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RADAR PROBING OF THE TROPOSPHERE

UNDER CLEAR SKY CONDITIONS

G. B. Brylev

Several types of radar reflections in the centimeter range in

the absence of hydrometeors are now known:

1) discrete-coherent echo;

2) reflections from inversion layers;

3) reflections from layers containing aerosols;

4) reflections from zones of turbulence.

All types are interrelated and can be observed simultaneously,

hence the complexity of the problem of radar sounding of the

troposphere under clear sky conditions, posed in work [51, is
understandable.

In this article we will examine a number of questions connected
with sources of reflections of each type and the peculiarities of

appearance of such signals.

FTD-MT-24 -160-69



Discrete-Coherent Echo

The discrete-coherent echo (DKR) is the most widespread type

cf reflection. The typical properties cof the DKR have be(en ctudi 1
at various times by various researchers [1, 2, 3, 18, '3, 24, 32],

basically at wavelengths from 8.6 mm to 1u cm. Let us enumerate

them briefly. Signals have discrete character in time and space.

Their duration depends on the time for which a point target is
within the radiation pattern of the radar antenna. Reflections zlre

coherent and their envelope has a "mirror" character. 0n radar

nephograms signals are noted in the form of dots, and their size
does not exceed the duration of the sounding pulse T. The amplitudes

of reflected signals are practically in dependent of T. Anr, le

dimensions of the target are less than the width of the radiation

pattern e at any height. Measurement of the width of the backscatter

radiation pattern showed that it is 0.5-1.3 . Concentration of the

DKR in a unit volume varies from 10 to 1000 km- 3 . Effective scati-ring

diameters (EPR) under the assumption of a point target o (cm 2 ) have

values from 10 to 10- cm 2 , the most probable being fro' I0 - to

i0 - 2 cm2 (X = 3.2 cm).

Recently published results of investigation of the dependence

of the effective scattering diameter o on wavelength [20] X indicate

that c - )-_. Furthermore, according to data of [4], the depolarized

component of the reflected signal PI can attain 12-13 dB.

New facts make necessary more detailed consideration of the
question of the sources of radar signals from the clear sky.

Hypotheses explaining the DKR, were based on the existence of

two different sources of reflection:

i) inhomogeneities of the refractive index of air and sharp

gradients of the refractive index,

2) insects and birds.

m'D-MT- 24-Ib &-- 9 2
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A total of three models of atmospheric formations can give a

reflected coherent signal in the centimeter range. Let us discuss

their merits and deficiencies in detail and conformity to the

physical properties of the DKR.

Model of the small "thermal." By "thermals,'" as usual, are

understood formations of overheated air, which are detached from

the surface layer of air and form closed volumes. The dielectric

constant of these volumes differs from that the surrounding air.

Under certain conditions such formations under the action of Archimedean

forces rise upwards in the form of "bubbles" or streams of overheated

air. The following characteristic of "bubbles," expounded in detail

in monograph [7], are interesting.

i. Convective movements cause a rise of separate "bubbles"

or streams of warmer air.

2. The average distances between "bubbles" are considerably

greater than their dimensions.

3. The size of "bubbles" has a wide spectrum - from /3 to

500 m. Their average diameter is 50-100 m.

41. The intensity of "bubbles," or the difference between maximum

temperature in a "bubble" and the temperature of the ambient air,

is 0.2-0.30. Maximum intensity is 1.5° .

5. The intensity of rising "bubbles" is practically independent

on their dimensions.

6. Their concentration is 750 "bubbles" to the cubic kilometer.

The dielectric constant e is related to the refractive index n

as c = n2 . The refractive index for centimeter waves is expressed

in the form

FTD-MT-2-it60-69 3



Hence change of the refractive index at the thermal-atmosphere

boundary is equal to

A=776 9620' -,16-4810

Up to a height of 3 km for practical purposes the following

relationship is valid

AN=0,3Ap- AT+5Ae. (3)

In formulas (1), (2), and (3) designations are the following:

p - pressure, in millibars, T - temperature, in OK, e - absolute

humidity, in millibars, and AT--TAs-e-7.

Thus, the examined model constitutes a sphere with radius of

25-35 m, at the boundary of which a sharp change of temperature and

humidity takes place. In a number of investigations [I] it was shown

that a thin layer with area smaller than the cross-sectional area

of the antenna is radiation pattern at the height where reflections

are noted reflects. Therefore one may assume that reflection occurs

from a microlayer formed as a result of the action of turbulence

on the rising "bubble." The value of the reflection factor in power

F2 at the limit with infinitely thin transition zone is expressed

by the Fresnel reflection factor. For vertical sounding

C_ 4

Appraisal of An made by this formula [3, 20] gave the following

values: 10-1.<F10-'; 104 - An T0-  for the entire range of values of

reflected signals.

Equation (4) characterizes the limiting case. Therefore it is

realistic to conceive of the existence of a transition zone in the

reflecting layer.



If we assume (Fig. 1) that the profile of the refractive index

changes in the transition layer per linear law AN will be expressed

by the formula [19, 33]

I+

I'" I

- Fig. 1. Change of refractive

ANN index in the transition zone.

The value of F2 decreases rapidly with increase of ratio L/,

and when L^ = 0.5 the reflection factor is 10 dB less the maximum.

Thus, if the horizontal dimension of the'reflecting zone does

not exceed the radius of the first Fresnel zone Pnd its vertical

extent does not exceed the wavelength of the applied radar, the value

of EPR a (cm2 ) through irradiated area S2 is equal to

UP (6)

For permissible values of AT and Ae and practically measured

An it turns out that a may cause an intensity of echo which for the

majority of applied radars should be approximately equal to their

threshold sensitivity. The examined model cannot explain the

existence of high echo intensities.

Model of the large "thermal." In contrast to the preceding case,

the radius of the reflecting volume is increased. The EPR is found

by the formula

5F% W, (7



where b2 is the radius of the sphere, which can attain 500 m. For
the given model the magnitude of the signal can be one order greater

than for the small "thermal." However, in both cases the probability
of appearance of very intense variations of the refractive index at

a distance of the order of the radar's wavelength should be too high

to explain reflected signals by formulas (6) and (7).

The Atlas model. Atlas in work [321 offered one more model:

a rising convective "thermal" of hemispheric form, with concavity

directed downwards. The "thermal" has a smooth surface with distinct

upper boundary, on which eyists a sharp gradient of the refractive

index. The upper surface reflects and focuses the energy striking it.

For the effective cross section of the Atlas "thermal" [19, 32] the
following formula is offered:

V RbFI (8)(R-w I

where R2 - effective scattering diameter of the large metallic

plane (b-c), b - radius of curvature, F2 - power reflection factor

(4) and (5), gp-k2(R--b)-' - gain of the hemispheric surface. When

0,7<--<1 g,- 10. When R-b ia-c.

As can be seen from formula (4), the magnitude of 'the reflected

signal should be directly proportional to the intensity of variations

of the refractive index n. In turn the magnitude of variations of

n will be the biggest for high mean values of temperature and humidity,

when variations of T and e will occur simultaneously, but will have

different signs. It is well known [17] that on the average the amplitud

of variations of n is increased with growth of the scale of inhomogene-

ities n should lead to increase of amplitudes of radar signals.

Therefore it is possible to expect that good correlation will also

exist between the average value of the signal and the gradient of

the refractive index, and also humidity. For the purpose of checking

this proposition the following experiment was conducted at the GCO

field base at Voyeykovo in the summer of 1964. (Method and equipment

are described in work [6]). Was selected the layer from 900 to 1450 1:,

in which the average effective scattering diameter of the DKR W
over a 5-10-minute interval was determined.

6



The value of J was found from the radar equation for a point

target:

-P, = -Z2 12
P6;_ V,2

where Pr - received signal, P - pulse power of transmitter, g - antenna

gain.

The value of (more exactly 1O 5 ig E) was found only in periods

of ascent of the probe. From aerological data were calculated the
dN I N unityi

gradient of the refractive index dg -( o-ntj and specific humidity q

(g/kg). From Figs. 2 and 3 it is clear that the relationship between
- dN
a, U[, and q is very weak. Such weak relationship exists between

T and other meteorological parameters if they are noted directly in

that layer where the DKR is observed. If we consider the source of

reflections to be turbulent-convective inhomogeneities of the

refractive index of the above-selected scales, space-time correlation

and structural functions of values of reflected signals have to

reflect the statistical laws of turbulence. However, as one may see

from work [6], such relationship is too unclear. Therefore it was

concluded that that from the characteristics of the DKR it is possible

only indirectly to Judge atmospheric turbulence. (This question is

examined in greater detail in article [8]).

I

7-

•i. .. .to

dN

""" * 0
30

p'I I II

~Fig. 2. Relationship between
dN ad-

and 105 g .

CM7
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between the inhomogeneity of n and the ambient air with thickness

of the order of a wavelength is assumed. Turbulent and radiant exchange

between the thermal and the ambient air makes the existence of such

boundarie-s with large gradients of meteorologrical elements improbable,

The rate of destruction of the boundary is easy to estimatc by

II

sFving the heat-conducto)n equation for a ransition layer with

thickness L i X.

Tureulence and radiant exchange make possible the existence of

such boundary far hundredths and te orths of a second. And only

erosion of the boundary as a result of molecular thermal conduction

can explain the- duration of signals of up toran s with large initial

value of' F? = IC) 1 0

In our rea;ondng. nothin will be changed if we consider that
the boundary [. determined basically by change of humidity in the
transition layer, as follows from formula (3). Diffusion of heat aind

xolsturl oeys Identical law. Thus, oIn order to explain the tiae of
(-xistencur ,f the DKR during vertical soubdn ifis necessary that

assume unly nilecular thermal conduction and a cmrnmlex mechansor of

1,gnerat ton ,f reflectlri,7 -- nes In the atmosphere by an unknown source.

__ 'I

L!



Thus, models of dielectric inhxomogee!ties -'orrespcnd well tL,

macrometeorological conditions of appearance of the DKR [3] and

poorly to their physical properties.

Let us list results.

I. Discreteness of :c, cc,ntradictZ the model of ihe large

"ther-m al. '

The point nature conLradicts t odel of the large "they-nal"

and Dartially that of the cmall "thermal."

-. Stability contradict3 thr ,tlas model, since Jit I,- difficult.

to represent a stable,, sur'"c with diameter of several meters (value

of the first Fresnel zo:ne) a the atmosphere.

4. The mirror-like nature is one of ,..:eak points cf these models.

The mirror character of radar echos assumes the presence of a stable

boundary with thickness o the ,o.rder of a -.aveleiigth.

5. Coherence. Corsiderinf- the rate of destruction of reflecting

bounsaries for these models, we can expect considerable incoherent

scattering, whicl in fact is not noted. Therefore under real conditions

the obtaining of coherent signals frcm souch formtions is improbable.

,. Lifetime contradicts the models, Ina.rmuch as it is impossible

to eyplain the cause of existence uf c gradients fo -o lung .

Iime.

7. Movement of DKR 7ources co,resuonds well ;o mrdel2.

' . Data on the concentration of "bubbles" in the atmosphere

agree well with experimental data and concentration of DKR.

9. The directed character of radiation agrees well with the

Atlas ;,,odel, does not agree with the model of the largr "thermal,"

and afrree.'. oorly with the model of t'.e small "thermal."

1' 9



C-. The value of the effective scattering diameter is not

eplairied by models of small and large "thermals." The Atlas model

explains it with difficulty.

Ii. Properties of polarization of radar echos do not correspond

to models at all.

12. Dependence a X -4 cannot be obtained for a single model

of the "thermal."

Hence it is obvious that the hypothesis about the reflection of

shf energy from fluctuations of the refractive index or sharp gradients

of n cannot explain the physical properties and magnitude of signals

of the majority of noted DKRts. The probability of appearance of

signals due to various sources of scattering will be insignificant,

and their amplitude should not exceed 5-10 dB above noise level

for the majority of radars on which DKR's were observed.

Insects and birds are also cited as sources of reflections in

literature. Signals from birds are several orders higher than those

investigated. Thus, according to data of [251, the EPR of a starling
2 2is 5.8 cm", and that of a sparrow is 3 cm . Furthermore, the maximum

number of reflections should occur in periods of mass flights of

birds, which is not confirmed.

Let us consider the assumption that insects are possible sources

of DKR, considering that birds in forming the DKR are sharply

distinguished by the magnitude of the reflected signals.

i. From this point of view there naturally is observed seasonal

variation of radar echos.

2. It is not difficult to explain the connection between air

temperature, its humidity, and the concentration of sources of DKR

in the atmosphere. It is known that high temperature and high

humidity favor the appearance of convective movements, i.e., conditions

are created here for the ascent of insects to high altitudes. Further-

more, these ,onditions promote maximum insect activity:

10



a) in particular, for the Locust general activity is increased

in humid atmosphere and drops in dry [9, p. 286];

b) flight of Melontha hippoca stani is possible , for example,

at temperatures not lower than 7 or 5-90 C [9, p. 280].

The fact that threshold values of temperature and humidity,

for which DKR is absent, are easily explained by the fact that in',ect

activity ceases when T and e lower than these values is very significant

[9, p. 2801.

3. In connection with explanation of the concentration of DKR

and maximum height of their appearance, data from direct observations

of insects at such heights is interesting. Insects are encountered

to a height of 2000-4000 m, and possibly higher [10, p. 125]. In

this book it is indicated that according to certain data, in a column

of air with a base of I square mile and height of 4285 m (starting

with 15 m above the earth), on the average, for a whole year up to

25,000,000 insects were found [ibid, p. 125].

All the aforementioned indicates the conformity of meteorological

conditions of appearance of DKR to the hypothesis on insects as

sources of radar echos.

It is known that insects are made up of approximately 60% water

(hemolymph). However, the covering of insects (cuticle) is low in
water and mineral salts - 1-3% [9, P. 7] and constitutes a layer

with thickness of not over 10 microns, containing chitin, albumin

substances, and certain fatty acids.

Since the dielectric constant of these substances is much lower

than that of water, a layer with thickness of 10 microns can be freely

disregarded, and it can be considered that the dielectric constant

of insects is equal to that of water in the centimeter range of

wavelengths. Measurements taken in [20] show that EPR can vary for

different varieties of insects from 5-10 - 2 to 0.5 cm2 .

11



From tables of [21], analocously to [20], a graph of the dependence

of a on X (Fig. 4) was plotted on the assumption that the sources

of the DKR are water spheres with diameters of 0.15, 0.40, and 0.30
Cm.

see

Im

IWP4

Fig. 4. Dependence of a

of water spheres of various
diameter on wavelength.

obtaining the practical dependence of o on ). is simply only

in the region of Rayleigh scattering. The varying character of EPR

with increase of dimensions of reflecting particles (region of Mi

scattering) and the various thresholds of detection at selected

wavelengths and error in dete'mination of o create considerable

difficulties in determination of function a(X). For example, if the

maximum absolute error in measurement of Y = ±2.5 dB, then for

X1 = 0.86 cm and X2 - 3.2 cm (Fig. 5) comparison is possible to a1|
diameter of 0.4 cm. On the basis of the radar equation for point

targets values of c(X 1 )/o(X2 ) and b,/,. re interrelated as:

where AI and A 2 - effective areas of antennas at wavelengthg XI and

X,;Pt and Pt2 - pulse powers of transmitters; Prisin and Prmin2

determine minimum, detectable signal for both stations; 51 and 2 .

ratios of minimum powers of echos detectable at both wavelengths. I

12



23
Bd

20-

Fig. 5. Ratio a0 .86/0 3 2

in decibels, depending

5- upon diameter of water
sphere.

0

-5F

42 44 49 4t C,,

In August 1961, at TsA0 such measurements were made at X = 16 cm

and X = 3.2 cm. Deviations of ratio a(X1 )/G(X2 ) from unity did not

exceed errors of measurements. Hence author [1] could not draw a

correct conclusion concerning the dependence of a on X. This

measurement corresponds to sizes of insects of more than 1.6 cm [31].

Now we will cover briefly the conformity of this model to the

physical properties of the DKR.

1. Discreteness and point nature are achieved automatically.

2. With this concentration of sources, which is observed (i.e.,

i >X, where Z is the distance between targets), the properties of

coherence, "mirror-like nature,1" and stability prevail. Let us

note that superposition of a periodic component on the envelope of

the radar echo (a fact that is inexplicable from the stand point

of dielectric inhomogeneities) is easily explained by the rotation of

an insect having the form of an ellipsoid around its small axis.

This leads to modulation of the reflected signal.

13



5. Movement of sources of DKR is caused by the fact that

insects are tossed to heights by air currents and are carried

with them.

4. Reflection from insects does not meet with objections during

determination of signal and allows large depolarization factors.

5. The effects of the component of the speed of shift with

respect to wind speed are easily explained (1, 21].

Thus, the conclusion can be made that the hypothesis on insects

as sources of DKR completely satisfies both the meteorological and

physical properties of radar echop and explains the absolute majority

of reflections. Such opinion is held also by the authors of works

[4, 20, 21].

Reflections Connected with Inversions

Reliable radar detection of inversion layers in the atmosphere

is possible. Much information indicates that [18, 30]. However,

the mechanism explaining reflection remains debatable.

In inversion layers sharp changes of speed and direction of

wind and also of humidity are observed. From formulas (1) and (2)

it is clear that temperature rise and fall of humidity are especially

favorable for formation of strong inhomogeneities of the refractive

index. Inversions are also retarding layers for propagation of

impurities in the atmosphere. Under inversions in free atmosphere
the concentration of aerosols, dust particles, and micro-organisms
is considerably greater than in other layers. Finally, under

inversions small-scale turbulence appears, which can give reflected

signals. 4

Thus, the region of an inversion can be detected by radar as:

I) a flat layer with sharp gradient of refractive index;

2) a layer with concentration of aerosol particles;
lh !.



3) a layer of finite vertical extent, enveloped by turbulent

variations of refractive index.

The horizontal extent of inversion layers can attain tens of

kilometers. The vertical extent of an inversion can vary widely.

For example, from 100 recordings of inversions made in clear weather

from April through November for several years [29], the average

vertical extent of inversions was approximately 100 m, and in 25% of

the cases it was less than 40 m, and less than 8 m in 10%.

It is necessary to note that under inversion layers there is

raised concentration of the DKR. With low wind speed and sufficiently

high concentration of DKR an echo of laminar type can also be obtained.

In many cases DKR's promote reliable detection of inversions even

in radar with comparatively low potential.

Let us consider the contribution to the magnitude of the

reflected signal made by each of the possible sources of scattering.

1. Reflection from a solid layer. The radar equation for an

infinitely thin extended layer is recorded in the following form:

The magnitude of the coherent signal from the layer An is

determined by formula (2). Let us select the parameters of the

radar in such a way that for a signal-to-noise ratio of I the

reflection factor is related to distance R to the reflecting layer by

the expression

When R-Ifu IF-IO-' when R-2-.IO IF2-10-'.

15



If it is considered that reflection Is produced by a region

including several Fresnel zones, the values of AN 2.10-'N unity,

and here AT = 0.0480 C ond Ac = 0.05 inbar at a distance of X/.

Inasmuch as real signals are 1-2 orders greater than those selected

and IFV 2 decreases sharply with increase (f thickness of the layer,

Ae and AT will increase by 2-3 orders. A2 in the case with the DKR,

it is difficult to assume the existence of such large gradient, in

a layer with depth of from one to several centimeters. As was noted

above, the selected mechanism of reflection from layers with sharp

gradient of refractive index seems more convincing from the

meteorulo-ical stand point with increase of wavelength.

2. Inversions with raised concentration of aerosol under them.

With dimensions of aerosols much smaller than the wavelength of the

applied radar the refractive index of air can be replaced by the

refractive index of a mixture of two gases - air and aerosol.

For calculation of AN in tne 5-centimeter range the following

expression is offered in work [26]:

where na - refractive index of aerosols, p - density of weighed

particles (g/cm-), C - concentration by weight of aerosols in air

(ug/cm3)

Equation (12) is valid for C < 5 4,-/cm 3 .

Table I contains data pertaining to different impurities in the

atmosphere [26].

Calculation made according to formula (12) under the assumption

of coherent scattering and with selected parameters of radar (11)

shows that weak signaln can be noted at a distance of I km only for

carbonate aerosols. Furthermore, the requirement on depth of the

reflecting zone, equal to X/14, is very strict, and an increase of

depth of the zone considerably reduces the already ssall value of the

ij



reflected signal. Therefore increasing the potential of the radar

in the centimeter range leads to growth of the "dead" zone as a

result of increased intensity of reflections from local objects,

caused by the side lobes. This can neutralize detection of inversion

Iayers for a given mechanism of scattering.

Table I. Physical characteristics of aerosols.

Name of impurities p i& Ce 3

Aerosols ............................. 1,2-7,81 2-5 03|0

Quartz ............................... 26 0.3
dust ......................... i1-3--10-5
durt storms ...................... 0U--9

ejections from factory smokestacks.

Carbonat- "erosols...................... 2
Aerial bacteria ..................... .. 1- l

Pollen............................. 05 6. I0 - 0
Ejections from blast furnaces and

foundar es ......................... %4--10 M
Mic rometeorites 5 ml

At Voyekovo during summer observations reflections of laminar

type were recorded on radar nephograms during visual observations

of city smoke at high altitudes. Recording of amplitudes of echoes

of such type shows that in them, in addition to the DKR, there is a

constant signal component, not above the noise by more than 3-5 dB

and having coherent character. Such cases were recorded during

westward shift and with low wind speed, when the city smoke was due

to the proximity of the industrial enterprises of Leningrad. In

monograph [12] are given data on the ground concentration of aerosols

at Voyekovo. In particular, the conclusion is drawn that with

westerly winds the daytime concentration of atmospheric aerosols is

5 times more than with northerly winds.

It is obvious that when C > 5 hg/cm
3 for calculation of reflected

signals it is necessary to use the radar equation for volume

scattering. In this case of particles of aerosol will be Rayleigh

scatters with refractive index of na* The effective diameter of one

particle a

17



The effective scattering diameter of a unit volume T (cm- i )

.(r) a rit.,4)

where n(ra) is distribution density of particles by size.

The maximum size of dust motes, in accordance with that generally
accepted [12], is 100 i. The Stokes rate of settling of particles
with radius r = I00 ci in calm atmosphere is approximately 0.75 m/s,3a
while with radius ra = 10 LL it is 100 times less. Hence ,it is
improbable that particles with radius ra = 100 a could be rt a
height of I km and above.

The distribution of "giganic" aerosols by size can be represented
by expression [13]

-, A" (15)

We will consider that the distribution density for actrosbls,
starting from r0 = 4 4, is described analogously to the distribution

for big drops in clouds [14] by an expression of form

Here Ni is average particle density, the radius of' which exceeds

4 I.

AccordinR to data of [13], in summer conditions at a height of
1 km Ni = (3- 0) iO - 2 particles/cm 3 .

Substituting (15a) in formula (14) and integrating from r0 to,

rmax with x= 4, we obtain rj (cm- )

18



Let us calculate the graph rI(ra for various values of' N,
max

assuming that formula (I5a) is valid for ra > 12 p.. (Calculation
max

is carried out for carbonate particles, Fig. 6).

1014 -

12 20 30 50 V0 SO P.z

Fig. 6. Dependence of
I, (c M_)-on concentration
of "gigantic" aerosols.

We determine rmin from a radar equation of form

P,g.P (17)

Expression we designate by Hl, then

P, oil R2 1a

'9



At distance R = I km for carbonates, with the selected parameters

of the radar [formula (i)], rimin is changed from 1.41- 1 0 - 1  to
3.44 x 10 ct On the graph (Fig. 6) are revealed layers with

concentration exceeding the usual by 25-100 times. Tentative results

were obtained under the condition of total filling of the pulse

volume. In case o. incomplete filling the value of q is increased

somewhat.

Thus, radar detection of inversions due to the various sources

of' scattering is possible to low heights (1-2 kin) with optin.m
parameters of radar and shown heights of' propagation of impurities

in the atmosphere.

Layers of smoke in the free atmosphere will be better observed

with decrease of wavelength, in particular at millimeter wavelengths.

Calculation for dust shows that the concentration of dust (quartz)

mus, ';e two orders higher in order for the radar to detect it.

The -naracter of the reflected signal must be incoherent, analogous

to the signal from clouds and precipitation.

Radar Detection of Turbulence

REdr detection of' turbulence in clear sky, and also of the

tropopause, has great value for the problem of propagation of radio

waves and aviation. The possibility of such detection is based on

the theory of scattering nf radio waves in turbulent inhomrogeneities

,f the refra-t:ve ihdex of air 1i'. There recently appcarcd a

number of the~retlcal and experimental investigations [20, 27, 28, ,]

in which this question is illuminated in reference to radar. Let

us mention briefly the basic conclusioris of these works.

In scattering at a defined angle p only a small group of

spectral components of turbilence, forming spatial diffraction

gratings of fixed period I

,-' .(8

t ua-j
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In the region of I.r.pic turbulence, where tihe - / law is

met, the value of the ef''fect ive scatteririg d!ameter q(c 1 - ) is

proportional to the ijiten:;ty of inhomrogeneities of the refractive

indey, the scales of wh! .h satisfy (1i) [1-7,

4.
where A - wave number, 0.(h) - three-dimensional spectrum of

variations .,f refractiv Er.dex within i1:t- r,.ii uf turbulent mixing,

Ok) - 0. ,33Ck-". for K,< k < h,.

0.k)- 0 fo r k > k.. ( 2,'" )

The -5/3 law is valid within limits of the inertial" Interval,

limited by the external L, and internal ;cales of turbulence,

which are determined as follows. The external ucale L, in the case

of set turbulence is expressed through the coefficient of turbulent
diffusion k, and the vertical gradient of average wind speed

-

The internal scale of turbulence is connected with the limiting

(Koimogorov) microscale tM through the kinematic: viscosity of air

v, the universal dimensionless cnrrstant a, znd dissipation of turbulent

energy c

4=2.7W- to 2,72a )'. (21)

Limits of change tf m from a few mllimctf-r in the str.

layer to several centimeters in the troposphere (.8 cm at a hoight

of' 10 km [201)

t,--. ,..(22)

J.,., the limiting mic roscale dc reases with inc rease o f turbulence .

When I < m the -5/1 law is violated and ther, is rapid dlssip ti,

caiused by molecular viscosity.



The inttiisity of small-scale inhomogenelties of' the refractive

Index ic characterized by the structural constant Cn ( 2m

which 1£ connected with the average wind profile, temperature, and

humidity,

C2. a2, (23)

where M is the gradient of the average potential index of refraction

(mixing occurs under adiabatic conditions). Another determination

of C r, connected not with M,. but with the mean square deviations

of' the refractive index (An) in direction of sounding, is given

in work [20]

--O ,19 • "'C. (24)

2 -12 m-23(ntebssoThe value of C can vary from 10 cm -2/3 (on the basis of
the model of face convection [16]) to ±O -1  cm2/3 [17]. According

to data of [20, 22], in the troposphere the maximum value of
2 = -14 c-2/3-ueC2.Io16itC= 10 cm , and in the region of the tropop*use C 10-16

cm - 2/ 3  The value rf C2 decreases with height and has annual

n
variations with maximum in July.

From the equations it is clear that the intensity of inhomogene--

ities depends simultaneously on the mean value of the refractive
2

index and the structure of turbulence. Values of Cn and M in the

troposphere can vary within limits of three orders of magnitude.

From fcrmula (19), taking into account (20) and (24), the effective

scattering diameter will be expressed as follows:

- O.,eik-',. - O,6 a _'K*1#-, ( 25 )

In oelecting optimum wavelength and parameters of radar for

detection of turbulence it is necessary to consider a number of

factors:

2
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i) the relationship between TI and X(I -X )

2) the relationship between Im and I is equal to 0.5X, inasmuch

as 0.()O when r, > km . Conclusions drawn in [17] are extended

in [20, 22] to that section of the spectrum where the -5/3 law is

not satisfied. In particular, when X = 0.5 Zm , it is possible to

expect a decrease in n of 10 times;

3) The intensity rf turbulence and the potential of the radar

with fulfillment of the condition of volume scattering

If in the lower troposphere, from I to 3-4 km, for large

values of the average gradient of the refractive index a very low

dynamic factor can cause great variations of n, in the upper

troposphere, including the tropopause, n is more strictly related

-to changes of temperature and dynamic factors. In the region of

temperature inversions it is possible to expect [30, 22] changes

* in the nature of the turbulent spectrum as a result of the influence

of Archimedean forces. Furthermore, for inversions of the free

atmosphere the external scale L0 is probably of the same order as

the vertical extent of the inversion [20];

4) spatial dimensions of the zones of turbulence in clear sky,

affecting the degree of filling of the reflecting volume. Reflecting

volume V, when approximated by a cylinder through the duration of

the sounding pulse T and width of antenna radiation pattern e at

distance R, is equal to

V- (26)

In particular, for an antenna in the form of a paraboloid of

jI revolution with diameter D, and e in radians,

6- - (27)
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Inasmuch as an infinitely large antenna cannot be built, and

with increase of wavelength the width of the directivity pattern

increases, an important limitation arises.

Dimensions of zones with sharp gradient of refractive index

are given in work r29]. The most important conclusion which can be j

drawn from this i the fcllowing: radar is able to detect tiin

inversion layers (less than i0 m), which the ordinary radioprobe

cannot discern.

After analysis of experimental data the authors of [20, 22] came

to conclusion that the optimum wavelength must be between 5 and 10 cm.

The basic drawback to the wavelength is simultaneous detection of
clouds of the upper and middle strata and zones of turbulence. In

order to separate signals from clouds and zones of turbulence it is

apparently necessary to use equipment for spectral analysis, so that

from the spectral characteristics of reflected signals these phenomena

can be separated. With increase of wavelength Rayleigh scattering

for identical potentials of radars produces signals that are

considerably lower (to 40 dB) than proposed for detection of zones

of turbulence. From this standpoint the optimum wavelength should

be of the order of 80 cm. Tht tentials of radars and the widths

of their radiation patterns impose considerable limitations on

detection range of zones of turbulence in clear sky. In the

experiments of [20] this range did not exceed 50 km.

The value of Timin can be determined by means of the radar

equation offered by the authors of [22]:

P =to . On R2

where A - antenna aperature, 4 - coefficient considering filling

of beam, - coefficient for losses in the waveguide channel of the

receiver.

* I

=



In accordance with the value of the effective scattering diameter

at X = 10.7 cm and X = 71.5 cm and relationship (25) in work [203
structural constant C was determined by the following formula:

.- 2, 30P.' (29)

In the tropopause region the mean value of C2  3.5.10-16 cm2/3

n
Here the probability of detection of turbulence at a wavelength of
3.2 cm is much less than at 10.7 and 71.5 -m. On the one hand, as
assumed in [20], this is caused by lower sensitivity and power of

the applied radar, and on the other by the relationship between

wavelength and limiting microscale (Im > X/2 = 1.6 cm).

in order to check the probability of detection of zones of
turbulence in clear sky, from April through September 1966 at the

GGO observations were made on the 3-cm channel of a weather radar
with storage unit of the TsAO system (with this equipment a signal

from the tropopause region had already once been obtained [15]).

With vertical sounding in periods of ascent of the probe and with
cloudless sky in the area of observation for 43 days, 67 series of

observations were run. A signal from a height of 1.8 km, coinciding
with the height of the tropopause according to aerological soundings,

was noted only on one day - 20 June 1966 (Fig. 7). The.magnitude

of the signal was 142 dBW; 1 = 3.i0 - 5 cm - . In Fig. 7 the second
signal at 15 km is a reflection from,.a local object due to the

antenna's side lobes. From equations (28) and (29) the value of

C2 - iO -14 cm "2/3; according to [22], this is the maximum value

which can be attained in troposphere.

Thus, using a wavelength of 3.2 cm with a given potential of

the radar, it is possible to detect the tropopause only in exceptional

cases. All the above-stated theory is in need of thorough experimental

check. Its main problems will be questions of potentials and
wavelength of the radar equipment and clarification of the.actual

relationship between range and intensity of detected turbulence.

25
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Fig. 7. Recording of radar signal from
tropopause. 20 June 1966, 1018 hours.

Conclusions

Consideration of principles and possible sources of radar

reflections in cloudless sky shows that radar sounding can give

information about heights of inversion layers and zones of turbulence.

This is necessary for the theory and practice of propagation of radio

waves as a result of scattering in turbulent inhomogeneities of

the refractive index of air, for aviation, and for meteorological

investigations of the troposphere.

The probability of obtaining such information, its quality,

and its detail will in great measure be determined by wavelength

and other parameters of the radar equipment used. Depending upon

season, altitude, and the character of reflected signals, the cause

of their appearance will be different.

Development of the questions posed requires thorough experimental

check and the gathering of statistical data for clarification of the

representativeness and reliability of data from radar soundings.
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-,eauthor discusses the nature and the origins of radar echoes
ncle ar air in the absence of hydrometeors. Four different types

are defined: 1) discrete-coherent echo, 2) reflections from
Inversion layers, 3) reflect4.ons from layers containing aerosols,
4) reflections from regions of turbulence. The first type of
radar return can be explained either by innomogenities in the
refractive index of the air or by the presence of insects or birds.
The author comes to the conclusion that models based on variations
in the refractive Index are inconsistent w-fth some~ important aspects
of this phenomenon. On the other hand, eliminating birds as the
source of such echoes because the magnitudes of signals due to
reflections from birds are several orders of magnitude higher than
those under consideration, the hypothesis tnat insects are the
source of the discrete-coherent echoes fully satisfies the meteor-
ological and physical properties of such signals. Reflections
from the inversion layers are due to abrupt changes in the refrac-
tive index of air caused by the local tempwrature differences as
well as to the prE.;'-,-ce of aerosols. The latter source Is exten-
sively discussed. -rig. art. has: 7 figures, 1 table, and 29
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