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ABSTRACT

The scattering of radar energy from a rough ocean surface

i3 considersd using the approximations of physical optics and

perturbation theory. The ocean surface is taken to be generated

by a random process with zero mean value and a homogeneous

covariance function represented by a wavenumber energy spectrum. %

For slightly rcugh seas the coherent and incoherent backscatter

cross-sections are obtained for a general ocean spectrum. For

very rough seas, the physical optics cross-sections were calcu-

lated for a Gaussian ocean spectrum neglecting shadowing.

Scattering from ripples where the ocean surface radius of cur-

vature is no longer large compared to radar wavelength was

treated by perturbation theory using the magnetic dyadic

Green's function for a half plane. The scattered field per-

turbed by the rnugh surface was obtained from a perturbation

Lyt Yl

expansion of the surface fluctuation. Incoherent cross-sections

oo bt

were found to be different for horizontal and vertical polar-

izations. The "visibility" of current induced perturbations
= for particular radar frequencies is calculated for a Phillip's

saturated spectrum of surface waves.
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I. INTRODUCTION

The standard treatments of radar scattering from

the ocean surface generally assume i) that this surface

finh 1“\"'! N T o

wave field has an incoherent hydrodynamic interaction and

i

pitii b R R

is therefore describable by a spectrum, and ii) that this
spectrum may be partitioned into a part with waves of low

curvature and a part with waves of low amplitudes. Callen

W

il
ki

and Dashenl argue this separation at a wavenumber kc by

ki

comparing the mean square radius oi sature for the long

"
R

waves R2 and the mean square height o. the short waves hz

bl
N

to the radar wavelength Ar. The conditions h/)\r << 1 and
Ar/R << 1 are then satisfied simultaneously. The short
waves are the scattering centers and ride on the longer
waves. The scattering of scalar electromagnetic waves from
the short water waves is treated in linear perturbation
theory and the undulating surface on which the scatterers

ride by geometric optics.

iy ','M AN T

Caiculations by Lane2 indicate that the dominant

M
”M‘ ‘\".W L’»“‘

effect of the longer waves is to provide a tilted surface

.

fiit e

on which the scattering centers ride. Wright3 calculates
the effect of the long waves (k < kc} by averaging over the
tilt angle of the surface in determining the scattered
radiation. The general expression for the radar cross

section of the surface can be written as

T e B B T A A R
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o(8) =] [P(s.9) S(8, 6,9 Gle, ¥ &(K,8) dedy (1)

where P(¢,)) dody is the probability that the surface is
tilted at angles between ¢ and ¢+d¢ in the x and between
p and y+dy in the y directions, respectively. This function
P(¢,y) could equivalently have been written in terms of the
surface slopes in the x and y direction. Wright uses the
distribution in tilt angles determined by the glint measure-
ments of Cox and Hunk4. The covariance of this distri-
bution is taken to be a linear function of wind speed
measured 12.5 m above the ocean surface. The radar cross
section then becomes a function of sea state as well as
the angle of incidence of the radar (g).

A second effect of the long waves and one included
in the second term under the integral is the phenomenon of
shadowing. Shadowing is a function of surface slope
rather than curvature and therefore has contributions
from bcth the long and short waves. This phenomenon is
the blocking of electromagnetic waves by one segment of
ocean surface so that they do not reach a second seg-
ment of ocean. If this effect is dependent only on the
angle of incidence and the local slope of the surface, then
it may be described by a function S(0,¢,¥). The agruments used
ir constructing the shadowing function {S) are stochastic

so that one seeks the probability that a given segment of

Hw
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the ocean will be in the shadow cf another for z given
angle of incidence.

In Beckmanﬁs this probability is related to the
shadow function S(8) for scattering from a random rough
surface. This function is zero on the shadowed parts of
the surface and unity on the illuminated sections. A
section of the surface with unit area will present a
reduced area S{9) (<1) available for scattering when shadow-
ing is present.

Bass, et al.s, discuss the radar cross section as
a function of angle of incidence implementing various
assumptions about the statistics of the longer waves, i.e.,
k < kc. A shadowing function is obtained by averaging
over the fluctuations of the longer waves and the sensi-
tivity to the statistical character of the longer waves
is studied. The radar cross section (o) is expressed in
terms of a scattering integral which inclvdes the shadowing
function in the integrand. This result is formally exact,
subject to the general restrictions noted in the Callen-
Dahsen analysis.

The third term under the integral in Eq. (1) is a
geometric factor determined bv the boundary conditions for
electromagnetic scattering from an inclined surface. This

factor is clearly a function of the incident ray angle and

the tilt of the surface, i.e., the slopa.
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surface spectrum for the short wavelength waves.

The last factor in Egqg. (1) is the spectral density
function for the small wave structure at the ocean surface
(k > kc). It is, of course, this structure which gives
rise to the backscattered radiation and provides the
"random rough surface" assumed to be present in the dis-
cussions of the shadowing function. These explicit
assumptions abouc the independent and stationary character
of the statistics of the short and long waves are question-
able. The modulation of the short wavelength spectrum by
waves near the spectral peak is discussed in Watson and
West’, but no systematic analysis of the effect on the
statistics of the short waves yet exists.

The treatments of shadowing mentioned above have

2,3,5,6. The effect of diffrac-

all neglected diffraction
vion, using the mean square slope of the ocean surface as

a parameter, is discussed in Appendix A.

In this report we shall be concerned in part with the

vector scattering of radar waves from a random .cean using the
approximations of physical optics and perturbation theory.
The surface c(%,t) is taken to be a random function continuous

in the mean with a specified correlation function of surfaze

far field is related to the incident radar wave by an approx-

imate form of the Stratton-Chu theory.

4

The correlation function is characterized by the sea

The scattered




In the physical optics approximation, the basic assumption

is that every point of the rough ocean surface reflects

tne incident wave like an infinite tangent plane.

radar frequencies, the surface is perfectly conducting.

Shadowing and multiple scattering effects are neglected.
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II. PHYSICAL OPTICS SCATTERING

The electromagnetic field scattered from an area

of ocean S is given by8

B(F) = [ds Sx(v'x[ﬁo(f-") + E(i")]) B2 (2.1)
S

where E(F) is the scattered field at receiver point ¥, S

L
dientinbieny

the illuminated ocean surface, n the local surface normal, and

gk

ﬁb(f') the incident radar field at a point ©' on the surface.

The free-space dyadic Green's function is

r s vr il
ol b R ik L

<«

(E-2) =(+s*+ WY exp (-k [2-21 |) /an |3-31|
k

dtyte oty

-—-.( AA

raw (§ - rr) exp[-ik(r-;-f')]/4nr (2.2)

T o
I bt

The scattering geometry is shown in Figure 1.

If the far field approximation is used in Eq. (2.1)

we obtain

+__i;_ s ~ i T_Loy 2
Ei(r) = 2m:exp( ikr) kEoPij J(és ny exp[ i(k kr)-r']

L9)]

(2.3)

where the tensor Pij contains all polarization information.
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We note that due to the partitioning of effects, ensemble
averaging can be applied directly to the surface integral
in Eq. (2.3) free of polarization.

To express the surface integral [call it f(;)}
in terms of the surface height random variable r(X'), the
surface displacement is assumed to be a first order quantity,

i.e., the long waves are essentially flat so that

2= x4+ oyy' o+ ozg(R')

1
- V'[Z’-c(i"u'

n , (2.4)
[v(z'-z) |
and an element of area on the inclined surface is
ds = |v(z'-g)| dax'dy"' . (2.5)

When Eqs. {2.4) and (2.5)are used in the stochastic intsgral,

T(r) = [dx'dy' (;-; 58;4,— - }; Fay% exp{-i(ﬁ-kg) -{Qx'+;fy'+;z;(§')]} .

S (2.6)

For the important case of backscatter, k-kr = 2K, and de-

noting the incident polarization by ﬁo = a, we obtain

b Bt
T i

g
§
g
§
=
|
e
E
5




ikEo an

271x

->

gk+I(r) exp(~ikr)

At Jm
3
—
H
it

iR

-ikE  exp (-ikr) -

-
. s 9z(x"')
77T q dx'dy’ [cose0 sinb, —5o+—

ax!

it

P

S

x exp[iZk(x'sineo-bCcoseo)] .

i

]

(2.7)
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III. PHYSICAL OPTICS SCATTERING FOR SLIGHTLY ROUGH SEA

The integral in Eq. (2.7), call it I, is the basis
for our study of radar scattering from a rough ocean. If
we square and average the scattered field, we obtain the
mean kackscattered power az a function of incidence angle .
90. We note that correlations of heights and slopes of
the sea surface must be known to evaluate the backscattered
power. In this section we assume the roughness height to
be small (koz << 1) and any correlation distance to be
much greater than the wavelengths of the scattering centers.

The mean radar crcss section is defined by

o= 41rr2< 2> = % {111%) (3.1)

and can be expressed as the sum of the coherent (cc) and

B(T)
is‘i ()

incoherent (oI) cross sections

> 2 2
o = ame? [SEER|T X0 ery)2
[ ﬁi(r) kil
2
op = & ((ur’-) - 1<1>|2) . (3.2)

Averaging over the square of the integral part of

Egq. (2.7)yields

= ST
""‘W’J‘“v'”"‘:ﬁmw y .

o R
it Y

it

st Lty

I
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<|I|2> ._.f expii2k sineo(xl-xz)] dxldxzdyldy2
s

ﬁl coszﬁo + ['é’él’-&'éz’] cos 6, sineo +Z3 sinzeo - (3.3)

If the statistical fluctuations in the surface displacement

[c(i’)] are homogeneous and Gaussian with zero mean, then
in terms of the correlation function ozz E(xl-—x?_, Y1'Y2) '
we have

fl = {exp [izkcosoo(cl—cz)]>= eXP[—(chzccseo)z(l-E )}

-

14 . . 2 3E
1) _ 1 - = = i =
ﬁé ) - <_a-}-q eXP[J.ZkCOSGO(Cl Cz)]> i2ko, %

x exp [-(2kozcoseo)2(1-£)]

= ¢ 95 3T o - |42
63 = < o, o%, exp[ i2kcos®  (z, ;2)]>— o 7, 9%,
+ (2kcost 0.)2 o2 R 2E | ol (2xo cose 12(1-8] (3.4
o2 z 3%y 9%, P z o) *

where ééZ) is obtained by interchanging 1 and 2 in the expres-

sion foréél) and 1;2 = r(x Y; 2 =1,2.

LYy
Using these results in Eq. (3.3) we obtain after

some reduction

11
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il

{z12)

exp[-(chzcoseo) 2] fdxldxzdyldyz exp[istineo(xl-xz)]
S

2

tan” o 2 ising
2 o o 3 ] 2
cos 9. - + exp J(2kg_cosg ) °E .
[ o 4k2 3X12 k 3% 4 { z o ]

(3.5)

A similar computation shows

1) = cosg, exp[-!s(z gzcoseo)zl [dxldyl exp(i2 sineoxl) (3.6)
]

where we have used
< . _ 2
exp(lzkccos(-)o)> = exp —%(dezcoseo)

14 : = .
< e, exp (12k¢;cosOo)> 0

For small root mean square (rms) fluctuations in surface height,

o = (2kozC0560)2 << 1 ,

Eg. (3.5) can be approximated by

2\ ~ _ | .2 3%
<|I[ > = expl ct)[dxl...dy2 [cos 0,(1+aE) - (0,sind ) 2
1

S

. 2 . 2 . .
+ 14k°z sing cos™ 8 %{fl-] exp[12k51neo(xl-x2)] "

[

12 (3.7)

A
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The two-point correlation function E can be expressed
as the Fourier Transform of the energy density of ocean

s
surface waves ¢{x),

E(xl-xz,yl-yz) = axe(¥) exP{i["]_(xl'xz)”"‘z(yl—yz)]}' (3.8)

- 00

Using this representation and assuming the illuminated

surface area to be large in both dimensions, we obtain

after integration over S

2 _ 2 2,7 .

<lI[ >exp(a) = cos“8, C”(x2k sing )

o«
2 > > 2,2 .
+ acos”o ]dr ¢(k) C"(x+x2k sing)

-0

+ (ozsineo)zfd‘é Ki o(¥) C?(¥+x2k sing,)

- 00 o

2 . 2 ~ .
- 4k o, Sing  cos 8o fdz Ky o (¥) C2(§+x2k s:meo) (3.9)

-0

where

c('E) = fdxdy exp[i(glx+,<2y)] .
S




-

We note that C(z) is sharply peaked about ¥ =0 for a large
surface and approaches a delta function as S +» «. Making
use of this property, we obtain the following approximation

for Eq. (3.9):

<:[I]2:>exp(a) = c0528o Cz(i2k sineo) + (Zn)2 S(2koz)2¢(-x2k sineo).

(3.10)

On sguaring Eg. (3.6) we obtain
2 _ 2 2,2 .
[KID|© = cos 6, exp(~a) C”(x2k sing) (3.11)

so that using Egs.(3.10)and (3.11)in Eq. (3.2), the incoherent
cross section per unit area is
’1
]

= 1om (k%) > exp[-(}lkozcoseo)zl o(=x2k sing) . (3.12)

The coherent cross section per unit area is, similarly,

k2 2 2 C2(§2ksineo)
= — cos 8, exp[—(Zkozcoseo) ] 3 .

o}
C
- (3.13)
The rough ocean surface is much larger than the area
illuminated by the radar antenna beam. The field strength
over the illuminated area is not uniform but varies according
to the gain pattern. We shall assume that the field is

uniform over the half power angular beam width eB and zero

I A N D LA, e

14




outside. For moderately large angles of incidence, the

A“\“ “‘1-“‘\: m

it o
T

geometry is shown in Figure 2. The radar pulse is T

ket

seconds in duration, ¢ is the velocity of light, and r is

btk

%2 slant range to the illuminated area. The rough surface

é area contributing to the backscattered power is one-half

g of the illuminated area or

,g S=%A;=% CGBrT . (3.14)
? If the illuminated area is approximately rectangular with

E i mensi - = ot

3 dimensions X, = rBB and y, = 5 v then

-k C(x2k sing ) = S sinc(kx, sin®) (3.15)
?; i and the coherent cross section per unit area is

o 2
?§ = EEg c05280 exp(—(chzcoseo)z] sincz(kxo sineo) .

PR BEH

Ll

(3.16)

ML

Since kr/x0 << 1, the coherent cross section is unimportant

off normal incidence.

15
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knDAR PULSE ILLUMINATION OF OCEAN SURFACE
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IV. COMPOSITE MODEL - SCALAR EQUATION

In Section II, it was shown that the effect of polari-

mr‘l,l gy “"I‘ ‘\‘ M

zation factors from the integral determining the scattered
electric field [see Eq. (2.7)]. A direct evaluation of the
scattering integral, which is a scalar, in terms of an en-

semble average was than made in Section III to determine the

i ‘n‘“|4|,u|y.\,u.wln"wh

dependence of the scattered field on the spectrum of scatterers

and the undulating surface. In this section, we extend the

o o it

investigation of Callen and Dashenl on the scattering of a

scalar wave from a rough surface to obtain an explicit de-

pendence of the clutter cross section on the spectrum of

o bl 4 “1“‘
T S AN A

long waves. The analysis follows that cf reference (1) until
the evaluation of the scattering integral is made. At this
point, Callen and Dashen use the stationary phase approxi-

mation to evaluate the integral, whereas we make explicit

assumptions about the statistics of the long wave amplitudes

and about the energy spectrum to sirolify the integral.

In the investigation of Callen and Dashen the vector

field given by Ba. (2.1) is replaced by the scalar eguation,

eV 0 = —kz(n-l)fd‘é o, 3 o [x.x 3] e k3] (4.1)
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where the total field is given by the perturbation expansion
> (p) -+
E(r) = Z E (r) (4'2)
P
E(p)wlclp,c being the surface displacement and n the dielectric
constant for sea water. The surface has been separated into

a long and short wavelength part with displacements CO(E) and

cl(E), respectively, as shcwn in Figure 3. The vector 3 s (x,y)

locates a point on the surface z = 0, and {(3) = (3,;0(3))
locates a point on the undulating surface z = CO(S).
Using the Greens' function from reference (1) and the

unperturbed scalar field in Eq.(4.1), we obtain the far field

expression,
(1) Lopy o Kon=1) [ 2 = , LRy LT
E (k'R) = TR do ;l(p) T(a) T(a') exp[}k(k~k')' X(Dd
(4.3)
with the geometric factor
2 cosa
T(a) = (4.4)

a + / .
cos n—s:.nzoz
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arising from the boundary condition for the electromagnetic
wave at the undulating surface. For backscatter k! = -k

A ”~

and cosa’' = cosa = k'°n, so that

2
T(a)T(a') ~ ﬁ_c_o_%_a__

(4.5)
n + 2/n

where the denominator differs from the exact expression by
less than 1% for n = 80.

The integral in Eq. (4.3) may be changed to a surface
integral over the illuminated surface CO(B) by introducing

El which is the normal distance between the surface

[ and to t gq- We then have dscl(z) + ds Ei(x,y). Letting

Z(x,y) = ;o(x,y), we have for the unit normal to Z(x,y),

~ z-xZ "yZ
Z
n= Y& - X ba (4.6)
V2| 1 v g2 4 52
x Y
the unit zrea
as =/ 1+ 2%+ 2? axay (4.7)
X Y
the cosine of the local angle of incidence
- A 2, sin® - cos®
cose =k - n= =X 2 e (4.8)

2 2
V,].-+ Zx + Zy
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and the normal surface displacement

T D L B S e
:

31(3) = Cl(E) /1 + z}zc + z§ . (4.9)

Using Eq.(4.7) - (4.9) in eq (4.3) yields for the back-

scattered perturbed field

T Sy T T R T RIT

g, 8

(1)( -kR) = k kK" (n-1) [dxfdy z;l(x,y) [cosze + 22 sxr‘zG)
T (n+2vn)R

- Zx sinZOO]X exp [-iZk(x sineo+Z(x,y) coseo)].(4.10)

L}
Using Eq. (4.10), we introduce the function fo(g) defined

by
£ (D)

2 2 _. 2, _ . {_ . ]
(cos eo + 2 sin eo Zx sxnzoo) exp |-i2k(x s:.n90+ / cos@o)
(4.11)

so that upon squaring and averaging (4.10) over an appropriate

ensemble we obtain

2 Eod ;
n-1 > > > + > ko 3
a Al ' ' k.
= n)/ pf a3 Lr D15 6N D E BRI (BN :

4
(1),2 k
BT - '2—'(
TR
(4.12) .
In gg.{(4.12) we have assumed that the ripples (;l) are
statistically independent of the long waves (f ).
In the following analysic, we assume a Gaussian ocean

surface for the long waves and that

21




2 (4.13)

(4.14)

and Ez is the correlation function for the long waves.

Using the notation 2z = 2(3), z2! = z(é') and K = -2k cos So

r
we have

<fo(-5) fg (p ’)> = exp[-iZk(x-x')sinOO]{ cos4@o exp[iK(Z—Z')])

+ sin®0_cos’e_ ((z2 + 1/%) expiK(z-2")] )

- coszeo sinzeo <(Zx + Z}'{:) exp{iK (Z-Z')}>

- sinze0 s:i.nzeo <ZXZ;:(Z;’+ Zx) exp[iK(Z-Z')]>
+ sin460 <Z§ Z;j exp[iK (Z-—Z')}>

+ sin22®o <sz;' expliK(Z—Z )]>} (4.15)

=
%
3
E

b b

o R b



The averages defined by eq (4.15) are evaluated in Appendix
B for gentle long waves.
We introduce the function F(B—B';Go) by the right hand

side of eq (4.15), as follows

> ¥y + >y . ] .
<?o(p)fo(p t) F(p-p ;0) exp[ i2k (x-x") 51neo] (4.16)
Equation (4.16) may be used to evaluate the integral in (4.12)
when the ripple correlation length is small compared to the
long wave correlation length, i.e., the corrzslation of short
waves is essentially a delta function on the scale of the

long wave, so that

4
<‘E(l)12>z:r_%- F(I;eo) fdp [d-5!<§1(p)cl(p')>

X exp[-izk sin@o(x—x'g (4.17)

->
where |2| is the correlation length of the short waves. The
integral defines the spectrum of short waves at Ak = (2k sineo,O),

> > > . .
r=p-p’, yielding for the clutter cross section

S _ g {1
s

->
= 2.61k% F(2:0,) o(-ak,r) . (4.18)

where S is the illuminated area. The cross section for

scattering from the long waves as given in reference(l) is

unchanged.
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V. OCEAN RADAR BACKSCATTERING CALCULATIONS

In the preceding sections and in Appendices C, D, and
E, a number of distinct models for the scattering of electro-
magnetic waves from ocean surfaces of varying degrees of
roudhness are presented. The models have been based on dif-
ferent combinations of the four conditions: (i) that the
roughness height be smaller than the radar wavelength illumin-
ating the surface (kczl<<1), (ii) any correlation distance for
the short waves is smaller than their wavelengths (k& << 1),
(iii) the local mean square slope be small (@iea << 1) and
(iv) the root mean square radius of curvature of the long
waves is much greater than the radar wavelength (Ar/R << 1).
Condition (iv) is a restriction in all the models discussed.

The applicability of the above models to various wave-
number regimes and sea states will be explored in this section.
Also, the statistical parameters which characterize the ocean
surface will be discussed for a variety of representations of
the ocean wave spectrum.

In Figure 4, we show a schematic of an ocean energy
spectrum. We note especially that the frequency region of
interest for radar returns spans both gravity and capillary
waves. The Pierson-Moskowitz spectrum9 gives a good represen-

tation of observed properties of wind generated gravity waves

in deep water,
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exp[-B(g/Um)4} (5.1)

where in cgs units, g = 980 cm/secz, U is the wind speed
(cm/sec) and ¢ and B are dimensionless constants with the values
8.lx10-3 and .74, respectively. Descriptions such as Eq: (5.1)
are not as useful as they could be, however, since most

theoretical discussion of the evolution of the surface wave

field is in terms of the wavenumber spoctrumlo'll’lz. Using
the relation
d(w) dw = mxdk @‘2)(K) (5.2)

where ¢(2)(K) is the two-dimensional wavenumber spectrum
and the linear dispersion relation for gravity waves

w = Jgk, we obtain
¢(2)(K) = —551 exp(—ggz/U4K2) (5.3)

which, neglecting the exponential, yields the Phillips

saturated spectruml3.

In Project SWOP14a stereo technique from two air-
planes was used to measure the two-dimensional wavenumber
spectrum. The measurements were made over the Atlantic
ocean (25 Oct 54, 39°N, 63.5°W) over an area 2700 £tx1800 ft.

Wind speeds ranged over 13+20 knots during the preceding

14 hours so that the spectral cut-off frequency in Eq. (5.1)
26
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ranged over .444 to .10 cps. An average frequency of .29

cps was used to determine a cut-off wavelength ) = 2%? = 61 ft.
")

Figure 5 shows the final smoothed spectrum. Figure 6 shows
the one-dimensional wavenumber spectrum taken along the

north-south direction in Figure 5. Numerical integration

of the latter curve leads to a mean square surface height

2 and a lower bound for the mean :

sguare slope of Gpgea = 8.35x103. For x > .02 £t T,

fluctuation of czz = 6.75 ft

the data indicated an excellent K-4 fit. The analytical

expression for the two-dimensional spectrum is ’

0@ () = 1.9x10° 495, 0026 < k < .02 ££7T
(5.4)
0{®) (1) = .53x1073 4, .02 <« < 60 ££71
. 2 2 . 4
yields o, = 6.75 £t~ with a peak 4(.02) = 3300 £t .

In the wavelength region 1 to 50 cm, recent measure-

mentsl5 on the NELC Tower indicate that the ocean spectrum

follows a power law k *. SRI wire gauge measurements15 !

indicate that the one-dimensional spectrum can be approxi-

- B mated by the power law

Q(l)(n) H Ké(z)(x) = 5x10-3 K-3, 125 < ¢ < 29 cm 1 3

(5.5)

R

AL

W b

"
AR

where Q(l)(n) is the one-dimensional spectrum (cm3/radian).
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= RRI mcau':tsurements15 using a TV technique indicate an ,
ocean spectrum approximated by
9 oM () = 7.82:a07° 4, 125 < ¢ <27 cm? 3
) (5.6)
= 0, otherwise
‘ It is interesting to compare the rms sea height
(o, ) and rms sea slope (@sea) for this small sea roughness
= regime to the corresponding SWOP rough sea parameters. :
E A For the RRI spectrum e
27 E
o) = 2n f de(7.82x107° %) = 8.28x1072 cm?
7125
o, = .289 cm
and
@sea = .0621. (5.7)
A correlation length () appropriate to this measurement
is estimated assuming a Gaussian distribution of amplitudes,
so that
2 _ 2,2
@sea = 4o, /2 (5.8)

yielding a correlation distance of 9.21 cm. For the SRI

5.71 om.

spectrum g_ = 1 cm, @ = .351 and %

=

§

%

=

g

z

z sea 3
]

%
=
£




In Table I are collected the statistical parameters

for the four ocean spectra discussed and for three radar

i i

wavelengths of interest, UHF, C band and X band. This

TR

table can be used to determine which of the radar scatter-

e e dm BN B wnuw«m»wwle»xfwblm.’hnMHWMWWWWMWMWW 1A

T

ing models discussed is appropriate for, (i) the radar

Lot el oy

ful S A R

wavelength being used, 60 cm, 6 cm or 1.6 cm, and (ii) the

E sea state as described by the four different spectra. It

b

is clear, for example, that only the scattering model in

il

gl

= Appendix E with ko, >> 1 and k& >> 1 is appropriate for the

i

iy

conditions of SWOP for any of the radar wavelengths.
In Figure 7 the cross section per unit area is plotted
vs. angle of incidence for three distinct sea states. In

the SWOP measurement, as pointed out above, koz >> 1 and

g LR A

kL >> 1, so that the sea state is heavy and the scattering
is quasi-spectular. From Appendix E, the cross section for

arbitrary radar wavelength is

4
3 o] sec” ©
o _ I_ o - 2 2
: Oos I 8§ ——-——@ 5 exp [ tan {-30/@ sea] . (5.9)
= sea

The second sea state considered is that of an equil-
brium or Phillips spectrum. Perturbation theory for hori-

zontal and vertical polarization from Appendix D yields

AN

G

sl

m

§
E

Ak
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TABLE I
SWOP |  sRI FHILLIPS | RRI
oz(cm) 65.7 1.002 .448 .289
=60 cm  |ko_ 6.88 .1049 .0465 .0303
k=.1047 cn” Y @ .0915 .351 .157 .0621
sea
2 (cm) 1440 5.71 5.71 9.31
ki 150.8 .598 .548 .975
o, (cm) | €5.7 1.002 .448 .289
A=6 cm ko, 68.8 1.049 .469 .303
k=1.047 _n”" Y@ .0915 .351 .157 .0621
sea
. % (cm) | 1440 5.71 5.71 9.31
) 1508 5.98 5.98 9.75
o, (cm) | 65.7 1.002 .448 .289
A=1.5 om (ko 275.3 4.20 1.88 1.211
k=4.19 cn @ .0915 .351 .157 .0621
sea
2 (cm) | 1440 5.71 5.7% 9.31
k& 6033 23.9 23.9 39.0

The statistical parameters, c,

Z correlation distance, @

s5ea

nt

radar wavenumber (=2w/A) for the

Phillips and RKI for three radar wavelengths of interest UHF

rms height of the surface,
rms surface slope, and k =

four ccean spectra, SWOP, SRI,

(60 cm), C band (6 cm), and X band (1.5 cm) are listed.
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= 167 k° 005490 ®(2k sind_, 0)

Ao A

Q
oo
e o]
i
o
“l
\l:‘/
o
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|

4

= 167 k¥ [1 + sin29012 ¢ (2k sino_, 0) .

i

b AN e

i
Q
é o
m
T
U)'HQ
S
S
I

|

(5.10)

The distinction between vertical and horizontal polarization

shows up clearly for large angles of incidence in Figure 7.
The final example is the physical optics approximation

made in Section III for a slightly rough sea. Using a Phillips

spectrum yields the cross section

1
3
é
4
2
z—%

4

= 167 k* exp [-(2ko, cos0_) ] ¢ (2k sind_, 0) %

(5.11)

which in Figure 7 is seen to correspond closely to the cross

section for horizontally-polarized radar in Eq. (5.10).
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VI. CURRENT-INDUCED PERTURBATION

The composite model discussed in Section IV enables
one to separate the variable surface effects from the direct
scattering effects in first order. For example, consider
the surface current generated by an internal wave propagating
at 50 cm/sec. A 64 cm surface wave has a group velocity
equal to the internal wave phase velocity. A linear analysis,
e.g., Thomson and West6 or Case, Watson and West7
would predict a resonant transfer of energy from the internal
wave to the surface wave spectrum. The waves in this reson-
ant region would therefore be strongly perturbed. The visi-
bility of this perturbation to short wavelength radar, e.g.,
X~-band corresponding to 3.6 cm surface waves, would be given
by the perturbation in the long wave spectral function F(I;Oo)
in Eq. (4.18).

In addition to the direct variation of F(E;Oo) (when
the long waves are perturbed by a current) is a cascade of
the perturbation to shorter wavelengths. In this process,
the current modulates the longer waves which in turn modu-
late the shorter waves, thereby inducing a variation in
®(-Ak,r) in Eq. (4.18).

To examine the effect on the clutter cross secticn of
the current-induced spectral perturbation, we follow Watson

18

and West ™ and introduce the power spectrum of the surface
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A T )

displacement ;(;,t) at a position X

F(§,§) = % <§*(K+Z/z) a(E-X/2£> exp (iz-:) (6.1)

->
where a(k) is the time dependent amplitude of the complex

surface displacement 2 (X),

5 -+ > >
Z(x)= j{: a(k) exp(ikex) (6.2)
k
and
cxt) = % 126 -z . (6.3)

To use the continuum wavenumber variables, we define the

spectral function, over a surface area S,

> > [ &> >
o(x,k) = - F(x,k) (6.4)
(2m)

with the normalization

fdzk o (x,Kk) =2 . (6.5)

If the mode amplitude for the complex surface dis-
+
placement in the presence of a surface current [a(k)] is
distinguished from that in the absence of the current [A(E)],

->
then introducing an envelope function Gg(x,t), the two ampli-

tudes are related by

a(k) = 6 >(x,t) Ak . (6.6)
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If the surface current is assumed to be "turned on" at time t=0

LR
Sty R

then G§(§,o) = 1., We can employ these amplitudes to construct

o G B

AT B

il

the "ambient" power spectrum, ie., the power spectrum with no

Ak

current present,

P L8 16 i
e M;}:‘N A ST VT

Al

Fo(x,K) = %_— §<A(_}Z+K/2) A*(K-K/z)> exp(id-%X) . (6.7)

i

The perturbed spectrum is disc:ssed in Watson and West18

and can be written in terms of the continuous spectrum ¢(§,§)

in the weak current case in the following forms:

il bt syt SR e

: (i) The near resonance case;
3 > >
=} 88 (x,k) _ 1 2. . 1 2 2
é ] Qa(i) ~ i(UoKt) cos“0 sinkE + f(Uokt) coskE (1 - t/Tp) /Sp
Ay 1/8
3 + 2f— sin{2s sinkg] /sinkE
= T P
E P
ok ey [ ]
k 7k, (£n¢a) teU  sinkg (6.8)

(ii) The far from resonance case;

6@(1,?) . Uo coskK§

E & _ 2
3 @a(k) 2(CI Cg cos0)

[CI(cos(J-Z) + 2 Cg cos® (l-cos®) + Cg cosBG]

2 3 Uo coskf cosd
i -k ﬁ— (2n (ba) (6-9)
E X CI - Cg cos0
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(iii) wWavelengths very short coripared to _hose near resonance;

T U_ coskg ¢ (L) ~ A
89 (x. k) 0 — (cos0-2) + 3 a%L 12 (k-L)Re| 67-1
2 (k) s 2] (k)
=k 3 (gn 0 KE cos® (6.10)
o Bk (2n ) U cos cos . .
I

A number of assumptions enter the construction of Egs. (6.8)

-~ (6.10): (i) The surface current is harmonic, ie., U =
Uocosng, E=x - CIt and is sufficiently weak to couple only the
nearest neighbor modes in wavenumber space; (ii) The ambient
spectrum is independent of position, ie., ¢a(§,i) = Qa(i),

(iii) the resonance wavenumber k., is specified by the condi-
tion CI = Cg(kr) cosO and (iv) he resonance region extends

1/2

over a range Ak = KSP where Sp is the parameter measuring

the perturbation strength17

kr 2 Uo
Sp= 21— 3 . (6.11)
CI(3 cos“0-2)

The time parameter in Eq. (6.8) is

(6.12)

-
]
e
147]

|.—l

~
)
L]
-~

-+
and ¢a(L) is the ambient long wavelength spectrum.
The variation in the clutter cross section induced by
the surface current can be obtained from Eq. (4.18) to first

order as

38

o e o Em

T BT by o i
gk T AR e R

e B o
L

o
" " i

g B e 0 8
A ‘L'u: il e




B e i  a

”I
mﬂ““‘”
!

c

So _ (BF

) (6 @)
F o\
resonant non-resonant . (6.13)

The first term in Eq. (6.13) is the induced perturbation in the
long wave spectrum by the surface current. Using Appendix B,

we may approximate this term by

§F - 2(gt -
(Tr = 1- exp[— (Ko ) (Ez Ez)] (6.14)
resonant

so that using Egs. (4.13) and (6.7) we obtain

(‘;,—F) 1 - exp[-x2 a2y a¢(§,i)] . (6.15)
resonant

Equation (6.15) may be evaluated by substituting for the resonant

perturbation of the long wave spectrum, Eq. (6.8).

As an application, we choose for the ambient spectrum,

Phillips equilibrium spectrum,13

> -4
B g . . . . .
e (k) == [x] » k within 90°of wind direction
_ -3
B = 4x10 (6.16)
Thus,

a -

k —arx-[g.n q)a(k)] = -4 cos6 . (6.17)
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18

Following Watson and West we choose parameters

to correspond to typical oceanographic conditions:

Uo = 10 m/sec
k=102 nt

k_=8.66m =

CI = .50 m/sec

0 = 20°

Here kr is resonant wavenumber defined by CI = Cg cos0,

strength paramecer Sp is
4
S_=4.609x10
P

the resonant time is

T_ = = 23.09 sec .

and the width of the resonance region is,

1/2

ok = kM%< 2.147 ot

40

(6.18)

The

(6.19)

(6.20)

(6.21)
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For the Phillips' spectrum the term involving an integral

over L ir Eg. (6.10) is negligible compared with the other two.
- o(end_)

In Eqs. (6.8) - (6.10) the term involving k——gﬁ—é— appears to

) X

dominate [except for t >> T. in Eq. (6.8)] . This was pointed

. 18, . . . . .
out by Milder in his discussion of spectral perturbations.
For a spectrum of the form kP the relative contribution of the

first and last terms in Eq. (6.10) is approximately %%-, which

in two dimensions is .125.
For the parameters given by Egs. (6.18) - (6.21), Eq.

(6.15), for an adverse current becomes,

(‘-SFE) 1 - exp[—sz‘dzLd)a(E){l—.Ol(T—t;) sinKE}]

2 2 t\._.
=1 - exp[-4kzoz cos 90{}“.01(;;)SIHK%}} (6.22)

resonant

The nonresonant contribution to the variation in the clutter

cross section is given by Eq. (6.10) with k >> k.~ L

\
va + =-0.06 coskx . (6.23)
nonresonant

The 5%— (lnéa) term provides the dominant contribution to the
X

modulation. The fractional change in the clutter cross section

using Egs. (6.22) and (6.23) is

80 * 1- .06 coscx - exp[-4 (koz)zccszeo{l—(.el)(-;—) sinKE}]
g r

(6.24)




/

We see from Table I that koz for X-band radar is 1.88
for a Phillips spectrum, so that the resonant contribution is
maximum for OO ~ 0° and/or early times. The fractional change
in cross section for small angles of incidence is

%9 x 1 - .06 coskx (6.25)
so that the total cross section varies by a factor of two at
X-band frequencies.

C~band radar, however, has koz = .0469 for a Phillips
spectrum so that for the same perturbing current

%g z -,06 coskx (6.26)
and the variation in clutter cross section is 12% peak to peak.

Another source of variation in the clutter cross section

is that due to changes in angle of incidence of the radar

(ie., changes in surface slope). Labeling the fractional
change in clutter cross section in Eq. (6.24) as being current
induced, we write the total variation as

L (‘5-:-) + (%?—") ) (6.27)
current Irns

induced slope

From Eqs. (4.15), (4.16) and Appendix B we have that the depend-
ence of the long wave scattering on the angle of incidence is

to lowest order in the rms slope
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> - 4 L2 2. 2 1l 2
F(i,eo) = [cos Oo + 2z sin OO cos Go czx] exp[ (1 Ez)(KoZ) ] (6.28)

If we change our definition of incidence angle so as to

i - = I
more appropriate for Bragg scattering einc = 3 Oinc.' then

4 2 2, 2
F(I;einc) z [einc + 2Oinc <Zx(p)>] exp[-(l-Ez)(Kcz) ] . (6.29)

The rms slope contribution to the perturbation in the clutter

cross section is then given by

2 2
(6_}3‘) _ 2 kzx>gerturbed <zx >unperturbed]
F 2 2
Ims Oinc <:Zx:> unperturbed
slope
= 2 -%sz so (k,%) a’k (6.30)

o x el
inc

where 5¢(§,§) is the current induced spectral perturbation and
N is the integral over the unperturbed spectrum.

Again assuming a spectrum of the form (6.16) we have

21 Kpax 2 2
N = Ejf (kdkdp) k—cos B
T k4
© kmin
K
= B %n k__ax . (6.31)
min
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Assuming a modulation functioa M(§,§) such that
8o (K, %) = o (k) M(K,%) (6 32)

eq. (6.30) becomes

max 27
(5_F) - — M(%,3) Qkﬁ cos2g dg  (6.33)
F rms 2 max
0. L —_— k . o
slope inc kmin min

-3 (t/1,)
_0.73x107° sinkE j’ dk[ (cos25-8 cosB) cos2gds

2

0. zn

inc mzn)

SF - _ -3/t \ sinkg

(?) = -1.7x10 (T )T‘ (6.34)
rms r e’nc
slope 1

or in terms of the current itself

SF - - t \U(g)
F) . .17(,{ ) 4 ) (6.35)
r’ @,
rms C
slope

The relative perturbation in the clutter cross section, therefore,

falls off as ng and is proportional to the perturbing current.
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VII. DISCUSSION AND CONCLUSIONS

The ocean surface has at least two classes of roughness:
one class where kcz > 1 and one where kcz < 1. In the NELC
Tower measurements, six radar frequencies (P, L, S, C, X, K)
were used. For the sample scattering calculations, the nominal
values A = 60 cm (P), * =6 cm (C) and X = 1.5 cm {X) were
used. We assume that the ocean spectrum is a composite of the
rough ocean (SWOP) and the slightly rough ocean encountered in
the NELC measurements. If these types of roughness are present,
they result in scattering having characteristics of each. To
a good approximation, one can add the inccherent cross-sections
directly to obtain the total incoherent cross-section if the
processes are statistically independent. The large scale
roughness produces strong components near normal incidence
which are identical for vertical and horizontal polarization.
This is the so-called quasi-specular component. Small scale
roughness contributes to the tail {Qo near 90°) and is referred
to as the diffuse component.

In Table I the statistical paramzters for four ocean
spectra and three radar wavelength%, inciuding UHF, C band and
X band are listed. From this Table it is clear that the appli-
cability o’ a specific model, ie., set of assumptions for the
radar scattering, is dependent on both the sea state and radar
wavelength. 1In Table II the scattering models considered in
this paper are listed where most appropriate for a particular

sea state and radar wavelength.
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From Section VI it is clear that the "visibility" of a
surface wave spectral perturbation is dependent on the sea
state and therefore on the radar frequency with which one
views the sea surrsce. In the example considered the visibility
of the current induced perturbation was reduced by an order of
magnitude when one changed from X to C band radar in a Phillip's
saturated sea.

The variation in the clutter cross section in lowest

order consists of three terms,

§o _ (5?) (w)
T =\F *\TF
resonant ms. *

slope

nonresonant

The first term is the direct mechanical interaction of sea
waves resonant with the surface current. The second term is
the perturbation in the shoxt surface waves due to both the
nonresonant interaction with the current and wave-wave inter-
actions of the scatterers with the sea waves. The final term
is dues to the variation in the angle between the sea waves and
the incident radar and decreases as the inverse of the square

of the angle of incidence.
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Appendix A - Effect of Diffraction

To estimate the effect of diffraction on shadowing,
consider a plane wave incident on a sinusoidal surface of
amplitude H. For a horizontally propagating scalar wave

with incident amplitude wo, the scattered wave is

_ -in/4 . 142 dz
Y = q’o e im f explin (y-y’) /)\rAx (A1)
Z { ] /A;Ax

which is the Fresenl expression for scattering from a knife
edge. The position of the surface is zZ and Ax is the dis-
tance the wave has propagated. The wave spreads due to

diffraction like

. 2 .

1n(z-zs) /ArAx ~ im (a2)
so that

z -z = * /ArAx . : ‘ (a3)

This defines a parabola within the geometric shadow which
is illuminated due to diffraction.

The maximum area illuminated due to diffraction would
be twice the wave height, located at the wave trough, i.e.,

Ax = Asea/z’ therefore,
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. (Ad)

This equation establishes criteria for the threshold of

shadowing, that is,

8H2/A_ > A cen’ illuminated
r (no shadow)

8H2/A >> A : geometric optics
r sea (no diffraction) . (AS)

In terms of oceanographic parameters, such as the slope

esea = ZﬂH/Asea, we can write

8 2 - L 2
Ar/xsea < 2 ® sea 5 ® sea (26)

where the rms slope (@ sea has replaced that for a single

%
wave esea. For a saturated sea %
§
2 max 3

® = .006 log (A7)

sea (kmin) * 3

so that reasonable numbers for the mean square slope are

like .025 to .05. Substituting these values into Eg. (a6)

yields .005 £ Ar/xsea £ .01, so that for X-band radar
(Ar- 3 cm) the sea waves which give shadowing are 2 3 to

meters. These criteria establish the region of the wave-

number spectrum, below which shadowing can be neglected

due to> diffraction.
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Appendix B - Averages of Statistically-Separable Surfaces

Consider the average of the series expansion of the

characteristic function,

<exp {iK(Z-Z')]> =1+ iK<Z-Z'> - -12(-2-<(Z-Z’)2>

- i ‘é—B- ((z-z')6> + K;& <(z-z')4>+

(B1)
The odd moments in Bl vanish for a Gaussian distribution

and
{(z-21%)= 20,2 11 - E_(3-3")]

{iz-z ) = 120,* 11 - €, (3-3'112
so that the series expansion becomes

4
2 K’Z) 2
<exp{iK(Z-Z')]> =1- (Ko,)® (1-E) + —5— (L -E_ ) + ....

(B2)
It is clear that the series in B2 can be summed to yield

the exact result

<(exp [iK(Z-Z’)]:>‘= exp I—(Koz)z(l -EZ)] .
(B3)

b i T R B e R e S e

g
-
3
3
E
2
=
g
3
i
3
3

M et

- el

':.m:l“:.w‘ Iyl l‘“’“‘”v ihy f"..‘

ot it




B -

Similar exact calculations may be made to obtain the

following results;

<(zx + z;{,) exp[iK(Z—Z')]> = -5_2K<:tz2 ;XE—Z exp[—(Kdz)z(l-Ez)]

(B4)

;1

ot
in + z}'j) exp[iK(Z-Z')]> = 2 -(Ko )20r2(ax ) Jexp{-(Koz)z(l-Ez)]

2y
(B5)

<zxz}'{, (zx + z}'{,) exp[ix(z-z')]>

dE oE 3 E
s oiowra? 2z |2 2 2( ) 2° "z [_ 2, ]
= i2Ka, ozx + (KU ) %] 120 5 exp (xcz) (1 EZ)

X z Z ax
(B6)

2 2
43 E OF

2 312 exp[ix (2-2")] 4 af? " 4 ( )
<Zx zx' exp[:.K(Z Z )> = ozx + 202 3x2 + 4\1(0) o _axz R

- 4 2
= 4 4 2 2 2
3 * (Ro,) o, (8x> -2(Ko, ) Z, (ax )

x exp[—(Koz)z(l-Ez)}

(B7)

3% 9E

= . 7 - 2 4 2 2 Z 2 _
; sz;(’ exp[x.K(Z-Z )]> = ~-lo 5 + (Koz) o, (_3—)?—) exp[—(Kcz) (1 Ez)]

2
2 ax

(B8)
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C. PHYSICAL OPTICS SCATTERING FOR A ROUGH SEA

In Ref. (8) the physical optics approximation was
used to evaluate the Stratton-Chu scattering integral.
This tangent-plane approximation requires the radius of
curvature at all points of the sea surface to be greater than
the radar wavelength Ape No restriction was made concerning
the mean square roughness height compared to Aps in contract
to Ref. (1) where H/Ar << 1. Otherwise the model is
similar to that described in the previous sections, i.e.,
any correlation lengths are much greater than the wave-
lengths of the scattering centers. For a Gaussian correla-
tion function, it is possible to evaluate the incoherent
scattering cross section exactly. The resultant backscatter

cross section per unit arxea is, using ¢ as a correlation

length,

o
?} = (kz)2 seczeo y(a,B)

_ 2
a = (2kcz coseo)

. 2
(k2L 51neo)

w
it

n
o

Via,B) = eXp(—a)z:l &— exp(-8/n). (c1)
n=

Figure 8 depicts the incoherent scatteriny function vl(a,B)

extracted from Ref. (8).
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D. PERTURBATION THEORY FOR SCATTERING FROM A SLIGHTLY
ROUGH OCEAN

In previous. sections, the physical optics approxi-
mation was made which is valid when the radius of curvature

of the ocean surface is large compared to the radar wave

length. In this section we relax this assumption and
require that the roughness height be small (koz << 1)
and that the surface slopes be relatively small (vz < 1).
A smoothly-curving surface with small slope will satisfy
the physical optics radius of curvature requirement for the
high-frequency limit but eventually this condition will
fail 2.. the frequency is decreased.

Consider the scattering geometry shown in Figure 9.
For small surface fluctuations (S) about the reference ocean

surface (So), we expect small perturbations in the scattered

field. When So is illuminated by a plane wave

- A "~ A .
E (T) = (xAj+yA,+7A;) exp(-iK.%) , K = (k;.,k,/ky) (D1)

sl RN A kit

then the scattered field is (with So large and infinite

ocean conductivity)

ﬁs(f) = (-xAl-yAZ+zA3) exp[—i(klx+k2y-k32)] . (D2)
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This solution satisfies the tangential boundary condi‘ions

zxB=0 on Sor E= ﬁs + ﬂg
or

-z x B_(E) =z xE (&) - Rg°’ ; #es, (D3)

We can also view the above scattering problem in
the following way. The incident field ﬁé induces a magnetic

current ﬁ(o)

m ©On the surface So which gives rise to a field

above the surface. The total scattered field is obtained
by summing all such magnetic surface currents over So'
This is facilitated by using the magnetic dyadic Green's

function for a half planre

. expj-ik|r-r'|l /.. ..
E (F) = -2U«x f és { T+ F—;) -—-{————-" ]-(xx-l-YY) -ﬁéf’) @) .

an|E-7} |

(D4)
When the surface is rough the scattered fieid will be per-~
turbed from that given by Eq. (D4). We calculate the per-~

turbed field by finding the egquivalent surface currents on

So which account for the current on S at the height
L= gx',y') =.g(x]) .

The currents on So are found by using a perturbation

expansion of the scattered field in powers of the surface

Al et
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height . This expansion satisfies the boundary condition

n(2') x [E‘s(‘f') + ﬁi(f')] =0 .

‘h‘w‘vu it LA S e

Let the scattered field be represented by the series

Wit i

o

B (2) = Z g™y E™ e (D5)

n=0

i I
Wl \I‘n"h,u ol

where each ™ satisfies Maxwell's equations. In addition,

each term will be expanded in a Taylor series about ré.

To first order the scattered field is

Bl

B @ = 2@y + 0 2 2@y + 2 @y
20) (#1) = & exp(iR-¥') ™ R(1-ik,g) exp(-ik.E!). (D6)

With the equation for the free surface z' - (x',y') = 0,

the unit vector normal to this surface is to first order

~ ¥ | - 2=Xg YL, - A ~
n(f:) = v'(z _{) X _ Y = z-x _gix;_y_g_g?_ (D7)

| [9(z'=0) | |2-%g,u-¥eg.

When Egs. (D6) and (D7)are used in the tangential boundary

conditions

A,

Sx[x exp (-k-Z) +g0) (‘:’3)} =0
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we obtain

~ . > s+, 3 z2lo} ,»,, >(1) >
ZX{-1K3§A exp(-li ro) + Z 327 E (ré} + E Aré)}

= ({;x.+j;y.) x {K exp{-ii-?é) + g0 (;é)] - (D8)
From Eq. (D8) we readily calculate

z x (21 = 2[ik3;(§al_£zx2} + A3(§;y.—§;x.)] exp(-ik-T}) -
(D9)

The first order magnetic current is then
(1 "o S ~
ﬁm )(fg) = 2{x(—1k3;A2+A3gy,) + y‘1k3gal+A3§x,)] ex;{-i-;é} (D10)

which could be used in Eq. (D4) to calculate 21 ().
However, it will be more convenient to calculate the magnetic

field using

g @ = 2% as| 5+ L) c@-21). (obyy) X (B0 (D11)
s' T T Ian 2 -1yl - Locryy) .K (L.

o

Using the far field approximation to simplify the
Green's function in Eq. (Dll) along with Eqg. (D10), we obtain

for a —ectangular surface (So = xoyo}

2
kK"x vy ; x
(o) ,», _ 00 exp(—-inr) . o Yer °7° ~ N
-ﬁ (r) = Zriop Y s:.zac(ql E—)(I-II‘)- (1A2'331)

(D12)

where

kY

a0 A L A




A~

k,-kr.X , q, = k,~kr.y .  (D13)

d=xq +va, » 9 =k

Using the spectral representation for the random surface
displacement
. I 2 ~ ~
C(fé) = d@(z) exp('lK’ré) ’ E = xKl+YK2

)
and the vector B(¥) defined by

B(¥) = §131 + ¥B, = X(kyA +Ask,) - ¥(kjA +Agk)  (D14)

tihe next order term in the expansion of the magnetic field is

[+

2 . N AA A
(13 = 22k exp(-ikr) (*f-rr)fc:s exp(ikroz')fdw'é)'é{??)

27wy r
P e =+, S -C0
x exp(-i(k+k)+r
p (=1 (K+K) ¥} 0 (b15)
ar ing cut the surface integration in .. (D15), we find

for the integral terms, call it the vectior ﬁ(r),

[+ ]

~ i - x Y
B(r) = x.y, j de{¥) B(k) sinc {(ql-ncl) —2‘2] sinc[(qz"Kz) —29]

-

(Dle6)

and

[\

§010 () = 22k exp(-ikr) (‘Terr).D(r) - (D17)
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The radar cross section in terms of the magnetic

field is, to first order, § E

' 5
41!1‘2 <ﬁs zs>; 41;;'2 [IH(O) IZ + <|ﬁ(l) |2>] (D17) :

sammll o

b

g = 4
(1N _ o2 g 2

where <l:f > = 0 and HJ - —:—i EC . 1
The first order contribution to the cross section is 3

o1 = 4K (<|b’|2> - <|f.ﬁ|2>) (D19) 1

E

o E

where g
: )

IBI%) = (xyv,)° f {ao(® as" () BB

-
X Yo
x sine (ql-gl) > sinc (qz—Ké) 5 . (D20)
For a spatially-homogeneous spectrum of ocean surface waves

{as® a* (M) = at @' o(d) s(-2") . (021)

g O AT
B bt i o gty i
ki !

-
i

When Eq. (D21) is used in Eq. (D20) and the ocean spectrum
does not change too rapidly about 3, then the approximate

value of integral (D20) is
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<|S|2> = B |2 o(q) (2m 2 XY, -
Similarly,
<‘;‘312> = l;'ﬁ(f'f) lz o(d) (2m 2 XY, -

o(l) then becomes

(1) _ 4x?

nEo

zontal polarization with

From Eq. (D13)

q, = kl - krex = =2k sineo

Gy = k, = krey =0

and Eq. (Dl4)

kl = =k sineo, k2 = 0, k3 = =k cosg, .

o - B on? gy [|ﬁ(€z’) 12- 2.8 | ]ME).

(D22)

(D23)

(D24)

We now specialize to backscatter (f = -ﬁ) and hori-
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i = LI EN Sy

->
By (q) = kjA, + Ayq,

-k coseoEo

k3Al + A3ql

]
Q
L)

B, (d)

Substituting the above conuitions for backscattering in
Eg. (56) yields the first order incoherent cross section

per unit area for horizontal polarization

o 4 4
= 167 k cos 6_ &(-2k sing_,0) . (D25)
XY, o o

Next we specialize to backscatter and vertical polarization
for which Eo = ;Al + ;A3 and A2 = 0, all other quantities
being the same as in the preceding example. With these
values the incoherent cross section per unit area for

vertical polarization is

U(l)
XY

4 . 2 .
S = 161t k° (1 + sin 90)2¢(-2k 51ne°,0) . (D26)

Using Eq. (D12) for ﬁ(O), we determine the zeroth order,

or coherent cross section for both vertical and horizontal

polarization, to be

2 2 . .
= (kxoyo) cos e0 51nc(kxo 51neo) . (D27)
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E. QUASI-SPECULAR SCATTERING FROM VERY ROUGH SEA

When surface roughness is large compared to radar

wavelength (ko, >> 1), the scattered power becomes morc

incoherent. For krc > S,kr being the radar wavenumber 2n/Ar,

the coherent power is negligible. The following analysis

assumes that all scattering comes from specular reflections
so that the backscattered power is perfectly reflected and

consequently there is no cross polarization.

When surface roughness is isotropic, the correlation

length for surface waves is much less than either dimension

of the illuminated area. Neglecting multiple scattering

and shadowing allows for stationary-phase integration of

the surface scattering integral. This integration yields

the incoherent backscattering cross section per unit area:

4
o] sec 8
I_ o) tand 2
T SPtante/ B, (EL)
sea
where
20

-

@iea = TE is the mean square total slope of
the rough surface

2,2 2
2 = correlation length for p(r) = e © ¥z 1 - 5—2-
L

a
11l

[(x,-x,0% + (yl-yz)z]’5

for a Gaussian surface-height joint probability density.
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