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GENERAL EXAMINATION

Introduction | /3

As 1is known, radio emission of the sea is composed of its
eigen thermal radic emissions and the radio emission of objects
which surround the sea (the coastline, the atmosphere), which is
reflected from the sea surface. Ve shall examine the eigen thermal
radio emission of the sea. This is due to the fact that at centimeter
wavelengths ° the reflected radio emission of the coast and the
atmosphere is considerable only for small observation angles with
the horizon. We shall also examine the agitated surface of the sea
(the plane surface is examined for example in [1]), when the reflection
(scattering) is similar in nature to diffused scattering. We may
expect that the contribution of this emission to the total emission
of *he sea will be practically constant in time, and the time
fluctuations of the radio emission of the sea will be basically determined
only by a change in the eigen emission of the sea, connected with /4
the agitation.

In examining the eigen radio emission of the sea, we are interested
in the value of the antenna response which 1is average in time»('l‘a -
antenna temperature) to this radio emission and basically.the change .
in this response with time. ( fluctuations). Naturally, these values
depend on the form of the sea surface, the propagation velocity of
the sea waves and the lengths, and also on the direction of observation
and the antenna parameters (in particular, the relationship between.
the dimensions of a spot illuminated by the diagram on the surface
of the sea d and d, on the one hand, and the lengths of a sea wave
A, on the other hand; here d is the projection of the spot in the
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perpendicular direction).

Our problem is to find the response of the antenna (its time
dependence, average dependence, and dispersion) to the eigen emission
of the sea surface as & function ol the parameters of the sea surface,
the antenna, and the observation direction. To solve 1t, it is
necessary to obtain the connection between the antenna temperature Ty
and the parameters of the antenna and the emitting surface. Secondly,
glven a certain model of the sea surface, we must calculate the time
behavior of Ta’ the average, and the dispersion for the given parameters
of the sea and the antenna.
1. Antenna'response,tb'thermal‘radib‘bﬁission‘bf the eartn (sea)# 5/

Ry

The response of the antenna Ta to thermal radio emission of
an obJezt located in the zone of the Fraunhoffer antenna 1s well expressed
by the following well known: relationship (see for example, the study [33).

4
L= fn' T, Fae/] Fiaa, 1)

where ; is the brightness temperature of the object which determines

the stfength of the radiation leaving the object through its surface;
2 .

F~ directional diagram of the antenna; Qt solid angle of the object.

However, frequently, including observation of emissions from the
sea, 1t 1s necessary to deal with a case when the sources of the
emission are located in the antenna Fresnel zone. If the antenna
dimension is D, and the wave length is A, then the zone of Fresnel
diffraction extends to a distance of. j/-ajﬂg from the antenna,
and, for example, .Z*I0u and ):.3;: , Whereas the radio emission from
the sea 1s frequently observed from much closer distances. 1In this case,
we may use the expression obtained in[2] fcllowing from the reciproéity

theorem [4] or from the principle of detailed thermal dynamic equilibrium
[5].

................

+

i
* The results obtained in [2] are used in this section,
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r,-;’-{f' TET)df» /' '.r y‘roa" rq'v} (2)

p 1s the strength of the antenna; 3§ - the Poynting vector of the
antenna field within the emitting object; T - the normal to the
surface fb directed within the object.

Expression (2) makes it pcssible to reduce the problem of the
reception of antenna thermal radio emission from dirferent'obJects
to the diffraction . problem regarding distribution in these objects of
the antenna field with antenna transmission operation*[4] (relationship
(1) follows from this expression with transfer into a remote zone).

When radio emission 1s received from the land and the sea, a
constant temperature of the earth's surface is important ( at least
within the limits of the main blade of the diaphragm or several
aerial apertures when the antenna is located close to the ground).
Secondly, the total absorption of the power in the ground (sea)
at a very small depth ™ (5-10) A 1is very important even for dry ground
(1t 1s much less for the sea), where it can be assumed thet the
temperature 1s constant and equals the temperature on the surface To.
Due to a constant temperature, expression (2),assumes the form

7;-75]}'3'47 , - @3)

where integration*#is performed over the external surface f (the . /7

value of S is taken "within"_fr, characterizing the energy passing into

the earth).

Based on the relationship (3), we may speak equally about emission
from the surface of the sea and the earth, whereas in the general case,

the objects are emitting.

Thus to find T we must know the distribution of the Poynting vector
of the antenna field with the surface r (thgiyalue S "within" f may
be found by knowing the’ ‘Incident . field &ad S on the surface £ )

* we should note that equation (2) is valid only for the reception of
thermal radio emission, since the thermal mechanism of emission is
1mportant in vhe derivation.

W @ ~etion 3 regarding the 1ntegration limits
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In the general case, this 1s exclusively a complex fraction problem,'
which can be solved only for the simplest types of surfaces. As
regavds uneven surfaces, this problem can be completely golved only
for a plane undven surface with roughnessesg which .are much less
than the wave lengths A[6-10], and with roughnesses which &re large
as compared with A [11), In the case of roughnesses which are

much less than A, the solution of the problem is reduced to examining
the boundry conditions on a certain eguivalent plane., This plane
may be characterized by the effective values of the dielectric
constant Yy, and the conductivity e [8,9], and we may use
the effective reflection coefficient #£,,,  [12].

When the roughnesses are much greater than the A , according
to the approximation of geometric optics [11], the field at each
point of the surface is the same as 1f the reflection at this point
came from an infinite plane which 1s tangent to the surface at this /8
point.

In other words, it is assumed that on the surface an incident
plane wave produces a reflected wave, which may be assumed to be
approximately plane. The relationship between the incident and the
reflected plane waves is given by means of the ordinary reflection
coefficient of a.plane wave, considering the inclination of the
surface at this point. Thus, the field on the integration surface is
determined by the approximation of geometric optics without considering
the diffraction effects.

As applied to the scattering of acoustic and electromagnetic
waves on an uneven surface, this method was considered in [11]. The
assumptions lying at the basis of this theory may be transferred to
a study of an unequal surface in accordance with relationship (3),
where S is determined by the incident wave and the plane wave trans-
mission factor.

The basic limitation of the method used in the study by Brekhovskikh
is the form of the uneven surface. The nature of the uneveness must

oy
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be such vhat at each point of the uneven surface there may be a
tangentlial plane which 1s at a distance of no more than the wave
length A from this surface. As shown in [11], this leads to the
requirement that the following relationship holds between the radius
of curvature p, the wave lengths A and the slip angle v and

2,0'.!1'/71; »a/ 2% , (4)
and at the bending point (p=v») the following condition is /9
calculated o
T gEr a (7«

where X 1s a coordinate determined along the middle level of the

uneven surface, ;
1(5)
For examgle, for a sinusoidal surface ';-a.:m;,‘f*:x at the
bending (on the inclination of the surface) we have the condition
(11] )’O/A’« sin v, (6)

In addition to the Brekhovsklikh method, there are other approximate
methods for determining the field on an uneven surface (for example,
(13], [14]). However these methods refer to absolutely reflecting
surfaces, and therefore cannot be used when examining emission.

L]

In the study of the sea surface, we have usc<d the approximation
of geometric optics, assigning a certain model for the sea surface.

2. Models of the sea surface

The stnucture of the sea surface is very complex, since there
are wind waves in the sea with different amplitudes and velocities,
which interact, and also interact with waves reflected from the shore#,.

/10

The wind waves have a different form depending upon their
development. In addition, there are always small waves on the surface

.........

% In addition to wind waves, there are very long waves and tidal waves
with a large period, which we do not consider,

5




/10
relationslp between its velocity C and the wind velocity V depends
on the depth of the sei.

To obtain a qualitative plcture and the necessary quantitative
estimates, it is advantageous to consider the simplest models of
a sea surface, as which we may use a regular moving structure (wave)
and a surface which changes radomly in time with a given law govern-
ing the distribution of the areas for a g.ven inclination of each
area to the horizon.

Let us first consider 'a regular moving surface,

It 1s known [15] that in the stage of development and brief
growth, and also in the stage of powerful storm swells, there
are "two dimensional" waves, 1.e., waves whose profile does not change
in a directlion perpendicular to the wave veloclity vector. 1In the
intermediate stages the swells as a rule become "three dimensional®.
‘fhus we shall examine two possible forms for a regular moving surface
of the sea.

Since we ure interested in the maximum fluctuations of the sea
radio emission, cornected with the swells, we shall examine the
largest waves. As shown in [15], these waves (two dimensional and
three dimensional) may be approximated by the relationships

A Vo
'x-z—’_— a'%dévﬂ‘&' "‘: ,]’ (tla)
2= hecosé, J
where A is the wave length;»cf- its velocity (we consider a wave /11
which moves in a direction opposite to the X axis); h - amplitude;
x. 0.112/15

A = 0,0715 A'(44%0,48). | ,

The maximum inclination of this surface to the horizon is =30°,

t

three dimensional wav '
The three dimensional waves z_”m%(,,c’u,”.?_y.(?b{

R
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where /A =0,0704 (#420,6) or Aw 0,06 (4Ae0,25), ,
i.e., we consider a three dimengional wave with the maximum amplitude
and the largest angle of inclination to the horizon of about 30°,
and also a wave with half the amplitude' and the largest angle of
inclination to the horizon of about 15°,

According to [15] C‘,-CV/—;-(—"Z:)’ . We assume that ;= A
i.e, Grnli9c , but for simplicity we shall assume cl-c. The
velocity of a wind wave 1s connected with the wind velocity V by
the relationship ¢* 0,%v . [15].

The wave length A 18 connected with the velocity C and consequently
with the wind velocity.

celgd [z for a depth of the sea H which 1s much
greater than A . However, as shown in [16] this relationship between
C and A 1s satisfied even at H/A + 0.2 with an error of about 8%.

Therelore we shall assuie c-./yA? }:r . (7e)
/12

Thus the parameters of the sea surface depend only on the wind velocity.
Taking this into account, we may write the expression for the models
of the sea surface (wind velocity V in meters per second):

T™wo dimensional surface
' AT 2 - - . -
kLI g 2 41510" v 5ing, - 076 vt |
2=26107°v? cosg,

’

Three dimensional sufface

i

222 92.15%2 cos L2 2%
w2 9210y can (lva,xvt/co.rw ¥;

- . .’ l & 4 l‘
21 196 10"V cos W ("'Q"Vl}“{ W Y.

SmcT ¢

Considering that the time period of a sea wave'

. -

| a4 ' 537;"'
r ——— _L——.
¢ " 0, 78y ’=o,4mr,

’

we have the following for a two dimensional wave

7
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P §

. 4 4 4 )
- a,;:;v 6 ?’J;V T _ré_‘ﬁ 1510 v"Jm’O,i

2226107V coss,

and for a three dimensional wave
7 2 & ¢ ox
2,=292:0"v m(Zz—_"ﬂv . nl:r;)c‘wr-—wq_m Y,

ﬁ"l.“-ﬂ"l!’.a‘w@??‘- xedx ;“'}m‘zﬁy,

or
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Considering the approximations used regarding the relationship
between the wind velocity and the wave length and the period for
different wind velocities corresponiing to different points on the
Beaufort scale [16], we have the approximate values of A and T
given in Table I, ’

Using .(6), we obtained the condition for the applicability of
the method of geometric optics (we assume the surface is sinusoidal

and A%0.11) 2

Ql;'-"!- «'.uhzl; (8)
which gives the following at A=3 and A=3 (th'e swells are less than
three points) n y; » /0", i .e.rf, >/

Thus the method of geometric optics may be used for any observation
directions, with the exception of tangents to the surface, i.e., the
region of angles with the horizon of 8.« 25-3¢° and &« 18°
(the latter 1s for a surface with half of the amplitude)#¥,

¥AT &.< W or 15° for individual points of the surface U,~0, . However
the contribution of these regilons to the total radio emission is small,
whereas at §¢3° or 15° for practically the entire inclination of

a wave which "trails" with respect to the observation point .q-o;

§

8

i
i



For angles which are less than the angle of the maximum
inclination of the surface to the horizon, it i& necessary to

/13

introduce the shading function of parts of the surface by other parts.
We must also consider the refiection of radio ~mission of one side
of the wave from the other,

When using the method of geometric optics, it is necessary to
know the reflection factors from the sea surface R, determined by the

value of its dielectric constant gwe's e’ (/,.,} (9)
Table I
parameters o DPoints D N "

b 2 3 '@.Is 6 7. '| 8 9 o |11 {12
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per sec. 120 %8‘%"@ %
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v

® eyl b KSR MO 5 prev g weow

R ]

Introducing the notation p=@ep’ , we may use . |pl'=€5 p'as
into calculations (see [8]). ‘

As another possible model of a sea surrace; let us examine a
surface which changes at random in time and in space with a random

distribution of the angles of inclination of the surface to the horizon 6,

We shall censider the two dimensional and three dimensional
stochastic models of the surface. We shall characterize them by the

-9
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normal law of distribution P of the angles of incliniation 6 with
different mean square values of O, from 2 to 15°,

Let us give the space-time and characteristics of the models.
We shall characterize the two dimensional model by a two dimensional
distritution density of the angles of inclination in the form

/ R )
p(6,8,)x —- or [ 8, %825 )88, (10)
" aae Ul L gt !
where 4, (v)/-. 1is the normed correlation function of the angles of
inelination; (p(0)=1] three dimensional (u=0u, ) or
(vet ).

Let us consider stochastic surfaces which are characterized
by the correlation functions of the form:

Lolvl=exp [- o, %‘J J 03 {,-! v, (11a)
o | /16
' folo)=ezp [- (‘&:ﬁ)l] : (11b)

Expression (lla) characterizes the correlation properties of
a random process with the quasiperiodic component [18] and is a
stochastic analog of the regular two dimensional model. Such a surface
is distinguished by an average period of the waves ({/«7, ), , and
the average wave length (U=4 ) . The coefficient o is the
index of the irregular swells.

We shall use the correlation function of the form (1l1lb) to
characterize a random process without a quasiperiodic component of the
ripple type.

We may' determine- the space-time characteristics of the emission
| 10
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fleld for a three dimensional model from the data for a two
dimensional model and the assumption of the separation of the variables
along the Jr and ¥ axes in the expression for the correlation

function of the emission capacity of the surface Jfe (4, ¢, ) .
Thus, we shall characterize the stochastic three dimensional model
with a quasiperiodic component along the Ox and 9, axes,
similar to the two dimensional model for given f(4) in the form
(11a), by the average wave length Fy (the average period /
along the Ox axis, and the average length of the crest 7 along
the Oy axis. The coefficient ) w-gd- characterizes the three

dimensionality of the swell. 1In the case of isotropisc swells Vel

/17
3. Certain notes regarding the integration and polarization region

The integration region is determinead by an illuminated spot
on the surtace of the sea, i1.e,, in the 2ase of a formed diagram «
by the intersection of the main blade of the diagram with the sea
surface, since we are only interested in the power received by the main
blade of the diagram*. Therefore in expression (3) S is proportional
to the power emlitted by the antenna in the main blade, i.e., the
quantity P‘Vﬁéu) , where A, 1s the antenna scattering coefficient
[(L]. 1In addition, since we use the stream density in expression (3),
we will place the coefficient //6, in from of the integral, where &
is the transverse cross section of the main diagram blade at the point
of intersection with the sea surface.

When the emitting surface is located in the Fresnel zone (at a
distance of pred?s from the antenna), instead of ( /-4, ); , as
was shown in [2] we must use the quantity /-4y .) at pgp% (10 -25)A
or (/=pyp,/4 ) at D’[J»r;)’/ﬂo-zs)] , where Jy  1is the antenna
scattering coefficient in semi-space. The integration region is thus

% It may be readily seen that a change in the antenna temperature during
the reception of radlo emission may only occur due to the fluctuations
of the emission incident on the main blade, whereas the fluctuation of
the radio emission of the sea, incident on the side blades is due to a
wide "lateral" diagram. In addition in relative measurements the backe
ground radio emission is practically excluded.

11
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determined as the intersection with the sea surface and a /18
cylindrical wave beam, whereas cross section linear dimensions

are (3+ 5) D. Physically, this follows from the qualitative picture
where the formation of the antenna directional diagram examined

in [2].

The reflection coeflicient R of any surface as 1lg known depends
on the polarization of incident emission with respect to the
surface, 1.e., and further, the electric vector of the incident field
is located in the plane of incident or is perpendicular to 1t (we i
should recall that the plane of indident at a given point of a
surface refers to the plane passing through the normal to the
surface at a given point 7 , and the Poynting vector of the
incident field J§=|$/'f, where £ - the unit vector). At the
csame time, the polarization of the antenna is determined with
respect to the plane surface of the earth, It 1s therefore clear that
where a given polarization of the receiving antenna (horizontal H
or vertical V) at any point of the surface in the general case there
will be vboth polarizations with respect to the surface at a given
point) designated later by the indices », ¢ = vertical and
horizontal), in accordance with the projections of the electric
served vector on the plane of incident and on the plane perpendicular
to it. Consequently ‘E, (the antenna response in the case of its
vertical polarization) will depend not only on 4 , but also on .42
(similarly to 74 ). This phenomenon is somewhat arbitrarily.-called
D polarization, since when receiving emission from a agitated surface
the difference 4%,4 between 7, and 74 4in the general case is
smaller than 'Cnﬁ when receiving emission from a plane surface
of the sea, when. %, - and [, dependonlyon # and £ . /19
L, Specific expression for antenna response td'emissién from a

rough surface

e oo,

Let us consider a rectangular coordinate bys.tem Ox Oy 00

12
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>

(the unit vectors ‘, *; T ) with the plane Xy, coinciding
with the plane surface of the sea (Fig. 1). We shall pssume

that the antenna 1s located at the point 4(o#) of tie Z axis
at the height H above the plane X,y » and the receiving
direction (emission) will be characterized by the unit vector }‘:

b= Sindcosw ; L =sindsing; b, =cosd

- are the directional cosigns (the angle ¢ « the azimuth - is
read from the X axis; the ungle ¢ ' = the zenith angle - is read

from the Z axis).

Figure 1
| /20
The emitting surface may be given in the form x=x(6,,¢),2=2(8 ¢)
or in thé form 2=flryt) in accordance with (7), or as a
random 2e2(%,y) » Where 2/x,y) is a runction which randomly '

changes in time and space.

The normal to the surface « 7(1F1=1)  has the components

13
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The reflecting (emitting) properties of the surface, as
was already shown, will be characterized by the reflection coeffients
at each point for the vertical d’, and horizontal /£ polarization
(with respect to the surface at the given point).

6= lgl (fpn) .’g'{z‘ln_l_’
0 WFERT 20 7)1
(o fo Ll TR ERS (12)
R dp (f At
where 1p | and p' are determined by expression (9);
(L7)=aind

Here 7, 41s the slip angle to the surface,

In equation (12), we disregard the quantity cos af as compared
with lpl-le], , since lpl »7, .

Allowance for depolarization is reduced to projecting the
electric vector? of the incident field on the incidence plane and
on the serpendicular to it. Thus the expression for the emission

coefficient has the form /22
/-le,l (A ALY 2 & (13)
where the signs "-", "+" and the indices '*r"  and "4
refer to "V" and "h"; '
COJ:A « which considers depolarization is given by
the following relationship:
at t,¥2/
cos a/-m.xd- ( :flj [f ”J) ; (1b4a)
{‘-z’ , b .
5
2 (¢, 7) , ,
OS of = .
ol -]’ o (14b)

15



/22

where I':(co:v, sine,0) 1is the unit vector in the X plane
v .,
co.r:d- (. 7)
/-n
5 X .
where I‘{m(w_-,—),m (q*}),o} is the

unit vector in the X,Y plane at ;:Ih‘?

s’ /=0, (14¢)

We consider the shauing of part of the surface by introducing
the shade function 47 ( &, .V.{‘ )y which equals zero in the shade
reglons and equals unity outside of these regions. /23

~ Thus for 7,, and %, , according to (3), we have the following
relationships

»-(,-/) ’ "‘. ; d‘ ’ (15)

where:
- ir. the case of parametric determination of the surface in

the form of "two dimensional" waves

’%4-;:'/( '?F ww‘) »7‘”’7

- when determining the surface in the form 2ef(r,y,t)

’f(ona,, -—-f.,)a;.‘ p0xdy. (16b)

The expressions (15)-(16) depend on the antenna parameters,
the integration region and ¢ '), on the receiving direction 2",'
and on the parameters of the sea surface Ff o £, cosat « The
1lluminated spot is determined by the quantities A, H and D, where
D are the linear dimensions of the antenna opening. The receiving
direction is determined by the angles ‘¢ and 8, , and the properties
of the sea surface (in addition to its form f), by the value of g,

and the values of the wind velocity V.

(16a)

16
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Expressions (15)=(16) make it possible to find the dependence

of Ty A /A %,, ~©On time t for different values of
(] e, "
these parameters (2 . 4,0,¢.6.6.,v) "

/2l

From theset expr;essions, we may readily obtain the average
value i"t. A A and the dispersion of the fluctuations
i i ¢ df’f of the emission capacity of a rough surface,
the brightness and antenna temperatures.

Let us determine the interrelationship between the characteristics
of the emission and the parameters of the stochastic model of the

surface.

The average value of the emission capacity of the surface, formed
by a steady state random function, 1s determined in the general case
as the mathematical expectation using the formula

/
) 1% (a7
WL b{ | .

Here F in the general case is a two dimensional vector which
characterizes the orientation of the normal 7 to an element of the

)
O“.

surface; for a two dimensional model P//,',)-p(&/ , for a three °
dimensional model p/ﬁ,l'ﬁ(&l’/ ., 6 - angle of 1nclination;

Y = azimuth of the normal n 9 - region of values of F for

a two dimensional model }40: 3 for a three dimensional

model Os¢ 0:}1 i 0yl . 1n the case of a three dimensional
isotropic model PBY)=p(6) for all values of the

asimuth O Y e2x .

Using (12) and (17), we obtain the dispersion of the emission
coefficent fluctuations from the expression:

* We should note that expressions (15) and (16) do not consider the
emissions of the wave slopes reflected from the adjacent slopes, For
a model of the sea surface with the maximum inclination 30°, the
emission reflected from the adjacent slopes is possible at

150° > > 120°, where we may introduce the corresponding correction,




6 wda?
e " /p(r/ ok

b/(,,, ")P(f'ldf (18)

/25
Expressions (14), and (18) make it possible to determine
the average value, and also the dispersion of the fluctuations in
the emission capacity and the brightness temperature without
considering the finite dimensions of the emitting section of the
surface,

Let us obtain the analytical expression for the dependencies
of the emission characteristics # (6 , 6, ), 6 (6, 7,
on the sea parameter 9 for different values of the angle of the
observation 6 for a two dimensional surface mocdel at pu0®
(4=5-6 ) .

2
An analysis of the angular dependencies "“(ZZ)'/"*’,‘,(".) |
for calculated and experimental, shows the possibility of approximating
them with functions of the form

.-rh(,)jg 4’. zz" (19)
in the interval of values 0« z{,(% for horizontally
polarized 0‘{’,”&. and for vertically polarized emission,
where l?“. is the booster angle. The signs "+" and "=" are taken
for the indices "#" and "¢ ¢ z:-}-:{) ' .

The accuracy of the quadratic approximation can be determined

by differenciating the expressions for the emission coeffients

3’4, (Z/:/ with respect to the angle A}/; . It follows from analyzing
the expression for the derivatives (z)) Boge 4 that the h
functions  d, () , determined by expressions *(10), (12) and (19), /
for horizontal polarization in the wave length range A from 1 to 30 cm
coincide within an accuracy which is no worse than 3%. This means
that :J',(l{,.l)aé (Ah)° » which corresponds to the derivative
of the function (19), where A (""’“(‘,’f /26
For vertical polarization (and horizontal at the wave length A=0.87 cm)

18
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the maximum deviations of the approximating function from the
dependence ;‘(:") according to (10), (12) represent a quantity
which 1s no more than 10%. Thus with this accuracy ’f.t (J'zz)s
24, (A, . The values of the coefficients 4, used in the
calculations for different wave lengths are given in Table 3.

When using the distribution density of the angles of inclination
P(6) 1n the form,of a normal law, according to the assumed surface
model and the quadratic approximation of t.ie dependents () ,
we obtalin the following expressions for the average value and the
dlspersion of the fluctuations of the emission capacity:

Fo = dt Ay, (1)6) (20% 1), (20)
a':’.'- 245,(1)0) (4274 1), (;.)1)
where a=6 //2—%:
and the corresponding values of the brightness temperature:
: ...7;.,' b ¥, i (201)
’xa";?" 7;2":4‘ . (211)

\

In formal terms expressions (20), (21) are valid in a range
of the observation angles g , excluding the shading of a portion
of the surface. Considering the characteristics of the dependents

0,(;{) for vertical polarization (Brewster angle), this range

may be determined approximately from the following condition /27
and 6 for vertical polarization
%*3".‘{} (22)
for horizontal polarization

However, an analysis shows that when determining the radiation
properties of an uneven surface the function A() in (17), (18)

19




1s the distribution density of the angles of inclination determined
with vespect to the observation direction A2[6/4) . It is necessary
to consider the dependence of the distribution density of the

angles of inclination on the angle 6, , at which the observation

is performed, particularly values of 6> 0% ., We may show that this
dependence 1s considered by introducing the correcting function

_ cos(6-6)
A (B8] == 5 (23)

so that p(6/6)= g P8) P (5,’;) _
where q is the norming factor.

We should note that according to (19) and (21)

U,‘. (At) - ”y’.g (A‘)
ery o) A4y ) (20

for fixed values of % and 9.

To determine the emission characteristics conslidering the
parameter 7 » Which characterizes the dimension of the transverse
cross section of the main diagram blade at the point of intersection
with the surface, and to obtain the expression for the dispersion
of the antenna temperature fluctuations, it is necessary to use data
on three dimensional and time properties of the surface models, /28

For a two dimensional model, the coprelation function of :he
emission capacity ‘Qﬁ” is determined by substituting (10) into -the

expression
Gl ety )2(4)p06.4.0)96, 2 (25)

v

where Q, 1s the region of values of 6, and 60 -0, *6,
’

4
In the case of quadratic approximation of the dependence

#/¢,) 1in the form of (19) an integration in infinite limits,

will obtain

0w . '4 2 e
o wial [-281624) P{ 66500, 088]
A // 2’ [1-4°wl] “ ¢, [-pw)) -

(4
(AN

-44;’ 3; {0"0’[/‘2/' (O[J-I-;L [/.‘2/:(”)J} , : (25')

20
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T sign of the approximate equallty 1s explained nov only by
Be selected approximation of the dependence 7)) ,  but also
y the loussian approximation of tho distridbution density p (4,4,)
and integration in infinite limitu. It 1s apparent that the
error will be smaller, the smaller 1s the value of &, . when
deriving (20), (2l), 1t is assumed that there 1s no shading of
surface arcas, l.e., condition (22) is satisfied.

<t

o

We determine the following from (25'): /29

- the normed correlation function of the emisslon capacity
and the brigntness temperature in the form

/2'42(0/./14‘,(0/.402:/ ['40;’0‘7 (5//“/0;’/4//] (26)
or

/; (‘,/,._. ! i.n l 1,8, @

= e L2 6 (261)
where m__t’é’, o_/=&°

2000w are the normed values of the observation
angle §, and the mean square value & ;

- average value of the emission factor in the form (20);
- the dispersion of the emlsslon factor fluctuations in the form
(21).

Let us now determine the correlation function 4 U of the
emission capacity 9y of the section of the surface "eliminated"
by the antenna beam and having finite dimenslons by double expansion
of the correlation function /@@/ determined using (26), (26'),
with the function of the "eliminated" emitting area (the welghting

function Acﬂ/ ):
8,1 [503) 89 [1 p torpgi . (21

2l
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In the ¢ase of uniform "elimination!

! D¢psd (26)
4 () = {?f for other y ’

whered d 45 a linear dimension of the area around the ox axis.
As & result, we obtailn

7
/
&g S gl 101) 5. (21') g

Expression (27') at u = 0 debermines the attenuation function
of vhe radio emlssion fluctuations K=&, (0 characterizing
the decrease in the fluctuation rate with an inerease in the
dim.nsion of the "eliminated" section of the surface X7 . The
magnitude of the variations in the radio emission %? )
considering the dimenslons of the emltting sectlon of the surflace,
is determined by multiplying ¢, , determined by expressions (18)
or (21), by the attenuatlon function X. Considering (14), we thus

determine the variations of the antenna temperatures.

Let us determine the function X for models of a surface characterize

by the correlation functions of the angles of inclination /%éd in
the form of (lla) and 1llb).

Substituting (lla) and (11b) into (26 ) and substituting (26)
into (27), w2 obtain:

- when giving /%&d in the form of (lla)

2 r/o/ / e 2«:/
X (¢, - sin2ngf+cos gl 2
where 0"’./.1: is the ratio of‘ the linear dimension of the emitting
section to the average length of the sea wave 7 H A -

see irregularity index included in (lla).
- giving AW/ in the form of (1lb)
ORiGRnL Loz

LIRS iu
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’-‘E L/ a, .
X(a'/ "-—"7;7':'1-’/”2 """”\/f";ﬁ d’a(fe )]
L(a') M?d) ! (/-e"’d’)ﬂ ) (30)

-1

Whem ﬁ',"i: 1s the ratio of the linear dimension of the emitting
secvion 0 the magnitude of the correlation interval determined
using the level of decrease in the correlation function /’g(")

by a factor of "e"; ¢ - integral of gauss probability.

v.u should note that expression (29) is valid at 6, % 36, for

» 20°, 6‘0610 ’ » when the ratlo ?‘é:? # 10 . When
these conditions are satisfied, the frequency St the operating
function 4 and correspondingly x7o},e) 18 not doubled in

the transition from AW/ to p.(v) . We may show that in the case
of vertlcal observations, the function x2 oscillates with a doubled
frequency.

For a three dimensilonal surface model, in accordance with the
. assumpbtion of the possible separation of variables in the expression
for the correlation function of the emission capacity
P e 1At )5, )
» we find that the attenuation function
of the fluctuations is determined in the form X=X, X,

(31)
In particular, for a surface model with £ ¢)  in the
form of (lla) /32
JCALA A ¥, 1= X%, AEACALWE (31)
where 7, . q,
a;,’-z!-, %7

d‘ , o} = linear dimensions of an area in
the direction of the axes 0x and Oy;
A, L = the average length of a sea wave
and the depth

Let us make several qualitative comments.
LouR QUALTY
Lt
23




A ehiunge in the antenna tempuprature Ta with time ils decermined
by Liaw fact thaat scetions with dilferent angles of inclination to
the bedn all through the diagram when the surface or the emission

racuivens move relative to the surface.

U ows appaben that this will be a maximum change when the
widih vl the "eliminated" spot is much less than A or(A), 4.c.,
ﬁ}<¢z.. In this case the observed changes in the antenna temperature
are proportional to the brightness temperature of the ses G and
lts lluctuations | &, . It is also apparent that with an inercace

"™

in tane rasio -~ the fluctuations are smoothed, This elfect 18
considered by the attentuation function for the fluctuations. At
Fon xul ;oat Lewo, Xm0 . In addition at

= \
A = /7e0L2,8. , the attenuation function is minimal, since a
whole number of sea waves 1s contained in the "elimipated" spot.

A gqualatative estimate shows that the magnitude of the fluctuations
for nhorizontal polarization is two times smaller than for vertical
polarization with observutlon angles to the horizon ranging from 33

»

15 o 60°,

In the case of normal incidence, the fluctuations are minimal
due to the smonther behavior of the rerlection coefficlent curves, It
ls also clear that at ¢a0® (l.e., with the observation direction in
the planeée normal to the wave fronﬁ) the fluctuations are maximal due
to the greatest dynamic range of changes .n inclinatlion angles of the
sea surface.

It can be expected that Aat depends slightly on the ratlic
ﬁi , since different sections of the sea surface pass through the
diagram in sequence, and the time averaging 1s equivalent to a certaln
degree to averaglng over the diagram.

Calculation results

A calculation (taking into account the shading) was performed

using the BESM-2 computer, and analytically using formulas (20), (21)
24 '
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(295, (30).

Table 2 pives the values of the complex dielectric constants
used in the caleulations.

Table 2

A.enif 0,87 ] 1,0 [1.8218,2 |60 | 100/ 30,0
& | LTmil3]|28wi05]44=(40]65=i5]76=/10]60=i20] 80=i75

A poreion of the calculation results 1s given in Figures 2-15,
where regular surfaces with "three dimensional" and "two dimensional"
waves are called the first and second, respectively: §- angle /34
of dinelination to the horizon; ,P-ahgle in the horizontal plane
between the beam and the direction of motion of the sea waves (see
Fig., 1),

Value of Ta‘averaseqover time, Fligure 2 shows the values of

{ﬁ; /6ﬁém)&}-%&, which are proportional to the brightness
temperature of a surface with "three dimensional" waves and characterizing
the emission capacilty ® 4 . Similar curves are characteristic
for other regular surfaces, A the calculation shows, the dependence
of Y4 on d/ is rather slight, particularly for the angles 6,> 3%
l.e., the width of the i1lluminated spot has a much greater influence
uporn tne magnitude of the fluctuations than on the average value.
Therefore the values in the figure may be used to determine not only
the brightness, but aluo the averaged values., Here for comparison we
plot the values of fia . (plane) for a plane surface, which apparently
equal  4," (/-]JPM- !") ; » where £, is the Fresnel coefficient.

FPigure 3 1llustrates the angular dependence of the emission
capacity calculated for a two dimensional regular model at P=o®
and different values of the maximum angle of inclination of the trochold
6 [19]. Figure 4a,b gives similar dependences determined for stochastic
models, three dimensional and two dimensional, at ¢=0° and for
different val' '3 of the sea parameter ©,. The ordinate axis shows

25
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the emissioﬁ, capacities, and the values of the polarization coefficlents

wp
P= 7.2, which are derivatives of them.
4
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Figure 4
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As follows from the calculations, for three dimensional /37

models, regular and stochastic, the azimuthal dependence of the
emission capacity and degree of polarization are either expressed
weakly or not at all (isotropic model). For two dimensional models
this dependence holds and 1s manifested in an increase in the emission
capaclity for vertical polarization, and a decrease for horizontal
polarization which with a change in the azimuthal angle ¢ from 0 to
90% [19,20].

Figure 5 shows the spectral dependence of radio brightness
determined using (20) at p «0° 8, =0° and G =I55 ., 1In the analytical
calculations the values of the coefficients 45
in Table 3.

2 used are given
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Table 3

t T T l
Phwen | o8| 1,0 ez | 32 | 60 | 10,0 )0,0
WAV '

i 'Il?zﬁj:i 6'? 6,6 I 6'5 ' 6'5 6’5 6.3 5.9
;,4,,-/05,2 ! "
[pedt| &7 | 80 ] 47 | 48| 48| 48] 37

Fluctuations of the radlo emission of the sea., Figures (-8
show the values of the brightness temperature fluctuatlons of the

sea radial emission —\ffr . FIR
ad 31, =\(5-7]

as & function of the observation angle for different values and

diffevent types of regular surfaces; Figures 9-12 - for stochastic
models, and Figures 13-15 - values of the attenuation function of

the luctuations X (we recall that the fluctuations for a given

o e

d/A are determined by the product 4L X (d/A). ).
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It follows from the calculations that the maximum fluctuations
in the emisslon from a regular moving sea surface occur at p =0°, )
i.¢., in an observatibn direction which 1s normal to the front of the
sea wave, and at angles of inclination toward the horizon which are
clcse to the maximum angle of inclination of the sea surface, which
is physically obvious, since at © =0° there is a maximum of the
dynamic range of the angles of the sea surface passing through the
diagram. For small observation angles (under shading conditions) there
are maximums and minimums 47, . The magnitude of the fluctuations
for horizontal polarization 1s approximately two times smaller than
for vertical polarization for obervation angles with the horizons from
approximately 15 to 60°, The maximum magnitude of fluctuaticns at

£=0° occur for vertical polarization of 40:45°K and for horizontal
polarization - 20-25°K, When the direction of observation is along
the wave front ( p=9°® ), the fluctuations of the brightness
temperature are minimum and are 5-10°K,

Figures 9-11 show fluctuations of 'radio emission determined for
stochastic models of the sea surface with non-uniformities which are
close to the lengths of the electromagnetic waves. The graphs in

32



Rt . .

.y

Figures 9 and 10 were calculated on a ¢computer using formula (18).
The graphs in Figure 11 = using formula (21).

It follows from the graphs in Figures 9 and 10 that, in the
casze of repgular models, the fluctuatlons of radio emlsslon at angles
of @<45ﬁm° for horizontal polarization are two times smaller than
for vertical polarization.,

For a meximum angle of inclination %= I0415% ( G, =Js, ), ,
i.e., for values of the parameter P 353 the maximum fluctuatlons
may be 10~15° for an observation angle of 9,-,20° at 7k

¢>&ﬁ the magnltude of fluctuation does not exceed 10°K and
at §>4° the fluctuations are smaller than 5°K.

For a two dimensional =*ochastlic model, Just as for a regular
model, there 1s a characteristic azimuthal dependence of the fluctuation
intensity.

Figure 12 shows the spectral dependence of the radlo emission
fluctuation intensity determined using formula (24) for a two
dimensional model at ¢=0° . The values of the fluctuation intensity
are normalized with respect to % at a wave length of A=3.2 cm

for horizontal polarization.

When the 1lluminated spot i1s much larger than the length of the
sea wave, the fluctuations of the sea are greatly attenuated, It
can be seen from Figure 13, which characterlzes the fluctuation
attenuation function for a three dimensional regular model at p=p° *
1t may be seen that at 7/ the fluctuations are attenuated by
approximately a factor of 10, and at J/M4%2 = by a factor of 20.
At &/A= 0.5 we may expecf a decrease in the fluctuations by a factor
of 2, and even a factor of 3-5 when observing a "three dimensional"

wave vertically below ( . €.=90° ),
# As the calculations show, similar curves  X(@/4) are characterlisti
for other regular surfaces and for the values @. &30, 60, S0°. .

33



ML S5 i o ohi | e

Fipures 14 and 15 give graphs of the fluctuation attenuations

for a two dimension stochastic model at ¥ =0°. . Figure 14
1llustrates the dependence X(@,), » calculated using (29) for
different values of the index for sea irregularity LA . As /46

follows from the results, with an increase in the sea regularity,
when the values of 9, decrease, there is a decrease in the
corresponding values of X . The curve for o,=0 characterlzes the
limiting case for a regular two dimensional sea.

Figure 15 gilves graphs of the functilon X(dl), determined using
(30) for different values of the observation angle.

In conclusion we should note that when calculating sea emission
considering the atmospheric emission reflection from the sea surface,

as [¢)? we may use (/-7 ), where 74y 15 given in Flgure 2.

Figures 16-20 give some of the measured values for the sea
radio emission fluctuations at centimeter wave lengths. Flgures 16-18
also show the theoretical values of the fluctuations calculated
for models of the sea surfacej; I - three dimensionai; IT - two
dimensional; III - three dimensional waves with half amplitude, and
Pigures 19 and 20 give the values determined for stochastic models.

Whern determining the theoretical values of Vd;i we use the
values a7 for a given angle of incliniation ef shown 1in figure
5-9, and the calculated value for a given 4 and a/4

The quantity A 1s determined by points and by direct measurements,

and vhe guantity d is calculated using the well known guantitiles

6r, 1 and ¢é - the half width of the main directional dlagram blade
using the formula O’-N&Aﬂh&'/‘laa/ﬂa’ﬁ . where r 1is the distance
from the antenna to the sea surface in the direction of the main blade.
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The data obtained in Figures 19 and 20 were obtalned for a /50
charge in the sea from 0 to 5 points. A range of observation angles
0¢6.<80°.  corresponds to the sea surface. For strong agitation
of about 4=5 points, this range is reduced, since the values of
80 ¢4 ¢ 50° correspond to the sighting of surface sections covered
by foam. As the measurements showed, foam entering the beam leads to
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to an increase In the fluctuations in the average radio emission
intensity. Since the foam and the froth formed from the drops

of water and alr bubbles closely agree wlth the surrounding space,
L.e., the reflection coefflcients for them are close to zero, they
are gources of intense emlssion similar to the emission of an
"absolutely black" body. Based on the measurement data, the emlssion
capacity of the foam reaches values of 0.9.

An examination of Figures 16-20 shows that the experimental
data c¢losely coinclde with the calculated data. This confirms the
validity of the theory and the ildeallzations selected and can serve
as ¢ basls for using the computational results for determining the
expected radio emission fluctuation.
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