of the width of

the radio beam, the total scanning angle, and the height of the satel-

lite.

At a smaller radio-beam width, it is necessary to increase its

oscillations per unit time so as to obtain a continuous visibility-

strip on the earth's surface. Large scanning angles call for large an-

gular displacement velocities of the radio beam.
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For the customarily used radar antenna, employed for both trans-

mission and reception, the time during which the antenna turns through

an angle equal to the width of the radio beam should be larger than

the time required for the main pulse to travel to the target and back.

Calculations have shown that for a satellite located at a height of

550 kn, the scanning angle must-not exceed 35°. At the same time, for

complete visibility of the equator the required scanning angle is 1250

apav I (Fig. 48) [81].

20 Another important factor is the possi-

bility of storing information on board the

satellite and the carrying capacity of the

02 transmission line from the satellite to the

200400 600 00 1000ooouno ground station, necessary for reading the ob-

Fig. 48. Scanning tained information.
angle for complete
visibility of the The total number of chosen volume ele-
equator. 1) Degrees;
2) miles. ments along the orbit is proportional to the

scanning angle, to the maximum height of the precipitation zone, and

is inversely proportional to the duration of the main pulse, to the

height of the satellite, and to the square of the width of the beam.

If the given stored information is read directly on the orbit, it

can be conveniently expressed in the form of a product of time by the

bandwidth necessary for complete reading. Calculations have shown that

this product reaches several megacycle minutes for a complete survey

of the earth's surface.

At a satellite height of 1100 km, a radio beam width 0.5, 0 =

= 0.5 "sec, resolution along the earth 5 1c, and height of precipita-

tion zone 2 km, the information that must be read from the orbit for

complete coverage at the equator is (0.18 pmin)-106 .60.2 = 21.6.106

blts .1.8a
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A radar station installed on a satellite for the detection of pre-

cipitation zones can have optimum wavelengths less than 3 cm, since

the precipitation zone will be observed as a rule from above and con-

sequently the attenuation of the radio waves will play a lesser role

than in the case of ordinary land-base observations. It can be assumed

that it is advantageous to use radar wavelengths of 3 and 0.8 cm [81].

We have pointed out above.the fact that in radar observation of.

precipitation zones from a satellite account must be taken of echo sig-

nals from the earth or water surfaces. In the case when the task is

not only to detect the precipitation but also to determine their ver-

tical dimensions, the signals reflected from the earth can be useful,

since it is much more convenient to measure the indicated dimension of

the precipitation from the earth than from the satellite. However, at

relatively small sighting angles, the echo signals from the earth's

surface turn into interfering signals, which can mask the useful echo

signals from the precipitation zones. The effective reflecting area of

the earth and water surfaces can change by more than a factor of 300,

depending on the character of the soil, vegetation, or waviness of the

water surface. It depends little on the wavelength and, in the case of

dry land, on the sighting angle. For a water surface, the dependence

on the sighting angle is more clearly pronounced.

There are various methods for recognizing the precipitation zones.

It is necessary to use above all the difference in the outlines

of the echo signals from the precipitation and the displacement of

these signals. In addition, one can use the Doppler frequency shifts

due to the finite velocities of the falling rain drops. One can also

use the differences in the amplitudes of the reflected signals from

the precipitation and from the earth's surface, using a two-band radar.

This is possible, inasmuch as the scattering area of the earth's sur-
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face depends little on the wavelength, while that of the precipitation

is proportional to I/A4.'

Correlation methods based on differences in the-statistical

(fluctuation) characteristics of the echo signals from the precipita-

tion and the echo signals from the earth's surface can also be useful

for recognition purposes.

Manu-
script [Footnotes]
Page

No.

139 We give below a measurement procedure described in [17).

148 Under the assumption that the filling coefficient is equal
to unity.

157 This section is based on materials from the foreign press [81].

Manu-
script [List of Transliterated Symbols]
Page

No.

89 RKO = IKO = indikator krugovogo obzora = circular-scan indicat(

91 I.IAO = TsAO = tsentral'naya astronomicheskaya observatoriya

central astronomical observatory

105 z = i impul's = pulse

107 3 = z = zapolneniye = filling

107 z = i = izobrazheniye = image

114 p/n = r/l = radiolokatsionnyy = radar

126 B = v = voda =water

126 n = 1 = led =ice

127 m6= mb = millibars

147 cen = sel = selektsiya = selection
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Chapter 5

USE OF RADIOTECHNICAL STATIONS FOR

WIND AND TE4MPERATURE SOUNDING OF THE ATMOSPHERE

A very important problem in the use of radiotechnical stations

(radar) in meteorology is the measurement of the velocity and direc-

tion of the wind in the free atmosphere. These measurements, unlike

those with the aid of pilot balloons using aerological theodolites,

are called radiopilot measurements.

The main advantage of radiopilot measurements compared with pilot

balloon measurements is that the former can be carried out under ar-

bitrary meteorological conditions day and night, independently of the

visibility of the balloon, and up to large altitudes. If properly or-

ganized, the accuracy of radiopilot measurements is found to be not

lower than the accuracy of observations made at bases. As a rule,

radiopilot measurements of wind are accompanied by radiosounding of

the atmosphere. To measure wind at various altitudes, two radiometric

methods are used, radio direction finding and radar.

1. RADIO DIRECTION FINDING METHOD OF DETERMINING THE WIND

The gist of the radio direction method of determining the wind

consists of determining with the aid of a special radio direction

finder the angular coordinates of a radio transmitter (elevation angle

and azimuth) which is launched in free flight. Inasmuch as usually a

radiosonde is connected to the electric circuit of the radio transmit-

ter, the third coordImate necessary for the determination of the wind,

namely the altitude, is CRbtaimed from the pressure and temperature sig-
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nals of the radiosonde.

An example of a radio direction finder constructed especially for

meteorological purposes is the domestic radio direction finder - the

"Malakhit" radio theodolite.

•3 _n 2 ,', -. "

Fig. 49. Schematic diagram of
direction finder transmitter
type PRB-l.5. 1) Folded dipole;
2) radiosonde commutator.

Figure 49 shows the schematic diagram of the direction finding

transmitter, while Fig. 50 shows the block diagram of the radio theo-

dolite; an over-all view of the latter is shown in Fig. 51.

The transmitter employs a self-exciting UHF oscillator with self-

modulation by means of a type 2S3A triode.

The tank circuit is made up of a long line connected between the

grid and plate of the tube.

A slider moving over a wire arc serves to tune the tank circuit

to the operating frequency between 5 and 6 Mc.

The transmitter has two operating modes, depending on whether the

radiosonde is connected to its circuit or not. When the radiosonde is

connected, the pulse repetition frequency is fi = 500 pulses per sec-

ond, and without the radiosonde f, = 3000 pulses per second.

The pulses with low repetition frequency are used to transmit the

temperature, pressure, and humidity signals, wlhile the pulses with the
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Fig. 50. Block diagram of "Malakhit" radio
theodolite. 1) Antenna commutator- 2) voltage
control generator; 3) receiver; 4) antenna
drive; 5) angle coordinate (fine) transducer;
6) angle coordinate (coarse) transducer; 7)
precision reading block; 8) angle coordinate
indicator; 9) power supply; 10) distribution
and protection block; 11) coarse reading sel-
syns; 12) charging unit; 13) AB-2-0-230 power
supply; 14) power panel; 15) pole panel. A)
Output to line; B) output to telephones; C)
127-220 volt AC line.

high repetition frequency fill the pauses between the radiosonde sig-

nals.

The carrier frequency of the radio pulses is maintained constant

all the time at 216 Mc; the bearing of the radiosonde is taken, in or-

der to determine its angular coordinates, at both pulse repetition

frequencies of the PRB-1.5 transmitter.

The high-frequency energy is fed to the antenna with the aid of

an open-end segment of a long line, inductively coupled with the op-

erating line of the transmitter. The antenna is a folded dipole made

of aluminium wire 3 mm in diameter. The transmitter is fed from dry

cells. To feed the plate circuit, a GB-70 battery is used, while a

BON-3 battery is used for the filament.

When launching a radiosonde with a PRB-l.5 transmitter, the radio

t.heodolite is used to receive both the working signals, the character
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and duration of which depend on the values of the meteorological ele-

ments (pressure, temperature, and humidity of the air), and signals

corresponding to the pauses between the working signals.

Fig. 51. Over-all view of "Mala-
kd-it" radio theodolite.

These signals are fed to the receiver antenna unit of the radio

theodolite, which consists of four individual antennas of the "wave

channel" type, bounded on a common rotating frame, in the four corners

of a square, one of the diagonals of which is always horizontal. The

antennas located on the ends of the horizontal diagonal of the square

are used to determine the azimuth of the radiosonde, while the anten-

nas located on the ends of the vertical diagonal are used to determine

the elevation angle.

By means of a phasing system and an antenna commutator, a jump-

like displacement is imparted to the directivity pattern in space,
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such that the pattern occupies extreme positions in the following se-

quence: left, top, right, bottom.

The direction to the target is determined by the straight line

passing through the initial point of the directivity pattern and the

point of intersection of the directivity patterns in the other extreme

positions. Inasmuch as the directivity pat erns have large slopes at

the points of intersection, the use of the equal-signal zone principle

guarantees high direction-finding sensitivity and accuracy in the de-

termination of the angular coordinates.

The maximum error in the determination of the angular coordinates

of the direction finding transmitter is not more than 1.75 in the

following ranges: 16 to 750 in elevation and 0 to 3600 in azimuth. The

probable random error under these conditions does not exceed 0.30.

The signals of the direction-finding transmitter are received by

the radio theodolite receiver, are transformed in the receiver, and

are used in two separate channels: the angle-coordinate indicator chan-

nel (direction finding channel) and the channel for audio reception of

the radiosonde signals (sound channel).

The indicator of the elevation angle and of the azimuth operates

with a circuit that provides an amplitude display of the bearing of

the target. The indication of the two angle coordinates is combined on

the screen of a single cathode-ray tube.

The screen of the tube displays two pairs of pulses of different

amplitude. With the aid of the azimuth and elevation cranks, the op-

erator sets the antenna in such a way that the pulses of each pair

have identical amplitudes. These correspond to the "bearing" positions

for each angle coordinate. The azimuth and the elevation are read

against scales mounted on the shafts of selsyn receivers in the preci-

sion reading block. The selsyn receivers are electrically coupled with
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selsyn transmitters. The latter are connected through a system of

gears to the axes of the antenna rotation in azimuth and in elevation.

The fine selsyn transmitters are coupled to their axes through gears

with a 1:36 ratio.

For approximate (coarse) measurement of the angular coordinates

of the radiosonde, two coarse-reading selsyn receivers are used, which

have electric coupling to the corresponding selsyn transmitterýs.

The coarse-reading system is used by the operator who determines

the bearing, and the fine system is used by a second operator, who re-

cords the coordinates of the radiosonde at definite instants of time.

A third operator receives by ear the signals from the radiosonde over

the sound channel of the radio theodolite receiver. At the output of

this channel is connected a filter, which separates the first harmonic

of the low pulse repetition frequency (600 cps) and suppresses the

first harmonic of the high pulse repetition frequency. Thus, only sig-

nals with frequency of 600 cps are fed to the earphones, with a dura-

tion that is determined by the time during which the grid circuit of

the direction finding transmitter is closed by the radiosonde commuta-

tor. Subsequently, after the signals are processed, the values of the

atmospheric pressure, temperature, and humidity of the air are obtained

as a function of the altitude.

Having the values of the altitude, determined from the pressure

and temperature signals, and the angular coordinates of the radiosonde,

it is possible to obtain also the velocity and the direction of the

wind at different altitudes.

2. RADAR METHOD OF DETERMINING THE WIND VELOCITY AND DIRECTION

The gist of this method is to carry out with the aid of a radar

station observations of a specially prepared reflecting target, lifted

with a hydrogen-filled rubber envelope. When such a reflector is struck
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by the measuring pulse, the reflector becomes a secondary radiator,

which sends electromagnetic energy of the same frequency In various

directions, including the direction of the radar receiver. In aerology,

such a passive target together with its envelope is called a radlopilot.

During the observations one determines the angular coordinates of

the radiopilot and the slant range to it. These data yield after proc-

essing the velocity and direction of the wind in the free atmosphere.

Inasmuch as a more accurate determination of the wind calls for a

high accuracy in determination of the radiopilot coordinates, not all

types of radar can be used for wind sounding. The requirements imposed

are satisfied only by radars which make it possible to determine the

angular coordinates of the radiopilot with an error of several minutes,

and the slant range with an error of 10-20 meters.

In the radar method of wind determination, an important factor is

the effective reflecting area of the radiopilot target. The size of

this area depends on the dimensions and shape of the target, on Its

orientation relative to the direction to the radar and the plane of

polarization of the incident energy. The concept "effective area" is

convenient for the comparison of various reflecting surfaces having

complicated geometrical forms. The effective area is equal to the

cross-section area of an ideal reflecting sphere, which reflects the

same amount of electromagnetic energy in the direction of the radar

receiver antenna as does the actual reflecting area of the target.

Calculation of the effective area of the radiopilot target using

centimeter-band radars is carried out with the aid of the fundamental

radar equation for a single target (10), solved with respect to T,

.9-9412Pri.".

P - PAh (70)

where T is the effective area of the target for a npeclfled range to
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the radiopilot R.

For reliable determination of the bearing, it is assumed that the

received signal is equal to 2 Pr min-

The maximum distance to the radiopilot is limited to. the e~ffective

radius of the radar which for certain types of radars does not exceed

50 km. Taking the values of R and X in. meters, A in m2 , and Pt and

2
rmi in watts, we determine T in m . Knowing the effective reflect-

ing area of the target, we calculate the geometrical parameters of the

real targets which are suspended from the rubber envelope filled with

the hydrogen. The values of the effective reflecting area can be ob-

tained from the data given in Table 14.

If centimeter-band radars are used for radar measurements of the

wind, then the targets are most frequently corner reflectors. The simp-

lest corner reflector represents three metallic planes, forming three

mutually perpendicular faces. It has the property that, over a suffi-

ciently wide interval of angles of incidence, the reflection of the

electromagnetic waves is strictly in the opposite direction. It must

be noted that this property is satisfactorily fulfilled only if the

faces are perpendicular to one another with a sufficiently high degree

of accuracy. The effective area of a trihedral reflector depends on

the foreshortening at which it is seen. This area is sufficiently

large almost over the entire space of a solid angle equal to 7r/4.

The maximum value of the scattering in triple reflection lies in

the direction of the symmetry axis of the corner reflector. As the di-

rection of the beam deviates from this axis, the effective reflecting

area decreases.

An even larger effective reflecting area is possessed by a corner

reflector with, square faces. However, this corner has a sharper direc-

-u-lv, if, ,er Fcr equal values of the s1des a, the square corner
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TABLE 14
Effective Areas of Radiopilot Targets

1 Hl33"I.,le %1:,,,,10 -,1 2 4opsa 1iiuc-i.. 3Pac4ct1,,,e OpM"'Am

wap

5 .A1CT..1ips4ccxji T= 2ia p (2')

6 o2= " -jL- 13)

7 nloavo.nioi ,oBO T.&,c 12 -Z2" (V)
fn6paTOp

* T = 0, 86) cos 0 (5")

Remark. Formula (1') is valid when a/X > 1.6
and Formula (2') when a and 1 >> X.

1) Name of target; 2) form of target; 3) the-
oretical formulas; 4) metal sphere; 5) metal
cylinder; 6) corner reflector; 7) half-wave
dipole.

has nine times more reflecting area than the triangular corner.

Under real lifting conditions, the target may swing and rotate,

and it is therefore made in the form of a complicated corner reflector

so as to obtain a powerful and sufficiently stable reflected pulse.

This reflector usually consists of four corner reflectors.

Corner reflectors for radiopilots are usually made of metallized

cardboard or of cardboard on which unannealed aluminum foil, metal

screen, or tinplate with holes of 10-20 mm are glued.

If meter-band radar is used for the measurement of the wind, then

the reflecting target is made of two metallic half-wave dipoles of cop-

per, brass, or aluminum wire 2-3 mm in diameter. The dipoles are in-
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serted at right angles to each other into a piece of heavy cardboard

so that they do not touch each other. The target is then suspended in

horizontal position from the stub of the envelope with the aid of

twine fastened to the corners of the cardboard.

An attractive possibility is the use of the envelopes themselves

as reflecting targets, by making them conductive. Inasmuch as the ef-

fective reflecting area of a sphere is relatively small compared with

the area of a corner reflector, this idea has remained unrealized to

this time. However, the use of metallized envelopes No. 50 has permit-

ted even now to decrease the dimensions and weight of the corner re-

flector, and consequently to increase in this manner the vertical

speed of the radiopilot and the upper limit of the wind sounding.

Another shortcoming of the radar method is the impossibility of

measuring the wind within the radius of the minimum detection range,

which for the radars employed usually is equal to 800-1000 m. As a re-

sult of this, for a reliable determination of the radiopilot coordin-

ates the latter must be launched at a distance not smaller than the

minimum radius of the radar. The launching place is then usually chosen

to be on the side in the direction where the wind blows.

Sometimes when there is no possibility of launching the radiopilot

at a distance from the radar, an optical theodolite installed alongside

the radar station is used for the determination of the coordinates of

the radiopilot in the minimum operating radius.

In those cases when along with the wind data it is necessary to

have information on the temperature, humidity, and pressure of the air,

the corner reflector is suspended together with a RZ-049 or A-22-III

radiosonde on a rubber envelope No. 100 or 150, filled with hydrogen.'

Then the radar is used to determine the coordinates of the launched

radiosonde, and a receiver of suitable wavelength coverage is used to

- 171 -



A Mii..,,m~ c'a~uR
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Fig. 52. Diagram of British radio theodo-
lite, operating with a radiosonde re-
sponder. 1) Transmitter; 2) delay line;
3) receiver; 4) dipole; 5) azimuth and
elevation motors; 6) receiver; 7) auto-
matic adjustment; 8) automatic range
finder; 9) computer units for the deter-
mination of the wind; 10) automatic wind
recorder; 11) transmitting antenna; 12)
telemetry apparatus; 13) radiosonde auto-
matic recorder; 14) indicator; 15) cali-
brator; 16) transmitter. A) Ground sta-
tion; B) radiosonde; C) megacycles.

receive the sound signals of the radiosonde.

It was pointed out above that a shortcoming of the radar method

of measuring wind is the low upper limit of wind sounding. An advan-

tage of this method is the high accuracy of wind determination, com-

pared with the accuracy of base-organized pilot balloon observations.

The above-mentioned shortcoming can be eliminated by replacing the pas-

sive reflector with a special responder radiotransmitter; apparatus of

this type will be considered in Chapter 7 below.

A block diagrzam of the Ruard apparatus,* containing a ground
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station and a radiosonde with responder transmitter is shown in Fig.

52, which shows the principal blocks of the apparatus.

Circuits and the construction of radiosondes of the relay type

will be described in Chapter 7 below.

3. ORGANIZATION OF RADIO DIRECTION FINDING AND RADAR WIND MEASUREMENTS

Before carrying out radiometric wind measurements, particular at-

tention is paid to leveling, orientation, and adjustment of the sta-

tion. Before leveling the radio theodolite, two supporting beams are

placed under each plate of the jacks of the truck. The correctness of

the leveling is checked against control levels and is regarded as sat-

isfactory if for any rotation of the antenna the bubbles of the con-

trol levels do not shift relative to the hairlines.

In orienting the radiotheodolite relative to the points of the

compass, the setting is such that when the antenna system points to

the north the reading on the azimuth selsyn scales is 00. Of great Im-

portance here is the choice of a target, which can be any object lo-

cated not closer than 500 m. The azimuth of the target is usually de-

termined with an aerological theodolite, which is located 200 m away

from the radio theodolite in the direction of the target. Three opera-

tors are needed for this purpose: the first is at the radio theodolite

(at the optical site), the second inside the cabin, and the third at

the theodolite. Together they see to it that the radio theodolite, the

theodolite, and the target are all in line. After the coarse setting

of the theodolite; one proceeds to its fine setting in line between

the target and the radio theodolite. For this purpose the theodolite

is aimed first on the target and then on the optical site of the radio

theodolite, the difference in the reading of the horizontal angles

should then be 1800 and if it is different from 1800 it becames neces-

sary to reinstall the theodolite such that .the difference becomes
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0 0
equal to 180 + 0.3

To prevent random errors, the measurements are carried out three

times, after which the average of three readings is calculated with

0
accuracy 0.1 . The antenna system is then aimed with the aid of the

sight at the target, the azimuth of the target is set on the selsyn

scales, and the scales are left in this position.

The elevation-angle selsyns are correctly set in an analogous

manner. D7i this case the optical theodolite is mounted on the roof of

the radio theodolite cabin. The scales of the elevation-angle selsyns

of the radio theodolite are set in accordance with the elevation of

the optical theodolite.

After the orientation is complete, one proceeds to c.,orrect the

radio theodolite so as to align the electrical and geometrical axes of

the antenna system. The correction is with the aid of -adjusters. The

following method of correction is quite effective. A transmitter tuned

to 216 14c (without a radiosonde) is launched in flight, and when the

sphere reaches the layer of stable wind, the operator, looking through

the sIght, records, on command of the operator who takes the bearing,

the displacement of the transmitter away from the center of the site.

Fifteen to twenty readings of this type are made within as short a

period as possible. The correction is completed when the average devia-

tion of the transmitter from the center does not exceed one small div-

ision of the sightscale.

4. AccuRAcy oF wiND mmsumENT

In measuring the wind with the aid of the "Malakhit" radio theo-

dolite and a direct ion-f inding radiosonde, it is necessary to measure

accurately not only the angular coordinates, but also the air -pressure

and temperature. The reason for it is that the values of these meteoro-

logical elements are used to determine the height of th e radiosonde.
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If the error in the measurement of air pressure does not exceed

2 mb and the temperature error does not exceed 20, then the relative

error in the determination of the height from the data of the direc-

tion finding radiosonde will be of the order of 2% up to heights of

* 20-25 In. This error becomes acceptable at large altitudes. Above 25

* n, in order to determine the height with an error of 1%, the tempera-

ture must be measured with an error not more than 10 and the pressure

error must not exceed 0.5 mb. Such a relatively high measurement accu-

racy cannot be guaranteed by the comb-type radiosonde RZ-049. However,

one of the most recent domestic radiosondes, A-22-III, and some models

of foreign radiosondes, make it possible to determine the temperature

and the pressure of the air with the above-indicated accuracy.

The nature of the processing of pilot balloon and radiopilot meas-

urements is such that the error in the determination of the wind de-

pends in final analysis on the error in the determination of the hor-

izontal distances of the pilot balloon or the radiosonde. The maximum

value of this relative error can be calculated from the formula

AL AHf 2M
-T--- -H -sin A ,;•

where H is the height of the radiosonde, AH the relative error in the

determination of the height, 6 the vertical angle, and A6 the error in

the measurement of the vertical angle.

An analysis of this expression shows that for specified AH and A6

the relative error in the determination of the horizontal distance

will be a minimum at 6 = 450. The most probable values of the vertical

angles 6 in radiopilot measurements lie in the interval 20-25°. Then

the maximum value of AL/L for AH/H = 2% and A6 = 0.30 will be 4%. For

smaller values of the vertical angle, which frequently can correspond

to large heights of the radiosonde, the error in the determination of
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the horizontal distances will be larger.

To reduce these errors, and consequently the errors in the meas-

urement of the wind, which do not exceed +2 m/sec, it is recommended

that the measurements made up to a height on the order of 10 kcn with

values of 6 larger than 100 be processed every four minutes. If the

heights are larger and the angles 6 exceed 150, the processing should

be carried out every six minutes.

To illustrate the errors in the measurement of the wind with the

aid of the "Malakhit" radio theodolite, let us use the experimental

data published in the paper by P.L. Yefimov and A.M. Ihachatryan [22).

To estimate the accuracy in the determination of the velocity and

direction of the wind, use was made of data obtained by comparative

measurements of the wind with the aid of the "Malakhit" radio theodo-

lite and optical theodolite at six aerological stations. In addition,

parallel observations of a single radiosonde made with two radio theo-

dolites and an optical thoodolitc wcre used. Using their measurement

materials, the authors calculated the frequencies of occurrence (in

percent) of the differences in the wind velocity and direction (Tables

15 and 16).

TABLE 15

1 Pa3Hocmb (-lcex.)

0 1- 1~ 4-6 1 7-9 110- 12112-15

21"1o paAoTeoao.ijTy n onTHqecxomy 32
TeoAoa .Ty ............ ... . ,338, 2.3 0.4 0

3fno A.sYM pu•NoTeO 0.1ITa. .... 23,2 58,7 113.7 3.0 1,9 1 0.4

i) Difference (m/sec); 2) using a radio theo-
dolite and an optical theodolite; 3) using two
radio theodolites.

It is seen from the tables that the difference in the direction

and velocity of the wind as obtained using two radio theodolites is
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TABLE 16

I Pabom (rpmL)

2no paxuioTeo.1OJiTy H OIITHUCKONy 9
TCoAO .oI .y ....... 9.0 73.0 1 13.4 3.8 0.6 1.0

3flo .nym pa3.ioTCo.0o.1W.a .. .... 9.1 56.5 26.8s 6.1 1.0 0.4

1) Difference (degrees); 2) using a radio
theodolite and an optical theodolite; 3) using
two radio theodolites.

somewhat larger than using an optical theodolite and a radio theodo-

lite. This can be attributed to the lower accuracy with which the

angle coordinates are determined by radio theodolites.

Most frequently the random errors in the determination of the

wind velocity with the aid of the "Malakhit" radio theodolite range

from 0 to 3 m/sec, while the errors in the determination of the wind

direction are from 0 to 100 (frequency on the order of 80%).

The sequence with which radio direction finding and radar measure-

ments of the wind is the same in pilot balloon Observations. At the

instant of reading the radiosonde or the radiopilot should be exactly

in bearing. The rotation of the antenna-drive cranks is stopped during

that time. The height is determined after processing the radiosounding

data. Then, using the height corresponding to each reading of the angle

coordinates, the wind velocity and direction are determined with the

aid of the Molchanov circle.

Manu-
script [Footnote]
Page

No.

172 Tested at the Crowlee observatory.i '-,
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Manu-
script [List of Transliterated Symbols]
Page

No.

163 2C3A 2S3A [tube designation]

163 Zp = Dr = drossel' = choke

163 m = i = impul's = pulse

170 MaKc= maks = maksimal'nyy = maximum
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Chapter 6

REVIEW OF RADAR METHODS

1. DETERMINATION OF DISTANCE

Radar methods for measurement of distance are based on time meas-

urement. In accordance with the classification of radar methods given

in Chapter 1, into systems with continuous and pulsed radiation, dif-

ferent methods are considered for the measurement of time and conse-

quently distance.

Pulsed methods, which guarantee sufficiently high accuracy in the

determination of the range (on the order of 10-15 meters) with per-

fectly satisfactory resolution, are the most widely used. The basis of

the determination of the time is the direct relationship between the

distance 6R and the time At, during which the electromagnetic wave

propagates over the indicated distance

AR = cAt,

where the coefficient of proportionality c is the velocity of light

(in general, of electromagnetic waves).

The time At is measured by observing the variation of the voltage

AU during the time interval At.

If

U=kt

the quantity AU serves as a measure of the range. Inasmuch as in the

indicators the motion of the 'light spot over the screen is under the

Ixfflmenee of a variation of the voltage AU, this measure of range can

be Loterrmiined by visual means.
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In systems with continuous radiation, the method of measuring

distances is based on the determination of one of the parameters,

either the phase or the frequency of the oscillations during the time

Lt. A thorough review of the methods was presented by A.F. Bogomolov

[28); the technical solutions are treated in the specialized litera-

ture [29).

a b C

TqTh
,--- ----_ -.. . --... .. __-- L _

I I a

II I " _ II|

Fig. 53. Formation of "error signal" in
automatic control system.

Modern radar technology is equipped with methods for automatic

range determination. The advantages of these methods lie in the possi-

bility of obtaining greater accuracy and speed of determination of the

data with elimination of individual operator errors. In this case it

is possible to track in range automatically and continuously. The time

of operation of the automatic system fluctuates between 0.5 and 0.1

second, which is much faster than the speed attainable by manual con-

trol, since experience has shown that, depending on his skill and fa-

tigue, an average operator has a "time constant" on the order of one

second.

The use of automatic range finders is less Justified when working

under conditions with low signal/noise ratios and when the signal

strength decreases, so that loss of the target is possible. In such

cases it is advantageous to use "memory" systems, which maintain auto-

matic tracking in accordance with data preceding those that have

dropped out.
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The operating principle of automatic devices of this type is

based on the following.

The circuit includes a generator which generates a local voltage.

In addition to this voltage, the circuit receives a voltage formed by

the reflected pulses. As a result of a comparison of these two volt-

ages in the circuit, their relative agreement or disagreement is estab-

lished. In the latter case the circuit generates an "error signal,"

which acts through a control system on the local-voltage generator to

make the latter correspond to the voltage produced by the reflected

pulses.

The foregoing can be explained by the plots shown in Fig. 53.

The pulses reflected from the target have on a type-A indicator

screen a form as shown in the figure (marked by the number 1). The cir-

cuit generates two similar pulses, which are'shifted in time, as shown

on axes 2 and 3; these pulses can be shifted simultaneously, by means

of a special unit, along the time axis. The addition of the pulses

designated on the figure by the numbers 1, 2, and 3 occurs in the cir-

cuit; the results of the addition are shown in the figure on the axis

4, with three possible cases, a, b, and c shown. The resultant voltage

which is formed at the output of the circuit under the influence of

the pulses 4 can be equal to 0 (case 2), or can have a negative (case

b) or positive (case c) polarity.

The output voltage produced under the influence of pulses 4 is

the error signal. It is fed to the regulating mechanism and depending

on whether the voltage has positive or negative polarity, the pulses 2

and 3 are shifted and the net result is an elimination of the error,

in other words a situation corresponding to case a on Fig. 53 is ob-

tained.
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2. MEASUREMENT OF ANGULAR COORDINATES

The angular coordinates of the object M (see Fig. 1) in space are:

1) the azimuth angle 0, measured (in clockwise direction) from

the azimuthal direction to north or, in individual cases, from some

arbitrarily assigned direction (for example, the course line of a ship

or airplane, etc.);

2) elevation angle e reckoned in a vertical plane from the hori-

zon line to the direction to the object.

To determine the angular coordinates, as was already mentioned in

Chapter 2, directional transmission and reception are used, in other

words, use is made of the directional properties of the antennas.

The simplest method is to make such use of the directional action

of the antennas, by which the target (object) is on the bisector of

the aperture angle of the directivity pattern or, what is the same, in

the direction of maximum radiation. This method is called direction

finding on the basis of the maximum. However, as illustrated in Fig.

54, in this method the changes in the radiation field intensity are

very small in the vicinities of the direction of maximum radiation

(radius R)., and the value of AR shown in the figure is very sma11.

Consequently, the sensitivity of this system with respect to changes

in the angular position of the antenna near the maximum of radiation

is quite small.

The method of equal-signal zone has appreciable advantages with

respect to increasing the sensitivity; this method consists in the

following.

Two lobes of the directivity pattern of the antenna, shown in Fig.

55, make it possible to carry out a comparative measurement of the di-

rection by using alternately the directioiml action of two antennas.

Such a two-lobe diagram is the Joint xadiatlom T'rom two directional
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Fig. 54. Illustrating the Ftg. 55. Double-lobe
determination of the sen- radiation pattern of
sitivity when direction antenna.
finding on the basis of
the maximum.

antennas; such a diagram can also be obtained by using a single antenna

but switching alternately its feed. As can be seen from Fig. 55, on

the direction OM there is a point a which belongs to both diagrams and

corresponds to equal values on both indicators pertaining to antennas

1 and 2. In practice, when both antennas 1 and 2 move simultaneously,

they are oriented in such a way that the target is in the direction OM.

This will be detected from the equality of the readings of both indi-

cators, i.e., froxn the quality of the two signals, and this is why

this method is called the method of the equal-signal zone.

The advantage of this method lies in the fact that its sensitivity

compared with the direction finding based on the maximum is much higher.

As can be seen from the figure, the point a is on a steeper part of

the diagram than the portion of the diagram corresponding to the direc-

tion of maximum radiation; It Is clearly seen in Fig. 55 that the cen-

tral doubly hatched area has at the point a a sharper portion than the

directivity pattern of antennas 1 and 2 taken separately.

The establishment of the point a by moving the antenna system is

facilitated further In this case by the fact that on the right and

left of the direction OM the difference in the signals corresponding

to diagrams 1 and 2 increases rapidly; the sign of this difference in-

dicates the direction relative to the equal-signal-zone axis at which

the target is located.
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Along with advantages, this method has a shortcoming compared

with the method of direction finding based on maximum, in that the

power utilization coefficient is small for the different stations.

V.S. Nelepets has shown [23] that this coefficient ranges from 25 to

72%. This circumstance is capable of reducing the operating range of

the radar station using the equal-signal-zone -method.

In the determination of directions (angular coordinates), auto-

matic tracking can be used.

The antenna of the station referred to produces radiation in the-

form of a cone. To carry out determinations in a given system of angu-

lar coordinates (i.e., for a simultaneous determination of the eleva-

tion and azimuth angles), conical lobing is used (see Section 3).

Automatic tracking is based on the following. The directivity

pattern of the antenna is made to rotate in such a way that the prin-

cipal radiation maximum describes 25-30 times a second a cone in space,

with a solid angle at the vertex of approximately 2.50. Such a diagram

is symmetrical and has in transverse section the form of a regular

circle. When the target is on the geometrical axis of this cone, it is

subjected to uniform irradiation by the main pulses with constant in-

tensity.

During reception, the following takes place. The pulses reflected

from the target form in the receiving system a constant voltage and

have a constant amplitude on the indicator screen.

As soon as the target changes its position in space and moves

relative to the radiation cone, the irradiation of the target becomes

asymmetrical. Consequently, an error voltage will beginto be gen-

erated in the receiving system, and this will be fed to the control

system uwhlch effects the displacement of the antenna reflector (see

Sectlcn 3)- Under the influence of the error voltage the antenna will
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be aimed automatically on the target until it lies on the axis of the

cone, and then the error voltage drops to zero.

The sensitivity of this automatic system is so high that it re-

sponds to a target deviation of only several hundredths of a degree

from the geometrical axis of the radiation cone. However, owing to the

unavoidable inertia of the servomechanism, the output accuracy with

which the angles are determined in automatic tracking is much lower

and is practically a quantity on the order of tenths of a degree.

Systems of automatic range tracking are also in existence.

3. METHODS OF SCANNING THE SPACE

In order to observe a particular region in space, it is necessary

to displace the radio beam in space, which is equivalent to displacing

the directivity pattern of the antenna. Such a displacement can be the

result of mechanical motion (rotation, rocking, etc.) of-the antenna,

or can be accomplished by specially feeding the antenna. The displace.-

ment of the radio beam in space is called space lobing.

Depending on the tasks, space lobing can assume various forms.

Circular lobing (Fig. 56) is obtained by moving the beam along a

circle in a horizontal plane; the slant angle 6 of the beam does not

change.

Helical lobing is a further development of circular lobing in

which the value of the angle 6 changes after each revolution. Because

of this, the beam describes a helical line in space (Fig. 57). After

each complete revolution in the horizontal plane, the beam rises a dis-

tance equal to half the width of the beam, and this results in higher

reliability in the scanning of the space.

In conical lobing (Fig. 58) the directivity pattern formed by the

parabolic reflector is shifted relative to the paraboloid axis and ro-

tates continuously about this axis with high speed. As a result, any
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Fig. 56. Circular
three-dimensional lob- Fig. 57. Helical three-
ing. The beam passes F i onal lic tr
successively through dimensional lobing.
the points a, b, c,
etc.

point of the beam describes in space a circle which is the base of a

cone, and the axis of the beam serves as a generatrix of the cone.

Such a form of radiation pattern is obtained by using a special radia-

tor construction. The radiator is offset
0,

, relative to the focus of the paraboloid and

7 is continuously rotating. During the rota-

tion, the directivity pattern formed by the
paraboloid generates a cone, and the lobes

of the directivity pattern mutually overlap

Fig. 58. Conical three- on opposite sides of the cone. Conical lob-
dimensional lobing.

ing is used for simultaneous determination

of the directions in the vertical and horizontal planes, and this

guarantees high accuracy, as was already noted in the preceding section.

There exist also other forms of three-dimensional lobing, for ex-

ample such as sawtooth, etc., but they are less widely used. For cases

when a rapid survey of a certain volume in space is required (for ex-

ample, within a sector of 200) or when a rapidly moving target is

tracked, high-speed three-dimensional lobing is used. By displacing

(mechanically or electrically) the radiator `hat feeds the parabolic
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reflector in relation to this reflector, the sector indicated above is

scanned within a fraction of a second, so that the survey is effected

not less than ten times a second.

4. INDICATION METHODS AND INDICATOR SYSTEMS.

In radar technology, indication is the final process, which com-

pletes the detection of the target and its tracking. The task of indi-

cation includes the transformation of the received signals reflected

from the objects of observation (targets) into an information form

which can be perceived visually or acoustically. Such information dup-

licates the coordinates of the target in accordance with the three-

dimensional lobing system employed in the given radar station, and gen-

erally contains data on the space position of the object in the obser-

vation zone, and in some cases also on their dimensions, form, and

character.

Thus, there is concentrated in the indicator unambiguous and con-

tinuously supplemented information, which is represented to the opera-

tor (the observer). The reflected signal must be duplicated here in

such a way, that the indicator can be used for easy and rapid orienta-

tion.

In radar technology there are several known indicators; in prac-

tice the indicators are frequently called displays. Among the large

number of indication methods we can mention the acoustic method, the

method using pointer and vibrating-reed instruments, and also cathode-

ray tubes, which, as already indicated above, is the most widely used.

There exist some 20 modifications of indicators of this type, the most

frequently employed being four types called A, B, C, and P. The type

A and P indicators used in meteorological radars (circular-scan indi-

cators) were shown in Fig. 11. In indicators of this type, In order to

read short time intervals, which are counted In milliseconds and micro-
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seconds, time sweep of the beam is used and this is the most highly

perfected and most accurate method of measuring such short time inter-

vals.

The advantages of indicators with cathode-ray tubes are based

both on their operating features and on the optical-physiological prop-

erties of these indicators, as shown in [3). In the indicators under

consideration one makes use of the fact that the human visual appa-

ratus is an economical system, where the increase in the signal/noise

ratio obtained as a result of time accumulation (averaging) leads to

an increase in the carrying capacity of the system.

An operationally advantageous fact is that it is possible to rep-

resent on the screen of such an indicator, in symbolic form, all three

coordinates of the target. The main favorable aspect of the cathode-

ray indicator is the practical freedom from inertia *in the displace-

ment of the electron beam over the screen. Among the shortcomings is

the impossibility of duplicating on a flat screen the three-dimensional

pattern of the real picture of the target.

Compared with other indicator systems, the cathode-ray indicator

under consideration has advantages which guarantee high operating

speeds with maximum accuracy and simplicity of operation.

Structurally these indicators, as used in radar stations, com-

prise a combination of the cathode-ray tube proper with its sweep de-

vice, which applies a sweep voltage on the tube so as to displace the

bright spot over the screen. Usually all these elements are combined

in a station into a single block called the indicator.

The external view and the construction of cathode-ray tubes is

explained in Fig. 59.

The operation of a cathode-ray tube is based on the principle

that a light image is formed on a fluorescent screen by a sharply fo-
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cused electron beam.

""All cathode-ray tubes are divided into two types depending on the

method used to focus and deflect the ray (the electron beam): a) elec-

trostatic, in which the ray is controlled, by an electric field result-

ing from a potential difference introduced in the tube, and b) mag-

netic, in which the control is by using a magnetic field formed by cur-

rent flowing in a coil placed on the neck of the tube. In some cases

tubes with electrostatic focusing and electromagnetic control are used.

Depending on the methods used to obtain the image (marker) on the

screen, cathode-ray indicators are divided into those with amplitude

markers and those with brightness markers.

In the former, the marker is produced by displacement of the beam

over the screen, as is the case for example in a type-A sweep (see Fig.

llb), and the deflection is proportional in this case to the amplitude

of the received signal. A brightness marker is obtained by applying to

a special electrode of the tube a voltage which is controlled by the

magnitude of the signal and which determines, the brightness of the

light spot which appears at that time on the screen.

The screens of circular-scan cathode-ray tubes are made somewhat

different than other screens, say those for the type-A indicator. In

circular-scan indicators, where images of pulses reflected from the

object are seen to be moving over the screen, it is necessary to "re-

member" the displacement of these images over the screen.

The inertia of the human eye is insufficient in this case, so

that special screens are used in tubes with brightness marker, in

which the fluorescent coatings (the phosphors) have an inertia, which

leads to the property of integration or averaging. Such coatings are

called phosphorescent, and screens of this type are called screens

with perslstenc•e i:epending on the requirements and on the chosen type
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Fig. 59. Arrangement of cathode-ray
tubes, a) Electrostatic; b) magnetic; 1)
vertical deflecting plates; 2) horizon-
tal deflecting plates; 3) beam; 4)
screen; 5) focusing coil; 6) deflecting
coil.

of phosphor, the persistence effect ranges from several microseconds

to many minutes.

- - I - I - -
I
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Fig. 60. Periodic sequence of light pulses.
Illustrating the determination of the bright-
ness on the indicator screen.

To increase the contrast of the image, colored optical filters

with suitable spectral transmission are placed in front of the screens.

For screens with afterglow, yellow-orange optical filters are used.

In the general case the degree with which the marker can be dis-

tinguished depends on the brightness, viich in turn is proportional to
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the specific power of the electron beam incident on the given point of

the screen; it is inversely proportional to the rate of displacement

of the beam over the screen, i.e., in final analysis, to the sweep

velocity.

In the reception of pulse signals, as is the case in the majority

of practical applications, it is necessary to take into account cer-

tain additional specific conditions.

Assuming for a pulsed mode that the brightness of the marker on

the screen, under the influence of the reflected pulses, is a function

of the time

B = p(t),

we represent this function graphically (Fig. 60). The average time

values used here are: tsv - the illumination time and ttem - the dark

time. The average values of the brightness shown in the figure are

given by
T

B,= 4- f ? () dt.
0

However, for a correct estimate of the effect of the signal under

consideration on the central vision apparatus it is necessary to re-

call Talbot's law. According to this law, the light sensation produced

by a series of individual light pulses can be equated to the light sen-

sation produced under continuous illumination. For this purpose it is

necessary that the repetition frequency of the light pulses be suffi-

ciently high and that the eye be incapable of distinguishing individual

pulses. It is also necessary that the amount of light energy fed to

the retina of the eye per unit time be the same in both-compared cases.

In a work devoted to the analysis of the brightness of a flicker-

ing source of light as perceived by the eye, Academician S.I. Vavilov

[21] indicates that the "subjectively perceived brightness of a flick-
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ering source of light is less than the true brightness of the source."

This premise, extended to include the action of cathode-ray indicators

of radar pulse signals, states that in the reception of pulse signals

the requirements concerning the brightness of the signals duplicated

on the indicator screen should be related not only (as is the usual

case) with the duration of the pulses, but also with their repetition

frequency.

These premises and problems associated with them concerning the

operation of cathode-ray indicators, are considered in the work of

V.S. Nelepets [31.

The purpose of the sweep unit is to produce a voltage with the

aid of which the light spot is regularly displaced over the screen of

the tube and forms the "time axis," called the sweep line. The charac-

ter of the sweep is determined by the law governing the variation of

the voltage on the deflecting plates in the tubes using electrostatic

control, or the law governing the variation of the current in the de-

flecting coils in tubes with magnetic control.

A type-A sweep is in most cases linear, uniform, and forms a uni-

form time scale (and consequently distance scale).

The form of the type-A sweep voltage has a sawtooth character.

The slow increase in the sweep voltage causes the beam to move over

the screen from left to right, this being called the forward trace.

After reaching the extreme right position, the beam must return very

rapidly (the return trace) to the initial position. For this purpose

the sweep voltage, on reaching the "tooth" of the sawtooth, must de-

crease rapidly, after which the next forward trace cycle begins.

In the A-type indicator one uses cathode-ray tubes with electro-

static control and sweep.

In a circular-scan indicator, the sweep employed causes the beam
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to move rapidly radially away from the center toward the outer edge of

the screen, this being effected by a magnetic deflecting system; the

magnetic field is produced by a sawtooth current flowing through the

deflecting coil. In this indicator brightness markers are used: when

the signal reflected from the target is received, the brightness of

the corresponding portions of the radius increases.

The deflecting system (Fig. 59) is rotated with the aid of gears

around the neck of the tube, so that the aforementioned radius, vis-

ible on the screen, rotates about the center of the screen. This rota-

tion of the deflecting system is in synchronism and in phase with the

azimuthal displacement of the antenna system. If the antennL is not

being displaced, but the radiation is swept in space, then the dis-

placement of the aforementioned radius (beam) over the screen is in

accord with the rotation of the radiation in space. Synchronous and in-

phase matching is attained by using synchronous servomechanisms, which

will be mentioned later on in Section 4 [sic].

Sometimes in radar operation (including also the observation of

meteorological objects), the following phenomenon is noticed: at ranges

located directly behind the object whose reflection is being observed,

one sees a peculiar type of "comb" on the indicator screen (for exam-

ple type-A indicator). The signal reflected from the object masks, as

it were, everything that occurs behind the reflecting object, and the

larger the intensity of the observed signal, the more noticeable this

phenomenon.

The explanation of such a phenomenon must be sought in the pecu-

liar type of reduction in the sensitivity of the receiving circuit re-

sulting from the effect of the powerful reflected pulse, and not in

defects of the indicator and certainly not in any peculiarities of the

observed objects.
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Chapter 7

RADAR APPARATUS

1. INTERROGATOR-RESPONDER SYSTEMS

The action of radar is based, as is well known, on the use of re-

flection of radio waves from objects which serve as passive reflectors.

In order to improve the efficiency of the system, it Is possible to

replace the passive reflectors by active "electronic" reflectors. Sys-

tems with active responders are based on the principle of using such

reflectors.

Such systems include, first, a transmitter which transmits inter-

rogation pulses (the communication channel over which the interroga-

tion is carried out is called the interrogation channel), and second a

transceiver, and the individual communication channel employed by the

latter is called the response channel.

After the interrogation pulse is received by the responder, the

antenna of the latter radiates response pulses. The entire character

of the response of the active responders has many features distinguish-

ing them from the character of the signals formed by a passive reflec-

tor.

The intensity of the response pulse does not depend on the inten-

sity of the interrogation signal; it is assumed that the power of the

latter is sufficient to trigger the responder. The carrier frequency

at which the response pulse is transmitted does not depend on the fre-

quency of the interrogation signal; in most practical cases these two

frequencies (wavelengths) do not coincide.
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The form (the number and duration of the pulses and pauses) Of

the response signal is not connected with the form of the interrogation

signal. Between the instant of arrival of the interrogation and the

transmission of the response there occurs an unavoidable time loss

(delay), i.e., certain retardation takes place.

Systems of this type include radiosondes of the relay type. There

are several known radiosonde systems of this type, but because of the

appreciable complexity of the apparatus and the relatively large

weight, these systems have not found systematic application.

Recently superregenerative responder transmitters have come into

use, and their construction is much simpler than that of the relay

type.

By superregenerative is usually meant a radio receiver whose cir-

cuit is maintained in a near self-oscillating (regeneration) mode! in

order to maintain as large a sensitivity as possible. This is accom-

plished by varying periodically in time one of the parameters influ-

encing the self-excitation. The frequency of this variation is much

lower than the frequency making up the spectrum of the received oscil-

lations. The presence of the natural oscillations in the superregen-

erator tank circuit determines the possibility of using it as a trans-,

mitter.

By suitable choice of the mode and of the circuit elements for

the radiation of the superregenerative system used as a radiosonde

transmitter, it is possible to cover distances on the order of 100-150

Iam. At the same time, the system, as already noted above, maintains

high sensitivity to the signals it receivesrfrom the outside. Usually

the frequency of the latter should coincide approximately with the

natural frequency of the superregenerator 'tank circuit. The response

of the system to the incoming signal is expressed In clearly distin-
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guishable changes in the natural-radia-

tion mode.

A Figure 61 shows the diagram of the

2 CU 4transponder receiver type A-35, developed

at the TsAO, as used with the "Malakhlit"

radio theodolite, which has been supple-

mented with a special interrogation and

W8 -36 T Crange finding attachment. The attachment

Fig. 61. Schemat:Ic dia- includes a pulsed interrogator-transmit-
gram of responder trans-gramitteretypender A- ra - ter with a pulsed power of approximatelymitter type A-35. A) Re-

ceive-transmit antenna; 40 kw. The transmitter has a "wave-
L1 ) :,oil "universal"

PELShO 0.1, 300 turns, channel" type directional antenna; aL)coil "universal"
EL2) col, 200iternsl" radio range finder J.1 also part of thePELSh0 C.-i, 200 turns.

Cl) KS0 capacitor (200 outfit. The transmitting antenna is
pF); C2) KSO capacitor

(100 pF); C ) KSO capaci- mounted in the center of the frame carry-

tor (100 pFj; C04) KSO ca- ing the receiving antennas of the radio

pacitor (1500 pF); C5 ) theodolite, which has thus been trans-

KSO capacitor (5600 pF).
R1 ) Resistance VS-0.25 formed from a radio direction finding to

(24 kilohms); R2 ) resist- a radar setup.

ance VS-0.25 (470 kil-
ohms); 2S3A) radio tube; The responder-transmitter A-35 op-
MN-3) neon lamp; Dr)
chokes PE 0.7 (20 turns, erates in the following fashion. The
6 mm in diameter).
1) Manipulator. tank circuit made up of a turn of thick

wire and the interelectrode capacitances of the 2S3A tube is made to

oscillate at a frequency f-- 216 Mc. The antenna A is excited at this

fre quency.

The frequency of the oscillations generated by the circuit can be

varied by means of a wiper which joins the inductance of the tank cir-

cuit through the capacitor C2 to the plate of the tube-. WhU malms it

possible to tune the oscillation frequenc7 at the nronIT .requancy of
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3 2

Fig. 62. Envelopes of radio pulses radiated by
the responder transmitter A-35. 1) Vsec; 2) kc;
3) cycles.

the radio theodolite, namely 212 Mc.

The microwave oscillations are modulated twice: owing to the

strong feedback between coils L and L2 , deep self-modulation is pro-

duced at a frequency of about 400 kc, which is periodically quenched

by the neon lamp MN-3, which forms a modulator oscillator controlled

by the manipulation circuits of the radiosonde, whereas the microwave

oscillation3 continue to exist. The neon oscillator generates modula-

tion pulses with a repetition frequency of 700 cps, when the code sig-

nals of the radiosonde are transmitted; during the interval between

the latter, the repetition frequency is 2000 cps. This structure of

the signals from the A-35 transmitter is illustrated in Fig. 62, which

shows the envelopes of the radio pulses corresponding to the instants

of signal transmission (below) and pauses in the radiosonde signals

(above). This figure does not show the 216-Mc carrier of all these

pulses.

Figure 63 shows the signal on the screen of the radio range keeper

indicator as observed during the process of range measurement.

The response signal is similar-in form to the signal reflected

from a target and observed on a type-A indicator, to which reference

was made above. It has the character of a clearly pronounced pip above
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Fig. 63. Picture of the response signal
on the screen of the range finder indi-
cator.

a sweep line, produced by the radiation of the superregenerator, and a

clearly seen trough following the pip, called the "response pause."

The distances to the responder are best measured relative to the

leading front of the response signal, since measurement referred to

other, : .rtI ons of the response image call for the introduction of cor-

rections fo-, the width (dur-ation) of the response pulse.

Preliminary experience gained at the TsAO in the use of responder

transmitters of the regenerative type, according to data by V.S. Kha-

khalin, confirm the advantage of introducing such responder transmit-

ters on a large scale, since the data on the slant range greatly im-

prove the measurement of the wind and the pressure, particularly at

altitudes of 25-30 km and above.

The foreign literature contains the following data [76] on the

interrogator-responder system.

The radiosonde equipped with a responder is launched in free

flight and makes it possible to determine, first, the velocity and di-

rection of the air streams, and second, reports data on temperatures

from -65 to 43.5°, on the relative humidity from 0 to 100%, and on

pressure in a range of 30-300 mb. The accuracy attained is +0.20 for

the temperature, +10% for the, relative humidity, and +2 mb for the

pressure.

In the zystem descrlbed, the antenna of the ground station radi-
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ates an interrogation at a frequency f = 152.5 Mc in the form of radio

pulses of duration Ti = 2 pLsec at a power Pi = 50 kw. After receiving

the interrogation of the ground station, the responder produces a

pulse transmission at a frequency f = 2850 Mc, width-coded in accord-

ance with the measured data; the latter are continuously switched with

the aid of a small motor. In addition, the responder transmits period-

ically a standard voltage signal.

The ground apparatus includes a device for automaticallytracking

the radiosonde as it moves in space. 'The radiosonde signals are re-

ceived on the ground with a parabolic antenna 1.5 meter in diameter.

The range to the responder is determined by usual radar methods

by measuring the time, while the height is determined by radio direc-

tion finding methods using the elevation angle of the antenna in the

vertical plane. The ground installation is provided with a unit for

automatically recording the data and with a computer.

The transmission cycle from the responder lasts 15 seconds, and

consequently the periodicity with which data are received from the re-

sponders a time slightly exceeding this interval. Inasmuch as the

responder signals are recorded automatically, it becomes possible to

transmit the interrogation from the ground installation up to three

times a minute.

After reaching..the limiting height, the envelope of the balloon

bursts and a parachute opens automatically, permitting a slow drop of

the responder. The responder continues to answer the interrogations

during its descent.

General problems connected with the construction of such systems

with active response are considered in the work by.Harris [77].

2. RADAR STATIONS FOR TEMPERATURE-WIND SOUNDING

Aerological observations by measurement of wind currents at high
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altitudes, as indicated in Chapter 5, are carried out with radar

methods of observing radio pilots using passive targets, and by radio

direction finding methods using active targets. Both methods can be

realized using half-wave meter-wavelength targets using a weapons-

aiming station.

The outfit of such a station contains two cabins, one for trans-

mission and one for reception.

The transmitter antenna radiates sounding (main) pulses of dura-

tion on the order of 1 psec, the number of which ranges from 1000 to

2200 per second. The entire control of the transmitter is concentrated

on th6 front panel of the cabinet. The tank circuits and the remaining

apparatus are located inside the cabins.

Simultaneously with transmitting the main pulse, a synchronizing

pulse is transmitted from the transmitter cabin to the receiver cabin

by cable and triggers the indicator sweeps.

In addition to the station mentioned

here, for the meter band, stations are

also used for the centimeter band. In

these stations the antennas used for

transmission and reception have para-

bolic reflectors [82], as shown in Fig.

64. Such a system produces radiation of

conical form. The nature and the charac-

Fig. 64. Radar antenna teristic features of such three-dimen-
for the centimeter band.
1) Reflector. sional lobing were shown in item 3 of

Chapter 6. The gain of such an antenna is 1200, the beam width ranges

between 4 and 60, and the range available for search and tracking

amounts to 75 kcn or somewhat more.

improvements in radar technology during the war years have led to
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the appearance of centimeter radar stations; at this wavelength radar

has many advantages, major among which is the higher accuracy inomeas-

urement of the angular coordinates.

When it comes to general tactical and technical data and to accu-

racy of the determination of the coordinates, the SCR-584 radar is

suitable for radio-wind observations. We present a brief description

of the station. Under mobile conditions it is placed in a trailer

which is pulled by a motor vehicle.

On the roof of the trailer is the antenna, the general appearance

.of which is shown in Fig. 64. The station operates at a wavelength

X = 10-11 cm (frequency 4700-2900 Mc) with a pulse duration Tn = 0.8

ILsec at a repetition frequency of '? '07 cps. The pulse power Pimp equals

300 kw.

For meteorological observations the station can also be used in

stationary position; the antenna is then mounted in an open space, per-

mitting an unobstructed survey.

The antenna of the station is used for both transmission and re-

ception. Structurally the antenna system is made in the form of a para-

bolic reflector 1.8 meters in diameter, and a radiating dipole mounted

in the focus of the paraboloid and rotating at 1800 rpm. The line feed-

ing this dipole is made in the form of hollow tubes; the latter are

filled with dry air under pressure, to protect against moisture, since

moisture increases the attenuation of the high-frequency energy.

In c6hnection with the fact that the rotating dipole is asymmet-

rical with respect to the rotation axis, the center of its radiation

is offset somewhat relative to the focus of the paraboloid, so that

the antenna beam is deflected from the antenna by approximately .1.250.

Rotation of the dipole leads to the formation by the beam of a comical

surface, the solid angle of which is 2.50. The nature and chameteri3-
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tic features of such three-dimensional lobing were described in Sec-

tion 3 of Chapter 4. The antenna gain is 1200. The beam width produced

by the antenna system under consideration is 40 without rotation and

reaches 6.50 upon rotation. One can also note that helical sweep is

used during search and conical sweep during tracking. The search is

carried out at ranges up to approximately 75 Ion while tracking is up

to ranges exceeding somewhat 30 kI. The sensitivity in the determina-

tion of the coordinates is about 2 meters in range and .0.060 in angle.

As noted earlier, this station employs a system for automatic

target tracking. The operating principle of such a system was consid-

ered in Section 1 of Chapter 6 (Fig. 53). The two produced error volt-

ages (azimuth and elevation signals) are fed to amplidynes (magnetic

aamplifiers) which control the rotation of the antenna in azimuth and

in elevation.

Connected to the output of the receiver is a system of range in-

dicators, containing two cathode-ray tubes, one for coarse and the

other for fine reading of the range.

The automatically generated target coordinates are fed to a data-

transmission channel. In addition, there is a circular-scan indicator

used during the search for the target.

3. RADAR STATION FOR THE OBSERVATION OF PRECIPITATION ZONES AND ATMOS-
PHERIC FORMATIONS

The H2X radar is a typical centimeter-band installation. It con-

tains a magnetron transmitter, receiving and amplifying units, two cir-

cular-scan indicators, an antenna unit with parabolic reflector, a

high-voltage supply block, a control panel,,selsyns, and auxiliary

blocks.

The antenna unit can be aimed at any point forward in space, for

which purpose the installation is provided with an electric motor which
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turns the entire unit in azimuth; a second motor inclines the antenna

in a range from 10 to 300. Selsyns provide a sweep that is synchronized

with the azimuthal rotation of the antenna.

RI

Fig. 65. High-frequency chan-
nel of the radar station. 1)
Transmitter; 2) waveguide; 3)
paraboloid; 4) receiver.

Fig. 66. Antenna unit of the ra-
dar station.

With the aid of a waveguide transmission channel, shown schemat-

ically in Fig. 65, the antenna is coupled to the magnetron of the

transmitter part during the time of transmission, and to the input of

the receiver during the time of reception. Two chambers, RT and TR,

with gas-filled arrester, are placed in the high-frequency path in the
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waveguide and protect the receiver during the time of radiation of the

main pulse and during the transmission of the reflected pulses from

the antenna to the receiver, with a minimum of attenuation.

The image produced on the indicator screens has a character sim-

ilar to that shown in Figs. 23-29. A distinguishing feature of the

sweep is that the operator can choose at his convenience one of five

range intervals within the limits from 20 to 200 km for which purpose

suitable scales are installed. At small ranges (8-40 km) it is pos-
U

sible to vary the scale of the image continuously, so that the radius

of the screen corresponds to any chosen range from 8 to 40 km.

Range markers (circles) are produced on the screen electrically

(see Fig. lha); in the radar station under consideration, the distance

between the calibration circles can be set to be either 2 or 10 km.

The various types of radars used for meteorological observations

were modified in individual cases; in particular, the antenna was

modernized (Fig. 66). It was pointed out earlier (in Section 4 of Chap-

ter 2) that the efficiency of the directional antenna depends on the

diameter of the radiator.

4. AUXILIARY EQUIPMENT

Measuring Apparatus

To service radar equipment, a large number of various measuring

devices and instruments are used. Among the domestic equipment, these

include the type 351M resonant wavemeter and the more complicated 441

heterodyne wavemeter, which employs the beats of the measured oscilla-

tions with a definite harmonic of an internal generator; the operation

of the instrument is based on this principle. The reading is by set-

ting the beats to zero with the aid of an earphone. The same group of

instruments includes also the waveguide measuring line 331 for

measuring the traveling-wave coefficient KBV, the automatic measuring
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line 531 and others.

To test and verify the operation of a radar station for the cen-

timeter band, and also to measure the power of the reflected signals,

extensive use is made of a universal testing instrument 31IM, also.

called a radar tester. Its diagram is shown in Fig. 67. It is divided

into four parts: the thermistor section, the resonant wavemeter, the

attenuator, and the detector section. This instrument combines the

functions of a power meter, a wave meter, and a standard signal gen-

erator. In addition, it makes it possible to measure the restoration

time of the sensitivity of the receiving channel after the action of

the main pulse; the radar tester can be used to tune the high-frequency

elements of the radar station and to carry out many measurements of

research nature.

Fig. 67. Universal testing instrument
3124. 1) Thermistor bridge; 2) power sup-
ply; 3) manipulator; 4) synchronizer; 5)
low-frequency synchronizer; 6) high-
frequency synchronizer; 7) output flange
of the instrumenti 8) detector section;
9) attenuator; 10 wavemeter; 11) ther-
mistor section.

The radar tester has a frequency range of 8700-9700 Mc, an operat-

ing temperature range +400, a maximum permissible relative humidity

95-98%. at a temperature of 20°'.

When the radar tester is used as a resonant wavemeter, a klystron

oscillator is in operation in it; in this case one half of the power
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is fed to the thermistor power meter, and the other to the output.

There are two graduated attenuators, which together provide an attenu-

ation on the order of 72 db.

The power-measurement range was 0. !-- 2. 0 mw (the average pow-

er).

The accuracy of the absolute measurements is +1.5 db in power and

+4 Mc in frequency. The accuracy of the difference (relative)*measure-

ments is +0.8 db and +1 Mc, respectively. The maximum power at which

measurements can be carried out is 2 watts average and 200 watts in

pulse. The traveling wave coefficient in the high-frequency channel

exceeds 0.8. The following types of internal modulation are provided:

AM, IN, and PM in meander form (a pulse having a special wavy form)

and others. Provision is made for modulation from an external source.

By using the radar tester as an equivalent of a transmitter, it

is possible to tune the heterodyne in the radar receiver. The radar

tester can be used to measure the sensitivity of radar receivers, and

also to measure various types of mutual attenuation, for example mutual

attenuation between antennas, attenuation of a cable or of a waveguide-

coaxial transition. It is possible to use the 311l to plot the direc-

tivity pattern of the radar antenna.

Servomechanisms with Selsyns

In modern radar stations, including those mentioned above, cer-

tain problems in remote control (including control of high degree of

accuracy) are solved with the aid of devices that belong to the class

of synchronous servomechanism units. These include synchronous (and in-

phase) rotation of the deflection system in a cathode-ray indicator

(Section 4 of Chapter 6) with the rotation of the radar-system antenna.

One can include here equally well the devices used In auto ctle track-

ing systems mentloned in Section 2.
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In most cases the basis of the synchronous servomechanisms is a

device called a selsyn. A selsyn is an electromechanical unit with the

aid of which it is possible, by transmitting voltages over wires, to

transmit angular data or positions (displacements) and torques over a

distance.

Circuit wires, selsyns are rotating transformers. The control

power of such a device can range from milliwatts to a kilowatt, and

the torque from milligram-millimeters to kilogram-meters.

The construction of a selsyn Is similar to that of an ordinary

low-power three-phase generator or AC motor, and it has stator and

rotor windings placed in slots of a core of sheet steel.

There exist several types of selsyns. Most frequently employed is

a combination of a selsyn transmitter and a single selsyn receiver.

These selsyns are interconnected with electric wires as shown in Fig.

68. On the end A of the system a single phase AC voltage is applied to

the rotor winding of the selsyn transmitter, and this gives rise to a

magnetic field. This field links with the stator (secondary) windings

0which are arranged 120 relative to one another and star-connected; a

secondary voltage is induced in this winding, the magnitude and phase

of which depends on the angular position of the rotor relative to the

stator winding.

The currents produced in the windings on the B end produce at the

center of the stator of the receiver selsyn a resultant field, under

the influence of which a torque is produced.

The operation of the entire unit is thus based on the conversion

of the mechanical.rotation of the rotor in A into a rotation of a mag-

netic field and a change in the magnitudes and phases of the resultant

voltage in the wires of the three-phase system, as a result of which

the rotation of the rotor in A results in a similar rotation of the
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rotor in B. This essentially is the na-
I I

ture of the transmission of angular

a quantities over electrical wires with

the aid of selsyns.

Fig. 68. Diagram showing Owing to friction in the bearings
the connection of a sel-
syn transmitter to a sel- and the brushes, the discrepancy between
syn receiver. 1) Rotor;
2) stator. the selsyn transmitter and the selsyn

receiver reaches 2-30 if the rotor of the selsyn receiver is not ex-

cessively loaded (for example, if it is used only to turn the pointer

of an instrument). When the selsyn rotor actuates some mechanical sys-

tem, the error angle may turn out to be larger than that.

The diagram shown in Fig. 68 is intended only to explain the op-

erating principle of the selsyn system. Practical circuits contain

also additional elements. It is possible to connect the selsyn trans-

mitter to the receiver using only three wires.

The class of instruments considered includes also the already men-

tioned computer units which are used in some radar instruments.

CONCLUSION

Further development of radar methods for meteorological observa-

tions, particularly methods for the detection and investigation of

clouds, precipitation, inversions, turbulent and convective formations

in the atmosphere, as can be readily visualized, should follow pri-

marily the path of increasing the reliability of observation. Indeed,

the presently existing storm-warning radars have a relatively low ef-

ficiency for the detection of thunderstorms and showers, starting with

distances of 100-150 kin, while zones of continuous precipitation are.

observed only within a radius of several times 'en kilometers. This

shortcoming pertaimi also to cloud measuring radars, in which the re-

liabjIty of detection or the c!ouds, inversions, or convective and
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turbulent formations of the atmosphere is still insufficiently high.

This lack of sensitivity is frequently due to the prevailing

small values of the reflected signal from the atmospheric formations,

when this signal remains smaller than the internal noise of the receiv-

ing channel of the radar station. Consequently, it is necessary to con-

struct special meteorological radars, in the design of which the pri-

mary technical problem would be an increase in the signal/noise ratio.

This problem can be solved relatively easily for storm-warning radars,

where this ratio must be increased by 10-20 times, but when it comes

to rada.s intended for the detection of clouds and dielectric inhomo-

geneities in the troposphere, this problem becomes much more compli-

cated, since the signal/noise ratio for this equipment would have to

be increased by several hundred times. However, its solution is made

appreciably easier by such singularities of atmospheric formations as

their large geometrical dimensions and small rate of displacement.

Starting from these singularities, many authors [46, 50] are already

proposing the following technically feasible methods for increasing

the signal/noise ratio, and consequently also the efficiency of radar

detection of atmospheric formations: increase the antenna aperture,

use storage devices at the output of the radar receiver, or increase

the power of the main (sounding) pulses.

For cloud-measuring radars, in which the radiation is produced up-

ward at an elevation angle close to 900, it is possible to use all

three of the indicated methbds. In the detection of thunderstorms and

showers, it is more convenient to employ the second and third methods.

Along with increasing the efficiency of detection, a very urgent

problem is that of improving methods of indication and registration of

atmospheric formations. Each radar used for meteorological purposes

should have a circular-scan or sector-scan indicator, a "he•ght-range'*
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indicator, and an indicator with amplitude marker. Taking into account

the need for quantitative measurements of atmospheric formations, it

is convenient to employ indicators with large screens and to make pro-

vision in the constructions of the stations for the possibility of

measuring the power of the reflected signals. The accuracy with which

range is determined for storm-warning radar stations should be on the

order of +500 m, while that of cloud-measuring radars should be +20 m.

It is sufficient to determine the angular coordinate accurate to +10.

Photoregistration of the radio echoes and methods of data reduc-

tion should be automatized.

Along with improvements in the techniques and procedure of radar

observations, it is necessary to develop further a network of radar

stations for meteorological use. This is important. primarily for mete-

orological information and weather forecasting. The number and place-

ment of the storm-warning radars should be such that the space covered

by them should be without gaps not only for thunderstorms and showers,

but also for weak precipitation.

Data on precipitation, supplemented with results of observation

and measurement of the heights of the cloud layers, their water con-

tents, the icing zones, the turbulent and convective formations in the

atmosphere, will greatly improve the meteorological service to avia-

tion. An analysis of these data makes it possible to clarify. the space-.-

time variability of the indicated most important meteorological ele-

ments and phenomena, and to investigate to a deeper extent the proc-

esses of cloud formation and precipitation on scales of such synoptic

objects as cyclones, anticyclones, and atmospheric fronts. As a result,

the weather forecasts will become more reliable and new possibilities

will be uncovered for effective action on the weather.

As regards further development of radar methods of all-inclusive
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temperature-wind sounding of the atmosphere, it shouild follow the di-

rection of increasing the accuracy in the determination of the radio-

sonde coordinates and obtaining more accurate values for the main

meteorological elements, increasing the sounding height; and introduc-

tion of automatic servomechanisms and computer devices. In this re-

spect, the most promising is a radar method using responder radiosondes.

At the present time the sounding ceiling amounts to approximately

30 km. Even a few years ago such a ceiling was more or less satisfac-

tory for practical use. However, in our age of rocket technology, when

it became possible and necessary to carry out direct meteorological

measurements as high as the upper atmosphere, the value of radar

methods of wind measurements becomes even more important and the prob-

lem of increasing the sounding -ceiling has become very acute.

The problems covered by modern physics of the atmosphere include

measurements of pressure and density, temperature, and the composition

of the earth's atmosphere at high altitudes.

It can assumed that with the launching of artificial earth satel-

lites and research rockets in the Soviet Union the arsenal of research

means for the study of the properties of the upper layers of the at-

mosphere has greatly increased, and we have gained the possibility of

studying phenomena which heretofore could be observed from earth only

by indirect methods. For all the urgency of this problem, it could not

be considered in the present book.

The giant progress of Soviet science and technology in recent

years, which has found its embodiment in the launching of artificial

earth satellites, cosmic rockets and ships, will undoubtedly find its

reflection in other branches of research work and will bring about

further improvement in radar methods of meteorological observati..
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