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This report is the final one of a series describing our investigation of 3
the zffects of surface roughness on emlssivity and, in particular, of the re-

sults of our calculatic-~s of the microwave brightness temperatures of the sea.

T PRI

Prior to this study the on'y theory of rough surface emissivity was that of

i e g

Stogryn‘ who used, in the reake representation2 for the emissivity, a single~

Lk ant s e oy

scatter geometrical-optics approximation for the surface-scattered electro-
magnetic fields., To the resulting equation for the thermal energy emitted by
the sea surface was added the microwave energy originating in the atmosphere
and scattered (also in the single scatter approximation) by the sea surface.
The total energy leaving the surface (described in terms of an '‘apparent'' or
"brightness'' temperature) was evaluated by Stogryn for a variety of wind speeds
and observation angles, Stogryn's calculations provided the first insight into
the dependence of radiometric measurements on s:a state, polarization, and ob-
servation angle. However, it s readily shewn‘3 that Stogryn's theory gives
erroneous results for surfaces with appreciable roughness. Use of the simple
single-scatter apnroximation in the theory has been shown to lead to a non-

physical creation or loss of energy with the result that calculated emissivities

and sea brightness temperatures may differ significantly from the correct values,

The source of the inconsistency in the Stogryn method was identified and
a correct geometrical optics formulation was developed, first for a cylindrical
roughness model of the sea surfaceh and subsequently for a general two-

dimensional roughness model.5 It was shown in this series of reports by the

authors that: (1) the single scatter approximation is inadequate and it is

essential to include both surface shadowing and (at least) double scatter by the
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randomly rough surface; (2) the corrected theory, in marked contrast to the

Stogryn theory, conserves energy to a high degree of approximation; (3) the geo-

TR I W T

metrical optics theory, including shadowing and double scatter, provides rigorous

ot

s

upper and lower bounds to the effect of surface roughness on the emissivity and

LA

brightness temperature; (4) application of the theory to the sza showed that,

Atk

for wavelengths such that geometrical optics is appropriate, the effect of

A o S SR v Rl BN 4 A e

changing sea state on radiometric measurements can be calculated to a satisfac-
torily high degree of accuracy. The model used accommodates changing water E

temperature and salinity, varying atmospheric conditions, any sea state, all

NTRIN)

okservation angles, and hoth polarizations. An exhaustive series of computes

b gty o U

calculations were carried out to establish the dependence of measured sea

S

L AP e e A,

6
brightness temperature on all the possible variables. The effects of foam and
spray on total brightness temperature were excluded from the model because of

the lack of reliable experimental or theoretical data. Approximate semi-

A

empirical models for the effects of foam and spray can be readily incorporated,

TR

however, as was illustrated in the case of the earlier cylindrical roughness

nodel.’ ‘

,Comparison of the calculated sea brightness temperatures with experimental
6
values showed good agreement for wavelengths in the neighborhoud of 1 cm, while
for longer wavelengths discrepancies appeared. This is to be expected, for the

strict validity of geometrical optic requires the surface to have negligible

curvature over distancec of the order of a wavelength; with increasing wave-

length the surface wili ba increasingly structured over wavelength-sized
dimensions and deviations from the purely geometrical optics predictions would
result. The qualitative effect of surface height variations within a wave-

length (which we will refer to as ''small-scale structure") can be pred!cted.7
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The effect on a radiation fleld of surface structure of a given size decreases
with increasing wavelength; indeed, for sufficiently long wavelengths roughness
effects on scattered or emitted radiation must disappear entirely. Thus, for
longer waveiengths, an increasing fraction of the rough surface will radiate as
though it were smooth and the total roughness effect must diminish (assuming
there is no strong periodic component in the height spectrum which would pro-
duce resonance effects). This general diminution of the roughness dependence
of the emissivity is enhanced by the fact that the roughness parameter for com-
ponents of surface structure with scales larger than the radiation wavelength
Is the mean-square slope, and for the case of the sea surface the mean-square
slope associated with such large scale components is known to decrease with
increasing wavelength. This expected general decrease in sensitivity of the
sea brightness temperature to roughness, with decreasing frequency, was borne
out by the experiments of Hollingera’9 for frequencies between 1.4 and 19.4 gHz

and wind speeds of up to 14 m/s.

There are some additional theoretical and experimental arguments which
have been advanced regarding the dependence of the sea brightness temperature
on sea state for longer microwave wavelengths. The possibility exists that
the geometrical optics model will continue to apply, but with the roughness
parameter — the rms slope of the total surface — being replaced by a smaller
"effective'' rms slop2 which is wavelength dependent. This possibility, as
well as the form of the effective roughness parameter, was suggested by Lync;h‘0
who formulated a theory of rough surface scattering for wavelengths sufficiently
long that significant surface curvature may exist within dimensions of the

order of a wavelength He found that, except for near-grazing angles, the

scattered intensity is still described by the geometrical optics theory but

Hop sariibeste ity 5y
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with the actual rms surface slope replaced by a reduced rms slope whose value
3 depended on both wavelength and observation angle; the same behavior would carry

over to the emission problem. Similar conclusions were suggested by Hollinger

who showed that his data for the change in brightness temperature with wind speed,

at a fixed observation angle, could be fit by the geometrical optics theory pro-
vided one assumed an effective rms slope for the surface whose value decreased

with Increasing wavelength.

8 2T b Bl b 2B 2 N 0 I R L e B A T B F N A i,

However, to relate sea brightness temperatures to widely varying sea sur-

PO O

face, atmospheric, and measurement conditions with sufficient accuracy to permit

the use of a passive microwave system as a viable tool for remote measurement of

by v Rk

Rt

sea surface conditions, a more precise theory or model of rough surface emis-

sivity Is required. The geometrical optics theory, developed in our earlier

o A e

s,

) reports, is evidently adequate for frequencies of about 20 gHz and higher, but

for lower frequencies a more general theory is needed. The required generali-

M e

zation, which includes the effects of both large and small-scale surface

f 1

structure on sea brightness temperature, is described in this report. In Section

Il we discuss our general approach to the problem, the definition of the com-

I T IO

posite surface model, and the form of the wave height spectrum. In Section III
the theory of the emissivity of an anisotropic, slightly rough random surface

Is applied to a modeling of the small-scale sea-surface structure and some

s

numerical results are described. The equations used are a new re, :sentation
for the emissivity, correct through second order in the roughness parameter,

and are derived in the Appendix. Section IV contains a summary of the numerical

results using the complete composite surface model of the sea. The mode! is
shown to conserve energy at least as well as the geometrical optics model, and

the relation between the upper and lowaer bounds to the sea brightness temperature —

A i e s R e i DM R i
Hte i et il o
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developed originally in the context of the geometrical optics model — is shown

to be preserved. The extensive numerical calculations of sea brightness tempera-
ture which were carried out for the composite surface model are summarized, with
particular emphasis placed on the dependence on polarization, on frequencies in
the range 1.4 to 20 gHz, on observation angle between 0° and 90° nadir angle,

and on wind speeds from 0 to 20 m/s. In addition, comparisons are made with
results based on the single-scatter geometrical optics theory of Stogryn, the
sha&ow- and double-scatter corrected theory of ‘Jagner and Lynch, and the ex-

periments of Hollinger.

In this report we will lean heavily on concepts, equations, and results
develcped in our earlier reports and will refer to them freely without re-
definition or repetition. For example, the definiticn ¢f both the ''Peake
integral method,' leading to the upper bound on the t-uve brightness temperature,
and the ''direct emission method,' leading to the lower bound, may be found in
references 4 and 5; numerical results and conclusions based on both methods
will be found in reference 6. In the present study, both methods were ex-
tended to include small scale structure but because of the greatc uracy of
the direct emission method (a result established in ref. 6) all sea brightness
temperature values quoted herein were calculated using this method. The geo-
metrical optics equations aico form the basic mathematical framework for the
composite surface model. 1In this report we develop the modifications to these
equations, but the equations themselves are quite lengthy and are not repeated

here; they may be found in ref. 5.
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II. COMPOSITE SURFACE MODEL

For radiation wavelengths in the centimeter region there will be roughness
of the sea surface having scales larger than, comparable to, and smaller than
the radiation wavelength. The effect on the emissivity of swells and large
gravity waves can be satisfactorily treated by the geometrical optics theory
while small gravity and capillary waves require a perturbation analysis, des-
cribed in the next Section. Since only large and small scale roughnesses
(relative to wavelength) are amenable to analysis, we assume the total roughness
spectrum to be divided into two parts with each part treated by the appropriate
method. The small waves ride on top of the large waves so that the mean plane
of the random height variations over a small patch of emitting surface is not
the horizontal (z = 0) plane but is the randomly oriented local tangent plane
of the underlying large wave. The mean radiation emitted into a particular
direction is thereforz the superposition of the mean intensities emitted by
arbitrarily oriented c¢lements of surface area contiining the small waves,
weighted by the probabilities of occurrence of the possible oreintations
(i.e., by the two-dimensional slope density of the large-scale structure).

The addition of intensities emitted by contiguous elements is justified by
the incoherence of thermal radiation (note however that in the scattering of
thermal radiation some degree of interference is possible).

It is evident that the emission from the composite surface is described
in precisely the same way as in the direct emission method5 in the geometrical
optics model, provided (1) the emissivity of an element of surface area is
taken to be that of a patch of water containing small scale roughness instead

of the emissivity of a patch of smooth water, and (2) the rms slope is that of
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the large-scale structure alone rather than Fhat éf the entire surface. It was
shown in an earlier report6 that virtually all of the radiation reachfng an

observer arrives directly from the surface with at most a few percent reflected
by the surface between the t}me of emission a&d observation. The small gmission/

reflection contribution to the emissivity will be calculated for the composite

surface model as well. Since this second-order contribution is-a SPall cor=
rection to the first order (''direct emission") term, we may make a convenieﬁ} )
simplification in the calculation of the scattering by the 'small-scale s;rucfur;\
of the radiation emitted by v:her portions of the surface. Becadsq the wave- !
length is long compared to the roughness of the small c;mponent, the scattering
by an element of surface will be sharply peaked in the local specular Hifec%lon

(i.e., relative to the mean plane of the surface element). Since the nonspecular
1

component of the scattered radiation :Is quite small we mayimake the approximation
. H

that all the energy scattered by an element of surface area containing smal!-

scale roughness appears in the local specular direction. In other words, we

ascribe to the surface element an effective refléctivitylr; (i = the.polariza- .

tion index) defined by

= - I
re 1 - g : (1)

where s; is the emissivity of the surface element and contains the contributions . °

of the small scale structure (Sect. III).

I

Thus, once e; is known the emissivity of the total (composite) surface
may be accurately calculated from the geometrical optics equations for the

direct emission method, provided one makes the ‘following transcriptions. |If

e‘, ri denote the emissivity and reflectivity of smooth ‘sea water, then, wherever

these gquantities appear In the geometrical'optics equations, one simply makes

;
; 1 i
]

P
3‘
3
i
4
;




PR S W T WA

L e o AR

the substitutions

{

s

i i
oo . (2)

)
In addition, the rms slope of the total surface is to be replaced by the rms

slope of the large-scale wave structuie as the pertinent roughness parameter.

A.slight revision In the equations is also required because the quantities

e;, r; now depend on the direction of the wind, relative to the directions of

H 14 H
propagation and the local surface normal, whereas €', r' of course do not.

To the apparent emission temperature, calculated in this way, must be

added the scattered sky radiation to obtain the total sea brightness tempera-

. ture. The small scale surface structure will also affect the angular intensity

distribution of the scattered atmospheric radiation. That is, although the
radliation scattered by an element of surface area containing small-scale
structure will be sharply peaked in the local specular direction, a small non-
sp;cﬁlar component will appear in other directions as well. It would be de-
sirable to include the diffuse component in the single scatter term, although
It could well be neglected in the smaller double-scatter contribution. This
could in fact be done, although practical difficulties are encountered. The
radiation leaving a given surface element, into a fixed direction, can origi-
naFe from a large angular sector of the atmosphere because of the diffuse

componient of ths scattering coefficients. Thus a solid angle integration over

" all source directions is required for every possible orientation of the sur-

face element; averaging over all orientations then demands an additional
double integration. Thus a 4-fold integration (not counting those required

in the evaluation of the scattering coefficients themselves) must be performed
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simply to calculate the single-scattered atmospheric radiation. Doing so
would expand the present program beyond its intended scope, sc a simplifying

assumption will be made.

We assume, again, that all the energy scattered by the small structure
on a surface element is concentrated in the specular peak with an intensity
characterized by the modified reflection coefficient defined in Eq. (1). in
this way, and with the use of Eq. (2), the approximate effect of the small-
scale structure on both the single and double-scatterel sky radiation may be
calculated using the existing geometrical optics computer programs, provided
only that ei is known and that the mean square slope of the large-scale struc~
ture is used as the geometrical optics roughness parameter. Some error is
probably incurred as a result of this approximation. However, the longer wave-
lengths (3 a few centimeters) are th. region of our principal interest and,
presumably, also the region of maximum effects of the small-scale structure;
fortunately, it is also a region in which the intensity of the atmospheric
microwave radiation is relatively low so that the error in the sea brightness
temperature introduced by our approximation to the scattering coefficients is

also diminished.

The most accurate method of caiculating the apparent emission tempera-
ture, and therefore also the brightness temperature, was shown6 for the geo-
metrical optics case to be the ''direct emission method' (which led to the
lower bound on the true brightness temperature). This method will be even
more precise for the composite surface model, for, as we have already shown,
no approximations to the scattering coefficients are required to calculate the

leading (direct emission) term, while the second-order (emission/reflection)
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term is always sufficiently small so that our approximation to the diffuse
scattering by the small-scale structure, required in this term, wiil introduce
a negligible error in the emission temperature. In contrast, the ''Peake Inte-
gral method," which led to the upper bound on the true brightness temperature
in the geometrical optics case, is intrinsically less accurate for several
reasons. First of all, all terms in the expansion of the emissivity in terms
of increasing orders of multiple scatter are larger than the corresponding
terms in the same expansion of the direct emission representation; since third
and higher orders of multiple scatter cannot be readily calculated, their
neglect in both methods leads to a significantly larger error when the Peake
representation is used than for the direct emission method. Secondly, the
inclusion of small-scale structure is more difficult to do accurately, for the
largest (single scatter) contribution requires explicit evaluation of the com~
posite surface scattering coefficients; because of the magnitude of this term
a simplified treatment of the diffuse scattering [as in, for example, Egs. (1)-
(2)] is not advisable and a much more complex analysis is required. This Is
also true of the second-order (double reflection) term which is an order of
magnitude larger than the corresponding (emission/reflection) term in the
direct emission representation. Finally, it must be noted that since the
emissivity in the Peake method is derived from an integration over plane wave
surface scattering coefficients, the possibility of coherent interaction of the
fields scattered by the small structure lying on different surface elements

of the large-scale structure must be considered; in the direct emission method

this question does not arise.

For these reasons, the composite surface model based on the direct emis-

sion method is the one used for the calculation of the sea surface emissivity.

10
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further justification.

precise definition of the

defined as follows,

KS'(K,9) =

SRR RS TN TR R

-{

BT e A TR TR

However, for purposes of comparison, it was also calculated using the Peake
representation and the approximations of Eqs. (1) and (2), applied without
The method was also used for a test of energy conser-

vation, assuming a perfectly conducting surface.

We turn now to a consideration of the sea .urface spectrum and a more

"small'' and '"large''-scaie surface roughness. If the

height of the surface relative to its mean plane is given by a random function

z = §(x,y), then the covariance function is the ensemble average
Cixy) = Blx v Tlx, + x, v, + v)) (3)
and the vector wave height spectrum is its Fourier transform which may be
written in the form
S(Kx’ = —%-[dy dx C(x,y)cos(K x + K y) (4)
} e
A polar representation in K-space is convenient; with the transformations
Kx = K cosd
K = K si
Y sind
1
S(Kx,Ky)dede = S (K,$)KdKdd (5)

A one-dirensional spectrum S(K) and an angle-dependent factor F(K,®) may be

assuming the x axis lies parallel to the wind direction,

S(K,¢)
S(K)F(K,2), |®| < m/2
0 , ¢l > w2 . (6)

R
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The anisotropy factor is assumed to be normalized such that

n/2
[ F(K,9)do = 1 . (7)
-m/2

The ccmposite surface is defined as follows. All harmonic components of
the sea surface having wavelengths less than a few radiation wavelengths con-
stitute the small-scale roughness, while all harmonic components with longer

wavelengths are defined to be of large scale. Thus, if k = 21/ is the radia-

tion wavenumber and & a parameter to be specified, then the large~scale spectrum

is

(s(K) , K<ok

S,(K) = ¢
. \.0 , K>ak (8)
and the small-scale spectrum is
[0 , K <ok
S (K) = ¢ ,
S(K) , K>ak . (9)

The union of the two is then the total spectrum

S(K) = S,(K) +s.(K) . (10)

Two derived quantities are required. One is the rms height, g, of the small

scale structure which is obtained from

- = S(K)dK , ()
ok

and the other is the rms slope in the x and y directions Zx, Ey of the large

scale structure, given by

12
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¥ ok (/2
2 2 2 2
a2 I, = [dK K°Sg(K) | cos“0F(K,0) do :
b ‘o l-n/2 {
sok /2
¢ 23 = |dK Kzsz(x) sin0F(K,0)do . (12)

‘0 4-1[/2

7 BT

We note that for optical frequencies (k*®) Egs. (12) become the mean square

slopes of the entire surface and their values should agree, at a given wind

S RS 17 g, i o LN VL BB ¥

speed, with the experimental values of the upwind and crosswind slopes given
kf1|,12

TTTer
s~
ey

by Cox and Mun

The equilibrium spectrum is fairly weil known for low wavenumbers but
for larger wavenumbers, particularly in the short capillary wave region, there
is still considerable uncertainty in both the wave number and wind speed de-
pendence. Choice of a suitable spectrum therefore involves some measure of
arbitrariness. One form of the vector spectrum, continuous for all wave numbers,

was suggested by Pierson.‘3 We found, however, that the evaluation of Eq. (12)

e o A s

for optical frequencies gave slope values which were not in satisfactory agree-

A% tane

ment with the Cox and Munk results. A different form for the one-dimensional
g spectrum, S(K), was recently suggested by Wu,]h who reanalyzed the Cox and Munk

data in terms of a iogarithmic dependence of mean-square slope on wind speed,

and established new spectral constants for a Phillips-type spectrum. The Wu
spectrum has wind-speed dependent cutoffs at both low and high wave numbers,
plus a discontinuity at the start of the capillary range (Kc’b360m-l). One of

the three discontinuities was removed by adjoining to the low end of the Wu
13
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spectrum the form suggested by Pierson. In addition, the direction:iity

factor F(K,$) of Pierson was used to form the two-dimensional spectrum S(K),

n which is then

13
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Sy (K) 2 ! 2
, - 0.08 cos“d + 2.56 cos ¢ + (0.5 + 0.92 cos“¢
l - 2.56 cosh¢) exp(- %-gz/szu) , 0 <K<K
S(K) = ¢ 5 (k)
“ 2 (4 + cos?) Ke < K < K,
!
~0 , K, < K (13)
where g = 9.8 msec-z, W is the wind speed in meters per second, Kv = l.67x10-2ch2
and
§,(K) = 4.6x107K3 exp(~.74g% /M)
S,(K) = 3.15x107K73 (14)

These equations, together with Eqs. (8) and (9) define the ''small-scale' and

""large-scale'' components of the sea surface.

The parameter o may be retained as an adjustable parameter to secure a
best fit to the brightness tempesrature data. We chose instead to impose an
additional constraint to fix a and then retain this value for all the calcula-
tions. The argument used to establish this constraint is as follows. The
emissivity of a slightly rough surface can be evaluated through second order
in the perturbation parameter (ko). To rhe extent that ko is sufficiently
small that higher order contributions are negligible, this result will be exact.
We therefore choose to include as much of the surface roughness as possible in
the small-scale spectrum (i.e., a is to be as small as possible) while at the
same time satisfying the requirement that (ko)2 << 1., Evaluation of Eq. (11)

for a range of values of o led to the choice a = 0.2, For this o we found

14
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(Kc)2 n 0.06, a value which remained nearly constant [because of the predomi-
nantly K“3 dependence of S(K)] over the range of frequencies and wind velocitles

of interest to us.

III. EMISSIVITY OF THE SMALL-SCALE ROUGHNESS

The sotlution of Maxwell's equations for the problem of a plane wave inci~
dent on a randomly rough interface between two media was obtained by R!cels by

a perturbation method, for the case in which the wavelength is long compared to
the rms excursions of the interface from its mean (planar) value. An harmonic
representation was assumed for the components of the electric and magnetic

fields and for the random boundary surface. Application of the differential equa-

tions and the boundary conditions then ifed to algebraic equations for the

Fourier transforms of the fields on the boundary surface which could be solved
for each order of perturbation. Explicit first-order solutions, for both
horizontal and vertical polarizations of the incident field, and the second-
order solution for horizontal polarization were given by Rice; the second-order
vertical polarization result was later given by Valenzuela.'6 The spatial fields
can be reconstructed from the Fourier coefficients and the mean intensity of

the scattered radiation evaluated in terms of integrals over the surface height
spectrum. A half-space integration over all scattering angles, for a fixed
incident wave vector, then gives the mean total energy scattered by the surface:

applying a statement of energy balance then yields the mean surface emissivity.

Such a procedure for calculating the emissivity is exceedingly cumber-
some. However, the calculation may be considerably simplified. It is shown
in the Appendix that the mean polarized emissivity, e;, may be expressed

directly in terms of the Fourier coefficients of the scattered field and the

15
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surface height spectrum. The equations derived there are for the case In which

the z axis is normal to the mean plane of the surface and the observation direction
lies in the x~z plane; the horizontal and vertical polarization components of

the emissivity have the usual definition relative to this choice of coordinate

axes,

It is necessary to transform the exprezsions for the emissivity components
to an arbitrary orientation of coordinate axes, for the ''mean plane' of the
small-scale structure is to be an (arbitrarily oriented) clement of surface area
of the large-scale structure. A coordinate system has already been defined by

5

the geometrical optics equations: the z direction is normal to the mean plane
of the entire sea surface, while the x direction was assumed to be parallel to
one of the principal axes of the slope distribution, that is, parallel to the
wind velocity vector W. Now a local x', y', z' coordinate system on a surface
element is defined such that z' is the direction of the normal, fi, to the ele-

ment and ;' is normal to the plane defined by z' and the wave vector k pointing

toward the observer:

N
[ ]
3D

v' o= 2" x k/]2! x k|
X'om oytxz (15)
Now, the wind velocity at the surface is presumably parallel to the plane of

the surface element, therefore we take the direction of the wind velocity vector

W', in the local coordinate system, to be
W= (20 x W) x 2/]2 x W] . (16)

The angle Y between the local wind vector and the local x direction is given by

16
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cosy = W'oex' . an

Since Y ¥ 0, in general, the directional wave spectrum of the small struc-

ture, given by S(K,$) in Eqs. (13}, transforms on the surface element to
Sw(K’¢) = S(K,¢'X) . (18)

I $,S, are the slopes of the surface element in the x and y directions, kr

Lt A I AL bl b o S it N N 0 AR A R

the x-component of E, and © the angle between k and the local surface normal,

then it may be shown from the preceding equations that the random variable Y ;

is given explicitly by

sxcos@ /<+s +52

2
7 Xy, (19)
2.2 Z

?+sx+sy !+xy sin®

cosy = kx +

Since the emissivity equations in the Appendix refer to a local coordinate

system, the spectrum (denoted by W(K) in the Appendix) must be taken to be S¢’

glven by Eq. (18),

Finally, the "horizontal' and ''vertical" polarization components of the 3
emissivity alco refer to the local coordinate system. The transformation to 3

the fixed xyz coordinate system of the observer is also required and is gliven

by
sh = af e'v + b% e'h
e’ = bf eV + a% el (20) :

where a, and b‘ were derived in an earlier report [Egs.(5.13)-(5.16) of ref. 5].

This completes the specification of the equations required for the com-

PN putation of the emissivity and brightness temperature of the sea surface in the
composite surface model. Results of the computations are discussed in the next

Section.

17
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Before leaving the topic of the small-scale emissivity, we shall descr' e
some of the numerical results for the zase of a surface having only small rough-
ness. In this case the mean plane of the surface is z = 0, the local and ob-
server's coordinate systems coincide, and the emissivity equations of the
Appendix apply without transformation. The emitting medium is assumed to be
sea water and the spectrum to be the small-scale spectrum defined earlier,
with a low-frequency cut-off of 0.2k. The equations were evaluated numerically
for observation angles of 0-90° measured from nadir, azimuthal angles of 0-90°
relative to the wind direction, wind speeds of up to 30 m/s, a selection of
frequencies between 1.4 and 100 gHz, and both polarizations. The parameter o
was fixed, as described earlier, at a value of 0.2. The perturbation parameter
(ko) was relatively constant over most of the range of the parameters although
at the higher frequencies and for large wind speeds it increased in value to
a point where the validity of second-order perturbation theory may be question-

able (e.g., at 100 gHz, W = 14 m/s, ko v 0.6).

Since the flat surface emissivity of sea water is well known we shc only
the roughness effect, Ac = € (rough) - € (flat), in the accompanying figures.
Figure 1 shows the dependence of Ac on observation angle for H polarization,

v = 1.4 gHz, y = 0° (upwind observation), and winds of 3, 4, 8 and 14 m/s.

The maximum roughness effect shown would correspond to a change in effective
emission temperature of abtout 2°K. Figure 2 shows the same cases but for cross-
wind observation, ¥ = 90°; a somewhat greater roughness effect is indicated.

It was established that for all frequencies, polarizations, wind speeds, and

observation angles the dependence on fetch angle ¥ is given by

be(y) = Ae(0)cos®y + Ac(90) sinly . (21)
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Unless otherwise indicated, the remaining figufes will pertain to the case | ’

Y = 0°, Figures 3 and 4 show the roughness effect for H bolarizaticn at fre- \ i

quencies of 8.34 and .14 gHz, and Fig. 5§ that for 100 gHz. For 100 gHz, as ;tated H
earlier, the perturbation results may not be .very acchrate for W 2 14 m/s; never-

theless, it is worth noting that thelcurves, at least to the'left of the péak, \ ;
: | p
are essentlally the same as those given by the geometrical optics theory for the

same surface, The dependence on frequency is shown in another way in Fig. 6 for
. ) .

a flxed observation angle of 6 = 55°, ) :

4

Al Ui 82

A more complicated behavior is demonstrated'by the vertically polprizéd

radlation, as is shown in Fig. 7 for a frequency of 8.34 gHz and winds of L, 8,

b2 K AR

)

and 14 m/s. At large nadir a;gles the rough surface would appear to be much
colder than the smooth surface. The roqghness effects tend té in;réase’with
Increasing frequency fér vertical ;olarization aiso; in Fig. 8 s shown, on 5 : 2
different scale, the region 6 2 50° for a frequéncy of 19.35 gHz. As in the =
geometrical optics case for vertical polarization there is a tendency for Lhe ! %
emisslvity to be insensitive to surface‘roughness for angles in the neighbor-

hood of 60°.

For the shorter wavelengths the structure of the spectrum itself:begins
to have a more prominent effect on‘the_emissivity.' The peak in the capillary
range Is approximated by a discontinuity at K = Kc so that as:th; windlspeed
increases the high frequency cutoff, Kv’ of the spectrum will iie fﬁrst bélow, %?
then above, the discontinuity; as a result the emissivity, obtained from an '
integral over the spectrum, will show a discontinuity ié its derivative with
respect to W when Kv = KC’ i.e., at W 8.25'm/s. - The 6ccurrence of this ef-

H \
fect may be seen, for example, in Fig. 4 which shows a relatively large change

in Ae, between wind speeds of 8 and 8.5 m/s. It is also evident from Fig. 9 which
] + I
shows the roughness effect as a function of wind speed for fixed observation

2] ‘




TR ST T S eI e e nsan sy

i

5
.
s .0

RS Y AL

Lt g

LAY TE LS S R U )

8.36 GHz
HOR POL

W =20 m/s

14

10

APt

L3 ke it s

b Lol

URPLI PSP

it a1 o e L K s 3 s g e

Tl b Ak Bk,

10

20

Fig. 3.

30 40 S0 60 70

Roughness dependence of the emissivity of a slightly
rough surface. v = 8.36 gHz, horizontal polarization.

22

80

90°

Al e <ol A i

T R T

otk

ST s e
i

.
.
,
iﬁ?
f
uat



pLIN G 3 S oo g Ao Tk fa =2 MRS (b U L 2 eed

R M e,

0.020

¥ 14 GHz
. £ HOR POL

4
!
3
Fd
3
%
£

P

00015 —

il Al v it e oo eS| o

Dbl g

W =20 m/s

0.010 |- 14

AeH

P T———

0,005 |-
8.5

\.
S 4 o Sk A et

Lo et
AP

8.0

BAUND A TS e 0 R R e A BT T 1y

Ltaatis
b

—

.

.

Y i

0 10 20 30 40 50 60 70 80 90°

Fig. 4. Roughness dependence of the emissivity of a slightly
rough surface. Vv = 14 gHz, horizontal polarization.




R LS AT e AR el R SRt s e

T AR PRI IR PO T R IR TR R N WSS TR ROy

R e A L T L e

T

S
[
3
0.04 1~ 100 Gz
, HOR PO!,

Srtewr ok e RO RN

DX RS BN IR S SO TN

e al

LSy Seran

o MA sl bk TR T

S

DX S

Fig. 5.
rough surface,

Roughness dependence of the emissivity of a slightly

90°

v = 100 gHz, horizontal polarization.

143%‘4.\“ .




aﬂ. R MR A - g e R e e A G e T eIl L 8 T E Byt e i s i e e e e e TR P T AT R R =

w

T

F 2 iyl

| el ot b

001

*spaads puim
snojieA pue ajbue uO)ILAIASGO paxij e Idejans ybnod
Alaybiys e jo A3iAlssiwad a3yl jo asuapuadap Aduanbauy -9 614

(ZHO) ADNINDIYS
o1

T T

S/WOZ=M

«55 =0
T10d TVANOZIYOH

bt el Lo et

TR

£13H9V

LS

25




l&e\,

- 0,02

- 0.04

- 0.06

RATTARY

8,36 GHz

VERT POL
a)W= 4 m/s
bhw= 8 m/s
c)W =14 m/s

10 20 30

Fig. 7. Roughness dependence of the emissivity of a slightly

rough surface. Vv = 8.36 gHz, vertical polarization.

40

26

90°




R e it e e e biindinn - e e s

3
-
. ¥
3 ¥

- &
- 13
3 4

3 t

3 A

2 0.01
:
E;
: A
; |
B C
-0,05
> 19.34 GHz
3 VERTICAL POL 5
- (AY W=4m/s 1
(B) W=8m/s )
(C) W=14m/s
E -0.10 |- E
| L 1 | | | |

50 60 70 80 90°

Fig. 8. Emissivity of small scale structure at large angles
for 19.34 gHz, vertical poiarization.

Fn A TIERRERIPIIN i it o amepn | N
’




BRIt §

TR L T A ey

Tl RS

4

7]
2

0c

*wna3oads

9Y3 Ul S2131NUIIUODSIP WOoLY BUII|NSDL SIAIBALLDP
snonui3luoos!p ayjl Huiieazsnyy ‘oibue paxiy e
‘paads puim yiim AllAl1SsSiwe ajeds-|ews u} abuey)

(s/w) M
9l Al 8

]

o0

0SS =

0

10d JOH
ZHO LP°L

M _z,%&&_&.“@

iy

™




P A L T R e A O Y T X T Ay (T T S B VT AV Y o O S P A D Y S " Ty w04 £ e L a3y

ouh N e o0 SRS

(485 a0 At S, @ a2

~ . angles of 6 = 0 and 55°, at a frequency of 1.4 gHz and horizontal polarization.
At very low wind speeds the rapid drop to zero of the curves in Fig. 9 Is a
consequence of the wind-speed dependent high frequency cutoff, Kv’ diminishing
to the point where it is smaller than the low-frequency cutoff, 0.2k, assumed
for the spectrum; the roughness effect is then identically zero. This, of course,
Is a cirect result of our assumption of the existence of a low frequency cutoff
for the small-scale spectrum and is not a real effect; in reality, the curves

of Fig. 9 would presumably pass through the origin. We note that in the com-

posite surface model this effect will not occur since the portion of the total

spectrum excluded from the small scale spectrum (values of S(K) for K less than

Al N P e b

the smaller of 0.2k, Kv) are automatically included in the large-scale spectrum.

b A A

Under certain conditions the discontinuities in the spectrum will also

manifest themselves in the variation of Ac with 6, for fixed wind speed. To

e RAS A

show this we note that, for a given frequency and wind speed, the integrations

over the two-dimensional spectrum in the emissivity equations (given in the

Appendix) extend over a fixed annular region of Kx’Ky space, However, in these

A2 A A SRR

equations the spectrum is not centered at the origin but is displaced from it
by an amount which increases with 6 and k. Thus as & increases from 0° a

<ircle of discontinuity moves across the K plane and eventually intersects the

a2 AT fn < % 2 e A

integration annulus and, as 8 increases further, passes on through. The emis-
sivity will show an effect of a discontinuity in the spectrum for that range
of 6 for which an intersection exists between the circle and the Integration i
annulus. This is illustrated in Fig. 10 which shows Aev vs. B at a frequency

of 19.35 gHz. The hump in the curves at small angles czn be traced to the :
discontinuity at K = Kv associated with the onset of the capiliary range. At %

the low wind speed of 4 m/s the discontinuity having the principal effect is
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that at Kv; It occurs at larger values of © In this instance and produces a
small peak at “55°. For 6 5 50° there Is no contribution of roughness to the
emlssivity since the spectrum, in this particular case, will not overlap the

Integration annulus. To what extent these effects are model-dependent is not

known but should be investigated; in any case, they appear to be small and will

produce a variation in apparent emission temperature of less than 1°K, E

IV,  SEA BRIGHTNESS TEMPERATURES

Before applying and using any model it is advisable to test it for in-

ternal consistency. A necessary condition for the validity of a scattering or

emission theory is that it conserve energy. |t has been shownh’s

that an equi-
valent condition is that the emissivity of the emitting surface go to zero as
the conductivity of the medium becomes infinite. This condition is always

satisfied for the direct emission method since the emicsivity of every surface

element (i.e., the emissivity of a slightly rough surface) may be shown to be

zero for a perfect conductor. While the composite surface model using the
Peake representation was not used for emissivity calculations, except for pur- 1
poses of comparison, essentially the same model was used to evaluate the scat-
tered atmospheric radiation. Calculating the emissivity of a perfect
conductor leads to the results shown in Fig. 11 [curves a.) and b.)] for a
frequency of 1.4 gHz and a wind speed of 14 m/s. The results are quite good

with the maximum departure from exact energy conservation being 0.015 for the

scattering model. For comparative purposes, the result for the purely geo- i
metrical optics model is shown in curve c.). (The corresponding calculation

using the non-energy-conserving Stogryn theory was reported earlier.)3
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Two other results concerning the relationship between the direct emission
method and Peake integral method are of interest. First, as in the geometrical
optics model, the higher-order multiple scatter contributions to the emissivity
were found to be an order of magnitude larger (for H polarization) in the Peake
method than in the direct emissicn method, implying a correspondingly greater
sensitivity to approximations which must necessarily be made in the difficult
calculations of the higher-order effects. Secondly, it was proved theoretically
for the purely geometrical optics theory that the Peake method gave an upper
bound to the efrects of surface roughness on the emissivity while the direct
emission method gave a lower bound.5 Surprisingly, the same relationship be-
tween the emissivities calculated numerically by the two methods was also
found to hold, without exception, in the composite surface model. Whether the
existence of the bounds in the present mode! is simply a consequency of the
speclfic details ascribed to the model, or whether the proof of the existeince

of the bounds is actually valid outside the domain of geometrical optics, is

not known at this time.

The roughness parameter in the geometrical optics theory is the rms slope
of the entire sea surface, as given by the Cox and Munk equations, while for
the large-scale component in the composite model it is the rms slope of the
large structure alone. From the definition of the large-scale spectrum it is
evident that as the frequency decreases the rms siope will steadily decrease
from the Cox and Munk value. The dependence of the large~sé§le rms slope on
wind speed is shown in Fig. 12 for freauencies of «, 100, 19.35, and 1.4 gHz.
At low wind speeds there is little differsnce in the wind speed dependence
except for the lowest frequencies. At W = 14 m/s, the rms slope at 19 gHz is

about 0.67 of its geometrical optics value while at 1.4 gHz the ratio is ~0.55.

33




ORI W e T S nere T RTg e wATC e AT R N ST 1w e s -~ R T S JFC IO U PR ICU [T P T
3 4
J .

=Acuanbaaj pue paads pulm JO uolIldUNy e se
ssauybnos eas ajeds-abaej jo adois atenbs uesw 100y -z| ‘614

.

T

PR AT

L NEARTE

s/w M
€ sT (¢4

VA

=Y

EEESETTERT

TN

b 18}

6t

ZH9D 001

3d01S 3TVvIS-39¥V1 SWY
34

r@.&.m,u‘ E?E?z PR N

sl W g £ N U b il dyi Lo




— ] egiere b TR, TTEP R
T T I R e R e T T P T T A RS VAT AT SRS R T A T e T 113

I¥ the small-scale roughness had no effect whatever on thezem!ssivlty, then

the frequency dependence of the brightness temperature‘would be descrlb?d by,
Fig. 12. That is, the microwave sea brlghtnéss temperature would be accurately
described by the purely geometrical cptics model but w}th an effegt!vélrms
slope given, at a partlcul%r frequency énd wind sbeed, by fig. 12, As willibe
seen later, this is approximately.what does in faék occur, at least at :the i
lower frequencies where the effect of the small structure is ;ot }arge. At

19 gHz the reduction in the large-s;aie slope’(from the geometrical optics
value) tends to be compensated for by an increased effect of the small-scale
structure so that the net departure of the br%ghtness temperaturs: from:the !

purely geometrical optics resultlis not:large.

Sea brightness temperatures were calculated numerically fori6 frequeneles
! i .
between 1.4 and 19.35 gHz water temperatures éf 283, 293, and 298fK, v;rioﬁs '
salinity values between fresh and very saline, and atmospheric huyidity:values
corresponding to dry, average; and humid atmogphéfes. The depenqence on ?Il
the parameters except frequency, polarization, and, wind speed differ only in
negligible detail from tha; given' by the geometrical optics model. Since Fhese
have already been reported6 we shall h;re be ;oncerned cnly with the de-

pendence on those parameters for which the brightness temperéture sths a

significant departure from the geometrical optics results.

1
'

All the values quoted in the remainder of th}s report refer, unless'
stated otherwise, to the case of an atmosphere of aver;ge humidity, water
temperature of 20°C, salinity of 35 ppt, and a plane of observation parallel
to the wind direction. Since it is not poésiple to present, even in summary
form, the results of all the éomp&tations at all frequencies, oply selected

results at those frequencies for which data is available wil) be considered. .

1
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Figures 13 - 18 show the dependence of the sea brightness temperature on

' observation angle for various wind speeds, at frequencies of 1.41, 8.36, and
19.34 gHz and both polarizations. Comparing with the corresponding figures for
the geometrical optics mode! we see that there is no qualitative difference

l‘between the behavior predicted by the composite surface and geometrical optics
models, except perhaps for an increased sensitivity to wind speed at 19.34 gHz

for wind velocities greater than 8 m/s. A detailed comparison between the two

models is shown in Figs. 19 - 30 for the same frequencies and polarizations

and wind speeds of 8 and 14 m/s. Except possibly for large observation angles,
Fhe coﬁpos!te surface model predicts brightness temperatures which are some-
lwhat larger than those calculated with the geometrical optics model; the dif-
., ference Is about 1°K at the lower frequencies up to about 4°K at the highest
frequency. It may be shown that at the low frequencies the reduction in the
! ! rmg slope (from the g.o. value) associated with the large-scale roughness
componeﬁt has a negligible affect on the brightness temperature (except at very
; large angles) while the small-scale component adds a small (generally positive)
'contribution. For vertical polarization and large angles there is a competition
between a decrease in the emissivity due to the small-scale structure (cf.
Sect. III) and an increase due to the effect of the reduced large-scale slope
‘ on both the emissivity and reflected atmospheric radiation. One would expect
. that If the angle dependence of the diffusel& scattered sky radiation were
explicitly taken into account (cf. Sect. II), the brightness temperatures at
nadir would increase further, due to the large-angle scattering of radiation

from the hotter reglions of the sky, while those near the horizon would be

- £ _ reduced; this effect is not expected to be large, however.
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Figure 31 shows the wind speed dependence of the horizontally polarized
sea brightness temperature at a frequency of 19.34 gHz and an observation angle
of 55°; AT in this figure is defined to be the difference between the brightness

temperature at wind speed W and that at zero wind speed. The solid curve Is

; that calculated with the present theory, while the experimental points were

reported by Hollinger.8 The error bars on the right of figure represent the

faehe e diiges ittt e A MDY b U

expected uncertainty in the data, as quoted by Hollinger. Experiment and theory

appear to agree, within the experimental error.

In Fig. 32 is shown the change in the percentage polarization, P, with
wind speed, where P = 100 x (TV—TH)/(TV+TH). The solid line represents the

theoretical values while the dashed line represents Hollinger's linear fit to

& his data. The two appear to be in agreement over the range of mearured values.

However, if the percentage polarization P, rather than AP, is compared with
experiment, a constant difference of several percentage points is revealed,
even for zero wind speed. Although a slight swell may remain at zero wind
speed, a simple flat surface calculation — independent of any theory or model

of surface roughness effects — shouid nevertheless correspond quite closely to

the measurements. This is not the case and the reason for the discrepancy is
not known, although a slight poiarization mixing in the antenna might be

suspected.

In Figure 33 we show the wind speed dependence of the vertically polari-
zed brightness temperatures at a fixed observation angle of 55° and for the
three frequencies of 1.41, 8.36, and 19.34 gHz. For the corresponding measure=
ments of Hollinger, which are not shcwn in the figure, we refer the reader to

reference 8. Hollinger fit his data with straight lines and quoted values of
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the slopes of the lines at the three frequencies. Because of the obviously 4

nonlinear behavior of the theoretical curves it is difficult to assign a ‘

; e single value to d(ATVdW. However, examination of the data points and thelr ]
F expected uncertainty show the theoretical curves o/ Fig. 33 to lie well within ,
; the range of the measurements. A




V. SUMMARY AND CONCLUSIONS

The second-order geometrical optics theory of emissivity and brightness
temperature of a rough surface is extended to low frequencies by the intro-
duction of a composite surface model in which the diffraction effects of surface
roughness smaller than a wavelength are explicitly included. The total surface
height spectrum is divided into a large-scale and a small-scale spectrum, with
the separation point determined by the radiation frequency. The small-scale
spectrum is assumed to describe the surface structure residing on a surface
Yelement of the large-scale structure. Equations for the emissivity of the
small structure are derived using second-order perturbation theory. This
roughness-dependent emissivity replaces the elemental smooth surface emissivity
in the geometrical optics equations; the effect of the large-scale roughness
Is described by the same equations but with the roughness parameter now
determined by only the large-scale spectrum. The composite surface model Is
shown to conserve energy to a high degree of approximation. The ''direct emis-
sion' method of calculating rough surface emissivity is used to evaluate
horizontally and vertically polarized sea bright brightness temperatures over
a wide range of frequencies, wind speeds, water temperatures, salin!ties, and
atmospheric conditions. The results are compared with those of the purely
geometri-al optics model and the differences are shown to be no more than a
few degrees ($ 4°K) except for very large observation angles. Significant
differences R 1°K) do occur for all frequencies, both polari.ations, and most
wind speeds. Thus for applications which require calculations of this accuracy,
use of the composite surface model is indicated. Theoretical and experimental
sea brightness temperatures for both polarizations, three frequencies, and a

range of wind speeds, are in good agreement.
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APPENDIX — EMISSIVITY OF SLIGHTLY ROUGH SURFACES

In this Appendix we derive the equations for the emissivity of a rough
surface whose height variations are small compared to the radiation wavelength.
Expressions for the scattered electromagnetic field, defined as the difference
between the total field and that due to a smooth plane, are used in a statemMent
of energv conservation to yield an '"optical theorem' for rough surface scatter-
ing. This equation expresses the smissivity as a sum of the flat-surface
emissivity plus terms depending on roughness. Use of a Fourier integral repre-
sentation for the scattered fields then provides an equation in which the emis-
sivity is expressed directly in terms of the Fourier coefficients of the
scattered fields. Perturbation solutions for the Fourier coefficients, known
through second order in the perturbation parameter, are inserted into the
emissivity equation, and averaging over an ensemble of surfaces having random
surface height variations then leads to the desired equation in which the
emissivity is given explicitly in terms of the two-dimensional surface height

spectrum cf the suiface.

I. Asymptotic Limit of the Field

We consider a plane wave incident on the rough-surface boundary,
z = g(x,y), which separates the source medium from a dielectric with index of
refraction n (Fig. 34). The electric field satisfies the vector Helnholtz
equation

VxVxE-kE = 0 (1.1)

everywhere above the surface. We first consider the case of horizontal polari-
zation. Then, if the directlon of incidence is chosen to be in the x-z plane,

the following Fourier representation for the electric field applies:

h ~ '] . AY . l. h
E"(r) y[exp(nl:o r) + Rh(coseo)exp(nbo f)] + Esc(:) , (1.2)
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where o _ o ' . . ‘ g
h h . . :
Ecc dex l:Ky A (Kx.,Ky)exp[I(Kx X +Ky y+sz)] A (1.3)
-00 -0 | ! y
with
2 2 2% 2.2
- - - ‘ | ]
b = (k=K KY) b (KDY <k
3 h :
IS S N 2,2 oo _
bK = |(Kx+Ky k) ., ‘(Kx+Ky) > !k . . ; (1.4)
and

k = k(-s.ineo x - cosé° z) 3 ' L |

= k({-sind_ x + cos® 2)
o o

('1 .5)

. }
The first term in the expression for the field is the flat-plane scattering

result with reflection coefficient Rh' A perfurbation expansion for the Fourier
coefficients, valid when both the surface slope and the ratio of surface height

to wavelength are small, was derived by Rige,‘sand the first few terms may be

found in Sec. !1l of this Apbendix.

The asymptotic form of Eq., (1.2) determines the scattering coefficient. - )

We first introduce .polar coordinates in Eq. (1.3) and then wirite

h _ h, h _ b ' !
Bse = 91t ’ ' (1.6)
kgom ’
ﬂ? = |dK K |dw eh(Kcosw, Ksinw) [exp iK(xcoswtysinw)] 'x ! : ,
‘o o , %
x[exp i(kz-Kz), 2] , (1.7)
[ r ' o ' "
]
ﬂ; = |dK K {dw eh(Kcosw,Ksinw)Eexp PK(xcosp+ysinw)] X ’
‘K ‘o 2 2 b
x exp[-(K"-k%) 2] . ,(1.8)

1
i




The following relation‘7between plane wave and spherical waves holds in the

‘for the delta function which multiplies the incoming spherical wave is always

We change integration variables in Eq. (1.7) via the transformation K = ksiny

k]

and, also, we introduce spherical coordinates (r,0,6) for (x,y,z):

' 2r /2
| J? ¢ de ,dY sinY cosy Ah(ks‘nY°°5w»kSianinm) explikr(ker)] ,

(o] o

(1.9)

1
where

Cker cosy cos® + siny sin® cos{w-9) . {1.10)

asymptotic limit:

exp[ukr(k*r)] (nkr) (6(1- k°r) exp(ikr)- 6(1+;°:)exp(-ikr)] ()

rrc

By substitution of Eq. (1.11) into Eq. (1.9), we then obtain

N — (Z"k) (cos) A (ksinBcosd,ksTnBsing) 1352-1511— , (1.12)

~1 r> o

zero for the integration range 0 <y < n/2.

The remaining quantity, Jg, contains a dying exponential factor. Because

of this exponential factor, the magnitude of fg can be shown to drop off at least

as rapidiy as 2-2, when z is more than a few wavelengths above the medium plane.

The dominant term in the asymptotic region is therefore ﬂh. Thus, from Egs.

(1.2), (1.6), and (1.12), we have

CEMe) =, vieplik o r) + R explikor) (k) LeRUkA) ()
where
h an h, L
F (5,50) =  (==) (cosH) A" {ksinBcosd, ksinBsind) . (1.1b)
{
$
64 ;




Wy

.

e -

- SRRy Ve 4

L AN, MAAVED o

AN e b v g

Similar results apply for vertically polarized incident radlation. We

will describe the vertical polarization state by the magnetic field. Then, the

equations analogous to Eqs. (1.2), (1.13), and (1.14) are

II.

v A
Hi(r) = y[exp(ibo E) + Rv(coseo) exp(ilj0 [)]
+ [:Kx [:Ky QV(KX,Ky) exp[i(Kxx + Kyy + sz)} , (1.15)
-0 -00

EV([) — ;[exp(IEO-E) + Rv(coseo) exp(;E;.E)]+£V(E’Eo)[exggikr)] ’

r+ o
(1.16)

Flkok) = () (cosd) AY(ksinbcoso, ksindsing) . (1.17)

Optical Theorem

We first take the scalar product of Eq. (1.1) with E*, then subtract the

complex conjugate of this operation and, finally, integrate the result over the

region bounded by the rough surface and a hemisphere of very large radius. The

application of the divergence theorem yields the surface ‘ntegral

where

[d§°§ = 0 , (2.1)

N = %Re(Ex!j*) . (2.2)

Equation (2.1) may be rewritten as

{dg-rj - [dg-g , (2.3)
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where S represents the hemisphere, p is the rough surface, and T is the total
surface. Equation (2.1) is a statement of energy conservation; i.e., absorption
and scattering by the rough surface must balance the incident energy flow. This !

means that the left-hand side of Eq. (2.3) must be proportional to the incident

power minus the total scattered outflow. Indeed, the substitution of the usual

asymptotic form of the scattering solution,

(1) == v explik or) + £k, ) Lexelikr)] (2.4)

r+ © ’

into this integral yields

I = Jd§'§h (2.5)
S
-So h
= Z—U—E[] - |dSty (E’Eo)] (2.6)
o
U
o _h
I = 'z—u—-ae ( I-SO) . (2-7)
o
The quantity y is the scattering coefficient; it is defined as
s yMok) = |00k | (2.8)
o] <o T L %0 . .

Here, the power incident on the segment of rough surface subtended by the hemis~
phere S (of radius r) is unit intencity times So’ the projection of the surface

area in the direction of incidence:

2
S° = 1r coseo . (2.9)

Finally, eh(-go) is the horizontally polarized emissivity of the rough surface,

2
with Eq. (2.7) following from Eq. (2.6) via a theorem due to Peake. Equation

(2.7) can be written explicitly in terms of the fields by use of Eq. (2.2):
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E:

g “uc %
eh(-ko) = <> Re Ids-(ehxnh ) . (2.10)
3 ~ o ~ ~ ~

S

ke siad o ilal kads

We now proceed to the derivation of the optical theorem by the substi-

gl

g ! tution of the asymptotic representation Eq. (1.13) into Eq. (2.10). This ap-

3 proach insures a nonzero interference term. The asymptotic magnetic field, Hh,

Is determined from Eh via Maxwell's equations:

h —_ ~ A . ~y A (1 .
uc H (kox y)exp(igo r) + (kox y) R, explik r)

ro o

+ IF x Bk ) plexeliko] (2.11)

O IA
VoA

Three sets of terms then arise from the cross multiplication in Eq. (2.10). The

first set, involving products of plane-wave terms only, must lead to the flat-

plane emissivity as roughness effects are contained only in Eh. The second set é
of terms describes interference between the specularly scattered plane wave and
the outgoing spherical wave, with the result that the scattering coefficient is
evaluated in the specular direction. The third set contains the single term

representing the scattered intensity. After some algebra and frequent ap-

plication of Eq. (1.11), we arrive at the following result: é
:j
h 2 bw o rx Soehpt ;
e ( k) 1 - IRh(coseo)I + (Egglﬁ)nﬂﬁh(coseo)[y F (EO,EO)D ;
3
1 hp ? 2 ‘“
-5 Jdﬂlf (kr,k )| ™ (2.12)
°y

The angular integration is over the upper hemisphere.

The first term in £q. (2.12) is the emissivity of a plane surface. The

remaining two terms describe the effects of surface roughness. A check on this

ok el S i) LI i L Y .

result follows from consideration of a perfectly conducting surface. Then, by
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Ktrchhoff's law, the emissivity must vanish because the absorptivity is zero.

Since Rh = -] for a perfect conductor, Eq. (2.12) reduces to

- A hy h, 2
—— odmly-Fl(k k)] = |dR[F (kr,k )|™ . (2.13)
U
This is the expected optical theorem for a conductor; the minus sign in Eq.(2.13)
arises because it is the reflected plane wave which interferes with the spheri-

cal wave.

Finally, we relate the emissivity to the Fourier transform of Sec. I
by substitution of Eq. (1.14) into Eq. (2.12). Because of the choice of the
magnetic field to describe vertical polarization, Eq. (1.15), the same formal

relation between emissivity and Fourier transform holds for both polarizations:

i ~ 2. 82 £ A
e (-Eo) = [I-IRi(coseo)l ] §::- (coseo)Re<ﬁi[y A (kox,O)]>
(2mk) 2 21,1 2
- = [d9 cos 8|A" (ksinBcosd, ksinBsing)| ,

° Yy
i = h,v (2.14)

Rough-surface corrections to the emissivity can now be determined from approxi-

mate expressions for the Fourier transform.

III. Ensemble Averages

We can write the vector transform in terms of components:
i i ~ i ~ i o .
ALK K = oK K ) x + BURK) y + Y (KGR 2, = b, (301)
in the nrocedure due to Rice, each component is expanded as, say,

i i i .
o (Kx,Ky) = al(KX,Ky) + az(Kx,Ky) U i=h,v, (3.2)
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where u: is first order in surface height, a; is second order in surface height,

etc. The a} are determined by the requirement of continuity for the tangential

electric and magnetic fields at the surface boundary. Explicit expressions for

the analogous first- and second-order Fourier series coefficients iere gliven by
.

Va]enzuela.'8 These expressions have been transformed herc to reflect nots-

tisnal differences as well as our use of Fourier integral rather than Fourier

series,

The results for horizontally polarized incident radiation will be con-
sidered first. The components (ah, Bh, Yh) correspond directly to the Valen-

zuela (Ah,Bh,Ch). |f the spectrum of the surface profile is represented as

g(x,y) = |dp |dq S(p,q) exp[i(p x + qy)]. (3.3)
with
S*(p,q) = S(-p,~q) , (3.3a)

then the first-order coefficients are

h _ .h )
a] (KX’KY) = Ll‘ S(KX kOX’Ky) ]
h — h -
B] (KX’KY) = IJ2 S(KX kOX’Ky) ’
h h )
(koK) = U SK koK) (3.4)
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]
;
f
-1V K K 1
Wos — ::
(c+bn®) ;
H th(bc-!-Ki)
u'\ = ’ :
“ (c+bn2) :
h -thCK i
T (3.5)
{c+bn®) N
and ;
v, o= (hPN0eR)
b o= (k-K2- 2) . :
¢ = (kKEn2-k2- K2) . (3.6)
Inspection of Eq. (2.14) shows that only BZ(Kx’Ky) is required to provide an é
expression for emissivity valid thru second order in surface height, Indeed, E
we require B evaluated at K = k = ksine R K = 0: ‘
2 . 2, \%).h
[c059°+(n -sin 60) ]BZ(kox’ Jw [w v +v (Kx,Ky)]S(kox Kyr Ky)
x SRk oK)y (3.7) |
where
W=k, (n-sin®)
h 2 (bc+Ki)
v, = -k(n -l)vh 5 . (3.8)
(c+bn®)
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The approach for vertically polarized incident radiation must be modi-
fied slightly because the coefficlents (AY,8Y,cY) as given by Valenzuela are
for the electric fleld while the coefficients (a’,8Y,y') of this paper are for
the magnetic field. However, it is easy to show that the two sets of coeffi-

cients are related by

\J - -1 Vo2, 02\ nV
a (Kx’Ky) = ~(kb) [KxKyA +(b +Ky)8 ] ,
v =1,V v
B (KX,KY) = k (bA"-K C") ,
3 v - V_, AV
| YK KD = K (R BYK AY) . (3.9)

where (AY,8Y,cY) are functions of (Kx’Ky)’ We can now write down the first-

order coefficients of interest:

v - -
a,(Kx,Ky) S(Kx Kox? Ky) ,
v —
B](KX’KY) = S(KX kOX KY) )
v . -
! (KK =y SRk KD (3.10)
where
. iV K K 1
; U¥ = '“X"lﬁ'[-ko + -55 (nz-sinzeo)z(c-b)] ,
(c+bn)L 9% kn

-V 3

v v 1 2 2 : 2,2 2

= “k K — -sin" 0 ~K®) + bk

] (c+bn2){‘ oxX X 2 {n"-sin o) [C(k y) y]} '

. % ‘ kn
= oIV (berkPs 2) K, 5]
B . My = 2 5 (n2-sin2e o (3.11)
3 (c+bn”®) kn
i E and
< |
-r : v, = (*1D0+R) : (3.12)

N
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The second-order coefficient, B;(kox,o). required for the emissivity calcula-

tion Is
J $
lnzcose +(n -sin 6 ) Bv(k s 0) = fdkx ldK V) +v (K K )]
x S(k K, K)S(Kx Kox? y) , (3.13)
where
3
v‘]' — (nz-sinze)
v o
wo= 2k v (nz-sinze )!5 —12351—-K
2 OX V (o) (c+bn2) X
2_., 1
va(n -1} (n -sin 90)
+ 5 5 (bc+K ) -sin%g (K ) . (3.14)
(c+bn®) n

A problem of considerable interest is that for which only statistical
information about the surface is available. We will consider stationary random

surfaces, so the average height <C(x)> = 0, and this implies

(RY = (Ry =0 . (3.15)

The first approximation to the ensemble average of Eq. (2.14) is then

N 21 82 X N
<e;(-50)> = [I-IR'(coseo)| .|--%%; (coseo)Re[Ri(coseo)<§;(kox,0)>]
S emo? | o 20 Cial kst osin)2) . 1=
T |99 cos“8 <|§' ksinBcosd,ksinbsing) | , = hv

u _ (3.16)

Thus, the correction to the flat-surface emissivity is second order in surface

height.
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| The expectation values for Eq. (3.16) are easily obtained. Because of
the restriction of stationarity, the correlation function of the random process

is

Calxay) tlx + 1), y + 1)) = oPcm) (3.17)

2)

2
where T = (T]+‘r2

It can be shown by use of the inverse of Eq. (3.3) that

<S(p,.q])5(p2.q2)> = Wip,,a,) %T- Fp P Jo[ov/(p]+p2)2+(q,*q2)2J
i P o

(3.18)

e S B St

Here, the energy spectrum W is the Bessel transform of the correlation function,

R CREAS TXI

W(py,q,) = =02 |dt T c(1) J '.T(p2+q2)’é] (3.19)
: 1 n ol 1 7 ) * &
o 9

The other factor in Eq. (3.18) is obviously a delta function but we leave it in é

integral form because the required expectation values necessitate the choice i

Py = “Py» Gy = —Qy. The infinity arises because of the representation of the 3

Incident beam by a plane wave. However, we can relate Eq. (3.18) to the ?

(infinite) beam size S, defined in Eq. (2.9) by the intermediate step
r
] .
W(p,q) 57 lim |dpp

r— o

<S(-p.-q)5(p.q) >

P

W(p,q) TE‘ITL—OSB—-) lim l"z COSGO

o r+o g
= W(p,q) 1 -—j%§— (3.20) ;
(2_")2 CoS o E

S i LAY s,

We can now write down the expectation values required in Eq. (3.16).

From Eq. (3.4), we have, say,
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h 2 h2 %
Q1) = BAIZ (S Kook ) (K Kook )
1 So
1 = |p]| (Kx-kox Ky) —_—— (3.21)
: (2m) cosf
3 . h,2 h2
; and similarly for the averages of |B‘i and |Y‘| . The corresponding result for
) vertical polarization is
2 S
Y = W ek k) —— (3.22) ;
< 1 1 A ox’y (21\‘)200590 E
3 The second-order averages again follow by use of Eq. (3.20): :
] ] l'cose + (nz-sinze )!5]<Bh(k O)>
: { o o 2 "ox’ 3
1 - WD (K LK WK kK )
E (21r)2 (cose r r [ } xoxrky) ;
1 (3.23)
. E
; r2 2__. 20 \2 /v 3
3 n coseo + (n®-sin 60) _l<82(kox,0)> :
1 : v g
] -(_2:)— cose r [‘n V +\) (Kx K )JW(Kx ox’ y) )
(3.24)
The area S_ in Egs. (3.21) - (3.24) cancels the like quantity in Eq. (3.16).
Examination of the above results demonstrates that the rough-surface effects on
1 ; emissivity are determined by the energy spectrum for the surface.
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