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In general, the return signal scattered from the ocean surface used to form synthetic aperture radar
(SAR) images contains contributions from at least two scattering mechanisms. In addition to resonant
Bragg-type scattering, specular point scattering becomes important as the angle of incidence becomes
small (<£20°). In this paper we include the specular point rough surface scattering mechanism in a model
for the mean SAR image of the ocean surface and examine the effects of this scattering mechanism
theoretically. We find that the complete mean SAR intensity image consists of a sum of images due to
specular point scattering and Bragg-type resonant scattering. Because surface specular points have a
short coherence time and move with considerable velocities, the contribution to the mean image due to
these scatterers is of low azimuthal resolution and is displaced from the actual sea surface, typically by
several SAR resolution cells. The bandwidth of this image can easily exceed the bandwidth of a typical
SAR processor, leading to a loss of mean image intensity. The local backscatter cross-section modulation
is strong and nonlinear in the slope of the longwave field in the SAR range direction. At small incidence
angles, this causes the specular point return from wave slopes tipped toward the SAR to become much
brighter than the Bragg-scattering return. Taken together, these effects are capable of producing azi-
muthally oriented streaks in SAR images, such as have been observed by Seasat. We present numerical
estimates of coherence time, azimuthal displacement, cross-section modulation, etc., computed using the
parameters of the Seasat and shuttle imaging radar-B SARs as well as typical parameters for an airborne

X band SAR.

1. INTRODUCTION

There has been considerable recent interest in the imaging
of the ocean surface by synthetic aperture radar (SAR) oper-
ated from airborne and spaceborne platforms, and in the rela-
tion of this imaging to the actual ocean surface. Several
theories have been given relating the image to the ocean sur-
face [Alpers and Rufenach, 1979; Swift and Wilson, 1979; Val-
enzuela, 1980; Jain, 1981; Harger, 1984; Hasselmann et al.,
1985].

In particular, a reasonably complete theory to which a sub-
stantial number of investigators subscribe has recently been
described by Hasselmann et al. [1985]. Although the theory
was formulated generally for arbitrary spatially decorrelated
scattering mechanisms, the only rough surface scattering
mechanism considered explicitly was Bragg-type resonance
scattering from short gravity and capillary waves. A few com-
parisons of this theory with data in which the SAR incidence
angle is greater than or roughly equal to 20° have been made
[Lyzenga et al., 1985; Alpers et al., 1986]. Although many
more comparisons are certainly needed, agreement of this
theory with the data so far is promising.

However, according to the so-called two-scale or composite
roughness surface scattering theory on which SAR imaging
theory is based, the return signal from the ocean surface con-
tains contributions both from Bragg scattering and from
specular point scattering [Brown, 1978; Valenzuela, 1978]. In
particular, the specular point contribution to the return signal
becomes comparable to the Bragg-type contribution for a
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typical ocean surface when the angle of incidence becomes less
than approximately 20°. Spaceborne SARs such as those on
Seasat and the shuttle imaging radar—B (SIR-B) mission have
operated in this range of incidence angles, and the SIR-C SAR
will also be capable of operating in this range. It appears that
specular point scattering may play a role in SAR imaging of
steep, wind-driven waves and of more complex ocean scenecs
involving, for example, ocean fronts and ship wakes. In partic-
ular, azimuthal streaks observed in some Seasat images of
high wind areas [Jenkins et al., 1984] and streaks reported in
observations from the Marsen experiment [cf. Hasselmann et
al., 1985] are at least qualitatively consistent with a wide
bandwidth scattering mechanism such as specular point scat-
tering. Furthermore, scatterometer observations and analysis
by Donelan and Pierson [1987] and by Kwoh and Lake [1984]
indicate that specular point scattering may contribute strongly
to the signal backscattered from the ocean even at angles of
incidence larger than 20° for high winds. Thus we are moti-
vated to consider the effects of this scattering mechanism on
SAR ocean surface imaging.

The purpose of this paper is to theoretically include the
specular point scattering mechanism in a model for the mean
SAR image of the ocean surface. This inclusion is simply a first
step and provides the theoretical basis for Monte Carlo simu-
lation of the SAR ocean surface image including specular
point effects. Such simulation can then be used for a careful
comparison of the complete imaging model with data. We
begin with the fundamental model of the SAR imaging process
given by Hasselmann et al. [1985] (section 2). In this model,
the surface reflectivity variance spectrum (or RVS, defined
below), is closely related to the mean image under the so-
called spatial whiteness assumption. We make explicit use of
this latter assumption. Using the composite roughness scatter-
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ing model, we obtain the full RVS as a sum of two terms, one
due to Bragg scattering and the other due to specular point
scattering. The SAR imaging model introduces a decompo-
sition of the ocean wave field into two parts. The first part
consists of ocean wave spectral components with short spatial
and/or temporal scales such that they cannot be explicitly
imaged by the SAR (ie., subresolution-scale components).
These wave components and scattering from surface rough-
ness due to them must be treated stochastically. Longer wave
components (i.e., long waves) may be treated deterministically
for a given scene. The results derived in this paper concern the
mean SAR image, averaged over the ensemble of realizations
of subresolution-scale roughness, as opposed to a SAR image
of an individual specular point. In addition, we will consider
only the mean from a single look. Thus noncoherent bright-
ness modulation of the image from look to look of the type
considered by Raney and Vachon [1988] does not arise. For
spaceborne SARs, which are our primary interest here, non-
coherent brightness modulation effects within a single look are
evidently not significant. We first consider the case in which
no longwave field is present (section 3) and then remove this
restriction (section 4).

We find that the specular point scattering image is
characterized by a large Doppler broadening, i.e., by a short
coherence time (~0.03 s at X band), and by a relatively large
Doppler shift in its reflectivity variance spectrum. Thus the
image due to this scattering mechanism is of low azimuthal
resolution and is typically displaced by several resolution cells
from the true ocean surface. The bandwidth of this image can
easily exceed the bandwidth of a typical SAR processor, lead-
ing to a loss of mean image intensity. The displacement and
bandwidth of the image, however, depend strongly on the
SAR azimuth direction relative to the mean wave propagation
direction, with the greatest effect for range-traveling waves.
The displacement and bandwidth of the image of a particular
resolution cell also depend to a lesser degree on its position
within the longwave field. We find that the local backscatter
cross-section modulation in the specular point scattering con-
tribution is strong and nonlinear in the slope of the longwave
field in the SAR range direction. At small incidence angle, this
effect causes the specular point return from the slopes of
range-traveling waves tipped toward the SAR to become
much brighter than the Bragg scattering return.

At incidence angles where specular point scattering is inter-
mittent, the combination of these effects would produce azi-
muthally aligned streaks superimposed on the Bragg-
scattering image. Their length is determined primarily by the
degraded azimuthal resolution, which in turn depends on the
coherence time of specular point scattering. Their brightness
and prevalance is determined by the slope spectrum of
subresolution-scale roughness, longwave slope, SAR incidence
angle, and SAR bandwidth.

We have computed representative numerical results for co-
herence time, the associated degradation of azimuthal resolu-
tion, and azimuthal image displacement using two simple ap-
proximations for the ocean wave spectrum and the parameters
of the Seasat and SIR-B spaceborne SARs and of a typical
airborne X band SAR. We have also computed representative
numerical values for the cross-section modulation using the
SIR-B parameters. These results, presented in sections 3 and 4,
provide first estimates of the magnitudes of the effects dis-
cussed. The computed degradation of azimuthal resolution of
the Seasat SAR provides a first estimate of the length of
streaks which could be expected in images from this SAR.
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This estimate is shown in section 4 to be in good agreement
with the observed lengths of streaks in the Seasat image pre-
sented by Jenkins et al. [1984]. Finally, the conclusions are
summarized in section 5.

2. THEORETICAL BACKGROUND

We consider a SAR system in which the Doppler spectrum
of the imaged scene is adequately sampled, allowing us to
treat the received signal as a continuous function of platform
position or, equivalently, time. We have rechecked and ver-
ified this assumption for a few representative systems (Seasat,
SIR-B, and typical aircraft SARs) in view of the rather large
bandwidth of the specular point scattering mechanism to be
discussed here. Furthermore, we assume that effects of range-
azimuth coupling, range curvature, and range walk are negli-
gible or may be corrected. Conditions under which these as-
sumptions hold have been thoroughly discussed by a number
of authors [cf. Harger, 1970; Tomiyasu, 1978; Ulaby et al.,
1982].

Figure 1 shows the physical situation with the SAR plat-
form traveling along the x axis at altitude h above the mean
plane of the imaged surface. The latter plane is taken to be
z = 0. The SAR azimuth direction is the x direction, while the
range direction is the y direction. We assume that the real
aperture antenna of the SAR is pointed perpendicular to the
direction of platform travel.

The rough surface constituting the scene to be imaged is
regarded as a collection of scattering regions. The projection
of each scattering region into the plane of the mean surface
has dimensions in the SAR range and azimuth directions
given approximately by twice the theoretical SAR range and
azimuth resolution lengths, respectively, and has total area 4.
The choice of these length scales is discussed further below.

Referring to Figure 2, let E‘,‘(i) exp (—iw,t) be the SAR
illumination field with polarization p incident on a scattering
region centered at (x’, y'). We assume that Ep‘(i) may be con-
sidered to be a plane wave incident from the direction i, at

Fig. 1. SAR geometry. Notation is as follows: p, and p, are SAR
range and nominal azimuthal resolutions, respectively, the SAR plat-
form altitude is h, and the nominal angle of incidence is 8.
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least over individual scattering regions. The local polar and
azimuthal angles of incidence are 0, and ¢,, respectively. Ac-
cording to our previous discussion (compare Figure 1),  lies in
the y-z plane, and thus ¢, = —(n/2). For the moment, though,
we do not restrict these quantities. Range resolution in SAR
systems is obtained by using effectively short pulses in which a
range of temporal frequencies are present. However, we
assume that the response of the rough surface varies negligibly
over the range of frequencies (bandwidth) present in the inci-
dent pulse. Thus we need consider the response of the rough
surface only at the single frequency w, = ck, where k = 2xn/A is
the wave number corresponding to the center frequency at
which the SAR operates.

In the far field of the scattering region, the scattered field at
frequency w, scattered in the direction 4 with polarization p’
may be written [Ishimaru, 1978]

_exp [ikR, — iw,t]

A, E_scnl ., t
P @1 47R

E, @, F ¢)]
where R, is the range from the scattering region and where, in
general, E_,*(6, t) depends on time because of the motion of the
rough surface. Each scattering region is characterized by a
complex reflectivity density ¢, relating the local incident and
far field scattered fields at a given frequency according to

E, 6, 1) = ¥(0, 1, B, P, w, X', ¥, E,'(D) 2

For brevity, we suppress the dependence of Y on 6, i, p, f’, and
®,. In this work we are interested exclusively in backscatter
6 = —i,. Common choices for p and p’ correspond to the usual
horizontal and vertical polarization directions /£ and 4, though
p and p’ need not be in the same direction.

(3a)
(3b)

h = %sin ¢, — § cos ¢,
= —X cos B, cos ¢; — J cos 0, sin ¢, + £ sin 6,
The reflectivity density is normalized such that
Y, ¥ W, Y, 1))
= 0,(x, ¥, ty, t2)0(x" — x")o(y' — ")
= o(x', Y)¥ (X, ¥, tc, tp)o(x — x")0(y' —y") (4
where

te=3t, +1t) tp=t— 1

and where o, is simply the time-corrclated backscattering
cross-section of the scattering region [cf. Ishimaru, 1978]. We
assume that this cross section may be written as a product of
its value at zero lag t,, 6, and a new function W describing its
variation with tire.

A significant simplification in the SAR imaging theory re-
sults if it may be assumed that the reflectivity density of dis-
tinct scattering regions is spatially uncorrelated for all time
lags t,,. This is the so-called spatial whiteness assumption and
is expressed by the delta functions in (4). We note that spatial
whiteness does not require independence of the reflectivity
density from distinct scattering regions but requires only a
lack of phase correlation (and therefore complex amplitude)
on the length scale of the SAR resolution lengths. This as-
sumption is fully consistent with existing theory and experi-
mental results and will be made throughout the present study.
A more detailed discussion on this point is given by Hassel-
mann et al. [1985].

Using the whiteness relation, the equations describing SAR
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Fig. 2. Radiation incident on a scattering region. Notation is as
follows: i is unit vector in the direction of incidence specified by polar
and azimuthal angles 6, and ¢,, respectively: p and §’ are polarization
vectors in the plane orthogonal to .

processing (given in Appendix A), and equations (1)(4), we
arrive then at the following equation for the mean SAR (inten-
sity) image:

Ux, y)> = IdX’ Idy'dX', MNTy =Y,y W12

2kV
: \P(xli y’, 1;’ T;r R_ (x - x’)) (5)
where x and y are image coordinates, Ty is the SAR impulse
response in the range direction, ¥ is the reflectivity variance
spectrum given by

Yx',y, T, T, w)= V? Idtc Idt,,

' eXp [_iwtb]‘y(x,’ Y', e tD)

te?  (tc — R,0/2kV)? 11
‘exp {—4[% + C—Tz/'_ — t,,z(? +73 ()
: L] ]

T, is the SAR integration time, and T, is an analogous time
which determines the SAR processor bandwidth according to
equation (A6). (We have explicitly included the finite SAR
processor bandwidth in order to make clear the effect of the
large signal bandwidth in this problem.) The statistical scatter-
ing properties of the ocean surface evidently enter the compu-
tation of the mean image via the time-correlated backscatter
cross section.

We shall consider a scattering region within which, depend-
ing on the angle of incidence, both Bragg-type and specular
point scattering may contribute to the scattered field. It is rare
for “scatterers” of either scattering mechanism to propagate
from one scattering region to another over the course of a
typical SAR integration time. This is true in the case of the
Bragg scattering mechanism because the slightly rough surface
patches involved are simply advected with the orbital motion
of longer gravity waves [Alpers and Bruening, 1986; Tucker,
19857 and thus move only short distances during a SAR inte-
gration period. Representative numerical results given below
(section 3) indicate that while specular points move with con-
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siderable speed (roughly the phase speed of short gravity
waves), they coherently scatter a signal for only a short time
(=0.1 s at L band to 0.03 s at X band). Thus both types of
scattering may be considered as localized within nominal SAR
resolution cells.

In computing the cross section, it is necessary to distinguish
between surface roughness components of spatial wavelengths
longer than the nominal SAR resolution, which may be ex-
plicitly imaged by the SAR, and surface roughness on length
scales smaller than the nominal resolution. The effect on the
imaging process of the latter roughness can be considered only
statistically. If energy is present at longer spatial wavelengths,
its effect is to tilt, advect, and accelerate the individual scatter-
ing regions. These effects can be considered deterministically
for a given scene and investigated using simulation and Monte
Carlo techniques [Alpers et al., 1986]. In the next section we
first consider the backscatter cross section and reflectivity
variance spectrum in the absence of waves (i.e., spectral com-
ponents) longer than the SAR resolution scale. In the follow-
ing section, we consider the modulation of this fundamental
cross section and RVS by the long waves in order to study
imaging of these waves.

3. TiME-CORRELATED CROSS SECTION IN THE
ABSENCE OF LONG WAVES

The composite roughness or two-scale model may be used
to compute the backscatter cross section of the ocean surface
at moderate incidence angles (<60°) [Wright, 1968; Bass et
al., 1968; Hasselmann and Schieler, 1970; Brown, 1978; Val-
enzuela, 1978 ; Hasselmann et al., 1985]. This model involves a
decomposition of the rough surface height into a sum of two
heights. The surface roughness spectrum is partitioned at a
wave number Kg,,, depending on the radiation wavelength
and properties of the spectrum as shown in Figure 3. Spectral
components to the left of the partition define the “large-scale”
roughness; the Kirchhoff approximation is used to compute
the field which would be scattered from this surface alone. A
perturbative correction is added to this field which is linear in
the surface height of the “small-scale” roughness (i.c., rough-
ness due to spectral components to the right of the partition).
The small-scale height variations must be small compared
with the radiation wavelength. The resulting expression for the
backscattered field is [ Brown, 1978, 1981; Stogryn, 1967]

—2ie,, F(0)| E'|
E (—i,1)= d2R”
A=ED cos 0
-exp [2iK; - R” — 2ik (K )h,(R", 1)]
+ 4k* | E!| IdzR”Fpp,(VhL(R”, )h(R", 1)
-exp [2iK; - R” — 2ik (K)h,(R”, 1)] (7a)
Here,
Epp = —1 p=p=h
6, =0  pEP (7)
Epp =1 p=p=70

F(0) is the Fresnel power reflection coefficient for the scatter-
ing medium evaluated at normal incidence (which is the same
for either polarization), h;(R", t) is the evaluation of the large-
scale surface at R” = (x”, y”), hs(R”, t) is the elevation of the
small-scale surface, and l"pp,(Vh(I?", 1)) is a rather complicated
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Fig. 3. Partition of the ocean surface wave spectrum at K, for
two-scale scattering theory (EMH stands for “electromagnetic-
hydrodynamic™).

function of the large-scale surface slopes, polarization of the
incident and scattered waves, and dielectric properties of the
scattering surface. The integration over R” ranges over the
scattering region centered at (x’, ¥), and K; and k(K are
defined by

K;= —Kx sin 0, cos ¢, + ¥ sin 6, sin ¢)

_ (7c)
k(K,) =k cos 6,

To obtain this result for a time-varying rough surface, we have
also used the fact that the Helmholz equation applies to elec-
tromagnetic scattering from natural moving surfaces in vir-
tually all practical situations [Kleinman and Mack, 1979;
Cooper, 1980].

The expression for the backscatter cross section appearing
in (4) is then

a(x', ¥, by, t;) = J.dz(Rz — R,) exp [2iK; - (R, — R))]
' <exp {_2ikz(Ki)[hL(R2’ ) — hL(El’ t1)]}

+ 4k*h(R,,

k2| F(0)|? _
. {& th(R,, t3)

s2 0,
: rpp’(VhL(Rl’ t l))r‘pp'*(VhL(Ez’ tz))

are] ZXFO) R AT (Vh(R
+ [W (R, t5) ppl( LRy, 1))]}> (®)

where R, and R, are the horizontal positions of points on the
rough surface. The first two terms of the integrand in this
expression are due to physical optics scattering and resonant
Bragg scattering (modulated by the large-scale surface slopes),
respectively. The third term depends on a mixed moment of
the large- and small-scale surface heights. If the sea surface
heights possessed a truly Gaussian distribution, this term
would be identically zero, since in that case s, may be con-
sidered a zero-mean random process independent of h;. How-
ever, the actual distribution of sea surface heights is nearly but
not quite Gaussian [cf. Phillips, 1977], and so this third term
requires further consideration.

That this term is still negligible even for a weakly non-
Gaussian surface may be seen by the following argument. The
averaging over ensembles of rough ocean surfaces may be
considered as a two-step sequence. First, averaging over the
small-scale surface is carried out conditionally for a given re-
alization of the large-scale surface, after which averaging over
the ensemble of large-scale surfaces is performed. While the
variance of h, is certainly larger in certain regions on the
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large-scale surface because of the effects of wind and hy-
drodynamic modulation, the uniform phase distribution of the
short spectral components of which h, consists is not affected
by the long waves, at least according to weak interaction
theories [Alpers and Hasselmann, 1978; Keller and Wright,
1975; Longuet-Higgins and Stewart, 1964]. Thus h, can be
modeled as a zero-mean perturbation, approximately as likely
to be positive or negative by a given amount at a given point
on the large-scale surface. Therefore the average of the term in
question is negligible in comparison with the averages of the
first two terms in (8). With this simplification, both the time-
correlated backscatter cross section and the mean SAR image
are seen to consist simply of two components, one due to
resonant scattering from small-scale relief, the other due to
physical optics type scattering.

As was mentioned in the introduction, the image resulting
from the Bragg-type scattering term has already received con-
siderable theoretical attention. Thus we restrict our attention
here to the image resulting from the physical optics term in

@®),

k*| F(0)|?

o.!po(xl, yla tla tz) = C052 0
i

Idz(Rz - Rl)

-exp [2iK;- (R, — R))]
-Cexp {—2ik (K)[hR,, t;) — (R, t)1}>  9)

When considering scattering from the ocean surface at
microwave frequencies, it is appropriate to use the high-
frequency (i.e., geometric optics) limit of physical optics [Val-
enzuela, 1978]. In this limit, radiation is scattered into a given
direction from surface regions (i.e., facets) with slope such that
the local specular direction coincides with the scattering direc-
tion. Thus, the backscatter cross section is proportional to the
joint x and y slope probability density function (PDF) evalu-
ated at the appropriate slopes [Kodis, 1966; Barrick, 1968a,
b]. Furthermore, a slight extension of the method of Barrick
[1968b] to the case of moving rough surfaces can be used to
formally compute the Fourier transform of ¢, with respect to
lag, i.e,, the Doppler spectrum of frequency variations of the
scattered signal about the carrier frequency due to motion of
the scattering surface [cf. Ishimaru, 1978]. It is shown in Ap-
pendix B that this spectrum is simply proportional to the joint
PDF of surface derivatives with respect to x, y, and ¢, evalu-
ated at the x and y slopes corresponding to local specular
reflection and at the instantaneous vertical velocity which pro-
duces the Doppler shift . Suppose we define some appropri-
ate measure of the width of this spectrum in the variable w.
Then this is also a measure of the spread of local vertical
velocities of facets with the proper slope for specular reflection
and inversely proportional to the coherence time of radiation
scattered from the surface.

Although it is the ensemble average behavior of specular
points that determines the characteristics of the mean specular
point SAR image, there is considerable physical insight to be
gained from studies of individual specular point behavior.
Longuet-Higgins [1960a, b, ¢] has studied the behavior of
specular points on a surface having a Gaussian height distri-
bution and has developed estimates of the mean specular
point lifetime. For the ocean surface and incidence angles of
roughly 20°, this mean lifetime may be estimated to be of the
order of 0.1 s. We will see shortly that the coherence time of
radiation scattered from the ocean surface can be considerably
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shorter than this mean lifetime estimate. However, the reason
for this is also clarified by the work of Longuet-Higgins
[19604], in which it is shown that specular points move along
curved (often closed) paths with a highly variable speed. Thus
the residual time variability of each scatterer in any reference
frame moving with constant velocity is large, and the associ-
ated Doppler shift is highly irregular and stochastic in nature.
This can cause the coherence time to be shorter than the
lifetime of the specular point itself and also accounts for the
large Doppler broadening and mean Doppler shift in the re-
flectivity variance spectrum shown below.

In the case of the sea surface, it is simplest to obtain explicit
results using the fact that the large-scale surface heights are
(very nearly) Gaussian. In this case,

<exp {—2ik (K)[hyR,, t;) — hy(Ry, £)1})

=exp {—4k 2(K)h, 2 [1 — C(Rp, tp)]}  (10)

where
<h AR, 0> =k

<Ry, £)R(Ry, 1)) = B 2C(R), tp)

R,=R,—R,

p=1t—t

where C is the normalized correlation function of the large-
scale surface height.

In the high-frequency limit, the integrand in (9) is highly
peaked about |Rp,| =0. For a differentiable surface (as the
large-scale surface must be in order to apply physical optics),
the normalized correlation function may be approximated for
short lags R, = (xp, yp) by

C(xD’ yD’ tD) 5 1 + CxxxDz + nyyD2 + CntD2
(1n

where C,, < O for & = x, y, or ¢, and the other coefficients may
be positive, negative, or zero. These coefficients are simply
related to derivatives of the normalized correlation function
evaluated at zero lag,

+ Coxptp + Cyyptp + CoXpyp

C =162—C °0=2Xx,Yy,0rt
= 2 aaz xp=yp=tp=0 e
o2C
“= aaaﬂ xp=yp=tp=0 * sé ﬁ

The integration limits in (9) may be extended to infinity
with negligible error so long as the scattering region contains
several correlation lengths of the surface roughness. The indi-
cated integrations may then be performed immediately, yield-
ing

2 .
ofx', ¥, t;, t;) = o(x’, y') exp I:— % + tm,,t,,] (12)
where
o(x', ) = [2 cos* 04, %( C,. 1| C,,| + 1C,,)"*]7!
nyz

- -1
' B 25\ 2 -
exp{ [zk, (R )y (1 4|c,,|Iny|)]

-[K"‘z + Ky’ + K. K Cy ]}
[Caxl  1C,1 % 7 [CIIC,, |

13
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T, = : -l -—
reT "4 4|C.llIC,,|
C.2 C, 2 Cc_C_C 172
[ Xt + yi + Xt~ xy yt:I} (14)
ICxl  1C,,1 " 1CIIC,, |
c.? -1 C C.,.C
O Crroarrom) R ComRrcarom)
41C..lIC,,| IC,el * 21C,,lIC,,|

Cxlcxy

15
nnc,,l)] 43

+K.(C" +
IC,| " 21C

Using (7¢), these quantities may be expressed simply in terms
of the incidence angles 0, and ¢, and the SAR radiation wave
number k. Note that the form of (12) agrees with that assumed
in (4). A physical explanation of each term in (12) will be given
momentarily.

The indicated derivatives of the normalized correlation
function at zero lag may be computed as moments of the
surface roughness spectrum through the relations

C,.=@2mn)2 Idzx K 2W(K) (16a)

C,, = (2n)2 Id’K K,*W(R) (16b)

C, = g(2n)2 I @*K | R |W(K) (16c)

C,, = 22m)? Id’K K.K,W(K) (16d)
C., = 29"?(2n)"? Id’K K. |R|'"2W(K)  (16e)
C, = 29"*(2m)™2 Id’K K,IRI'">W{ER)  (16f)

where g is the acceleration due to gravity, K = K, X + K,p,
and dK = dK, dK,. The integrations in (16a){(16f) extend
over all K in the range K¢,y < | K| < Kgyyy. The lower inte-
gration limit, Kg,g, is defined as the spatial wave number of
the shortest-wave spectral component which could con-
ceivably be imaged by the SAR (section 4). In this section we
assume that no “long waves,” i.e., wave components which
may be deterministically imaged, are present, so that the spec-
trum W is assumed to have no energy at wave numbers of
magnitude smaller than Kg,;. In the next section, however,
this will not be the case. The subscript I in W anticipates the
designation of surface roughness due to spectral components
in the range Kg,p <|K|< Kpgyy as “intermediate-scale”
roughness. Note that for convenience, we have normalized the
(two-sided) ocean surface roughness spectrum such that

1 =202m)"2 J d’K W(K) an

Ko < IRl < Ky

in contrast to the more usual oceanographic normalization

&K W/R)

h? = total mean square wave height = [
11 K

The two spectra are simply related via
W,(K) = 2h,*(2n)"*W(K)

The factor o(x’, y') in (12) is the geometric optics backscatter
cross section for a stationary rough surface. This cross section
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results from taking a high-frequency limit and is superficially
frequency independent (this can be easily checked in (13)).
However, a(x’, y') is the cross section of the intermediate-scale
rough surface consisting of spectral components with mag-
nitude between Kg,p and Kgyy, Thus it does depend on the
system parameters, including radiation wavelength, which de-
termine these spectral partitions. It is this cross section, to-
gether with the level of Bragg scattering at small incidence
angles, that determines the angular regime in which specular
point scattering significantly contributes to the backscattered
signal. The quantities |C,. |, |C,,|, and C,, are proportional
to the mean square slopes of intermediate scale roughness in
the x (SAR azimuth) direction, the y (SAR range) direction,
and the correlation between these slopes, respectively. As the
intermediate scale surface slopes grow, o(x’, )’} becomes
broader as function of angle, but its peak value (at vertical
incidence) becomes smaller [cf. Barrick, 1968a]. The corre-
lation between slopes introduces a dependence of the contri-
bution on the directional properties of the roughness relative
to the SAR range and azimuth coordinates. The magnitudes of
the surface slopes, the directional character of the roughness,
and the level of Bragg scattering are related in complicated
ways to wind, fetch, currents, atmospheric stability, and other
factors. The nature of these dependencies is an active and
controversial area of research [for reviews, see Donelan and
Pierson, 1987; Plant, 1982]. As was previously mentioned,
specular point scattering is generally considered to be signifi-
cant only for incidence angles <20°, but there are indications
that it may also contribute at larger angles under some con-
ditions [Donelan and Pierson, 1987]. We believe that an at-
tempt to set precise limits on this angular region would be
premature as well as beyond the scope of the present investi-
gation. Rather, the present investigation lays the groundwork
necessary for such further investigation. Equations (13) and
(16a)(16f) provide the means to compute o(x’, y') once the
intermediate-scale wave spectrum is specified.

The time-varying part of the cross section in (12) is simply a
signal of constant frequency with Gaussian amplitude modu-
lation. The frequency and temporal width of the modulation
depend on the spectral moments given above and thus on the
directional quality of the surface wave spectrum. In particular,
the moments C,, and C,, are zero in cases where the surface
wave spectrum is symmetric about the x (azimuth) and y
(range) axes. We refer to this case as a “fully confused sea”;
that term as defined here implies that waves propagating in
opposite directions have equal energy, and it therefore repre-
sents a rather unrealistic limiting case useful for illustrative
purposes only. The temporal width 7., or so-called coherence
time, for a fully confused sea is proportional to | C,,| '/?, which
in turn is proportional to the intermediate-scale wave orbital
velocity. This is consistent with our more general discussion of
this quantity earlier. The offset frequency w,, in this case is
zero. Sea surfaces with more directional spectra display longer
coherence times. In the limit of a surface with only a single
spectral component (i.e., as the spectrum approaches a delta
function centered at some K,, K), it is not difficult to show
that the frequency w, is simply the Doppler frequency re-
sulting from a target with the phase velocity of a monochro-
matic wave having wave vector K’ = K.’ + K,'j. Finally,
note that (14) does not imply that z, is simply proportional
k™1, since Kg,g and Ky, and thus also C,,, C,, etc., vary
with k. Table 1 presents some representative numerical results
for coherence time and Doppler offset and their equivalent
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TABLE 1. Representative Numerical Results for Coherence
Time and Doppler Offset Frequency
Represen-
tative
Aircraft
SIR-B SAR (X
Parameter Seasat (Orbit 106) Band)
A, cm 23.5 23.5 3
T,s 0.62 0.12 1
k, m™! 26.7 26.7 209
Kspg, m™! 0.126 0.165 1.05
Kgymy, m™! 4 4 95
9, deg 22 18 25
P M 25 38 3
RJV,s 130 33 80
cos? (& — @ /2) Spreading Function
7, S 0.0945 0.107 0.0340
wp, Hz 84.1 sin &, 63.7 sin @, 215 sin &,
Pdlp, (Ag = 0) 6.64 1.50 29.4
Xp, M 204 sin @, 39.3sin®, 41.1 sin @,
Isotropic Spreading Function
Ty 8 0.0730 0.0818 0.0272
wp, Hz 0 0 0
p.'lp, (Ag = 0) 8.55 1.78 36.8
Xp, M 0 0 0

image parameters, computed using two simple forms for the
ocean surface roughness spectrum and three sets of SAR pa-
rameters.

The first spectral form used is a Phillips wind wave spec-
trum with a frequency independent directionality function. We
have taken the peak wave number of the spectrum to be K,
and the mean wave propagation direction to be @,

Wi(K) = Wi(I K|, ®)
4n -

- 2 18

[(1/Ksan) — (1/Kgmu)] 2 ) a8

We chose this simple form to provide first estimates of t, and
wp for a [ully developed wind sea, both in the present case
where we assume that no waves long enough to be determinis-
tically imaged are present, and the in case in the next section
where such waves are present.

For comparison, we have also computed 7, using a Phillips
spectrum with isotropic directional distribution (the case of a
fully confused sea).

|K|"ms2(

2n
[(1/Ksaw) — (/K]

In this case the Doppler offset w,, is identically zero.

We have chosen these particularly simple spectral approxi-
mations in order to clearly illustrate the fundamental physics
of specular point scattering effects in the mean SAR image as
well as to provide first numerical estimates these effects. Fur-
ther investigations of specific imaging situations in which
specular point scattering may play a role will clearly involve
more sophisticated forms for the ocean wave spectrum. Be-
cause of complications introduced by the longwave field (as
will be discussed in the next section), such investigations can
best be carried out using Monte Carlo simulation of the SAR
image [cf. Alpers and Bruening, 1986; C. Bruening et al,
Monte Carlo simulation studies of the nonlinear imaging of a

Wy(K) = Wy( K| = IK1~* (19)
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two dimensional surface wave field by a synthetic aperture
radar, submitted to International Journal of Remote Sensing,
1987 (hereinafter referred to as Bruening et al, 1987)]. How-
ever, in this initial theoretical study, the additional compli-
cation introduced by such spectral forms would tend to ob-
scure the fundamental physics, and our computations to date
indicate that they do not add anything qualitatively new to
the present discussion.

The sets of SAR parameters chosen correspond to the
Seasat and SIR-B spaceborne SARs and to a typical airborne
X band SAR. Together, these choices cover a range of typical
SAR parameters. The parameters of the SIR-B SAR corre-
spond to those used during orbit 106 on October 12, 1984,
over the Chilean coast. This case is of special interest for this
investigation, because a particularly small incidence angle was
used (0, = 18°).

According to Table 1, the computed coherence times range
from approximately 10~ ! s at L band (Seasat and SIR-B) to
3 x 1072 5 at X band. The directionality in the surface wave
field causes an increase of approximately 20% in the coher-
ence time relative to the isotropic cases. For the simple direc-
tionality function used here, z, is independent of the angle
between the predominant wave propagation direction and
SAR azimuth direction, ®,, while the Doppler offset varies
sinusoidally with ®@,. (We have also computed 7, and w,, using
a cos* (® — ®,/2) directionality and found in that case a very
weak dependence of t, on @, and a very weak modulation of
the sin ®,dependence of w,,.)

Anticipating results needed in the next section relating the
Doppler offset w,, of a given scattering region to the resulting
mean azimuthal displacement x, in the SAR image, Table 1
also lists the mean azimuthal displacement

Rﬁ
*» = 5y 0

Although the computed displacements will be somewhat mod-
ified by the local longwave slope (see section 4), it is apparent
from the numbers shown in Table 1 that for SARs with high
resolution or large ratios R /V, the image displacement rela-
tive to both the true ocean surface surface and the Bragg-
scattering image (which displays no overall Doppler offset)
can be appreciable for specular point imaging.

Finally, Table 1 shows the degradation ratio p,’/p, of the
effective/nominal azimuthal resolution corresponding to the
integration time/coherence time ratio T/t, (equation (26)). The
coherence time is unaffected by the presence of a longwave
field (see discussion in the next section). The actual azimuthal
resolution is spatially modulated by the longwave orbital ac-
celeration, but the ratio shown gives a good indication of the
degradation in azimuthal resolution associated with specular
point imaging.

4. EFFECTS AND IMAGING OF THE LONGWAVE FIELD

Our approach in this section is to reduce the reflectivity
variance spectrum of the ocean surface in the presence of long
waves to an expression involving the RVS derived in the last
section in the absence of long waves. To do this, we first
partition the ocean surface roughness spectrum yet again, as is
shown in Figure 4. The second-partition wave number, Kg,p,
is the wave number corresponding to the minimum wave-
length surface component resolvable by the SAR. The resolu-
tion cutoff wave number is defined by the condition that either
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Fig. 4. Additional wave spectrum partition at Kg,g for SAR imaging
theory.

the shorter wave components have wavelengths shorter than
twice the nominal SAR resolution p, or, alternatively, that
shorter-wave components have periods shorter than the SAR
integration time T, [cf. Hasselmann et al., 1985]. Hence

2
A

g1
)“mm = max 2pa’
2n

With this definition, we may now further divide large-scale
spectral components (those for which | K| < Kgyy) into “long-
wave” (| K| < Ks,g) and “intermediate-scale wave” (Kgag <
| K| < Kgyy) components. The second-partition wave number
Kj,g is typically at least an order of magnitude smaller than
the first, Kgyy. For example, for the Seasat SAR, Kg,p =
27/50 m = 0.13 m~! while Kgyyy = 27/1.5m =4 m™".

We model the effect of the longwave field on both scattering
mechanisms simply as an overall tilt, advection, and acceler-
ation of the nominal resolution cell, which we identify with the
slope, orbital velocity and orbital acceleration of the long
waves, respectively. In representing the longwave modulation
of the specular point mechanism in this way, we choose not to
use a coordinate system moving at the mean local specular
point velocity. The motivation for such a coordinate trans-
lation is normally to capture most of the Doppler shift associ-
ated with the scattering mechanism within the coordinate
transformation itself [cf. Hasselmann et al., 1985]. While this
technique is useful for Bragg scattering, it offers no significant
simplification in the present application, since the residual
Doppler broadening after removal of the mean Doppler shift
by the coordinate transformation is still of the same order as
the mean shift itself.

To proceed, let the reflectivity density of a given nominal
resolution cell in a motionless longwave field be ¥ (x', ¥/, £). In
general, i, depends on the longwave tilt, as well as on the
geometrical and time variation properties of the intermediate-
scale and small-scale waves, but not on the overall motion of
the scattering region due to the longwave field. The overall
motion gives rise to additional phase variations in the signal
scattered back to the SAR from this region which affect the
output of the SAR processor. Raney [1971] has derived an
approximation for this phase variation by expanding the
target range variation as a function time about the instant
when the target is directly abeam of the SAR, ¢'. Keeping only
the first two terms in the series expansion, Raney finds an
expression for the phase variation involving target velocity
and acceleration. His expression has been applied to the case
of a scattering region on the ocean surface by Alpers and

Ksar =

where

‘WINEBRENNER AND HASSELMANN: SPECULAR POINT SCATTERING

Rufenach [1979]. The phase variation may be expressed, to a
good approximation, as

A, ¥, ) = —2ikVy(x', Y)t — t) — kAg(x', Y)t — t)* (20)

where V; and A, are the longwave velocity and acceleration
in the SAR range direction, averaged over the integration time
and centered at t' [Alpers and Rufenach, 1979; Hasselmann et
al., 1985]. The approximation is justified provided that the
shortest longwave spectral components have periods much
longer than the SAR integration time, as has already been
stipulated.

Following the derivation of equation (A1) [cf. Harger, 1970;
Alpers and Rufenach, 1979; Hasselmann et al., 1985], the full
reflectivity density including overall motion effects is then
given by

d/(xl9 yls t) = d/a(xl’ _V', t)
-exp [—2ikVg(x', yXt—t)—ikAg(x’, yXt—£)?] (21)

From this and equations (4) and (6) we obtain for the reflec-
tivity variance spectrum, after some manipulation,

P, ¥, T, @) = VAT, + T,79]7!

-2 -2 Raw 2 ’ g
'exp _4(7: + T; ) 2kV2 dtD\llo(x! Y ’I;’ tD)

LS )
o2+ 1,73
R, Ax(X', )

R (G R |

where 1. = 4(t, + t,) and tp, = t, — t,, and where we have de-
fined

T

1

\ya(x,’ yl’ L tD) = O'(X'_,y’) <|//o(x” y’s tl)'/’n*(xly y,’ t2)>
We have assumed that W, is a slowly varying function of ¢
and thus may be approximated by its average value in this
variable over the SAR integration time. This, together with the
dependence of V; and A, on T, accounts for the dependence
of ¥, on the integration time.

The only longwave effect left to consider is tilt. To describe
this effect, begin by considering the situation shown in Figure
5. The illuminating radiation from the SAR is considered
plane over the scattering region and incident from the direc-
tion defined by 6,, ¢,. According to Figure 1, ¢, = —=n/2, but
again it is useful for the moment to leave ¢, unspecified. The
normal of the mean surface is no longer vertical but points in
the direction defined by the polar angle 8’ and azimuthal angle
¢’. This corresponds to tilting by a longwave field having local
slopes 0h,,/0x = tan & cos ¢’ and 0h,,/0y = tan 8’ sin ¢’ in the
x and y directions, respectively.

In order to compute the backscatter cross section in the
presence of tilt, one normally considers a local coordinate
system with one axis along the local longwave field normal
and decomposes the incident radiation into components which
are horizontally and vertically polarized in this local coordi-
nate system. The scattered field is computed in the local coor-
dinate system and then transformed back to the original coor-
dinates in order to compute the scattering cross section [cf.
Valenzuela, 1968]. However, in cases where physical optics
applies, the magnitude of the scattered field is (approximately)
independent of polarization [Stogryn, 1967], and thus the po-

(23)
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X

Fig. 5. Scattering from a tilted surface region. The local unit surface

normal is A, which is characterized by angles ¢’ and ¢’.

larization decomposition is unnecessary. It is shown in Appen-
dix C that the physical optics backscatter cross section of a
surface region with small overall mean slopes Jh,/0x and
0h,,/0y may be written approximately in the form of (12) with
(13)«15) unchanged except for the replacement of K; by an
effective K,’ given by

_ oh
K, =K, —k(K) _aM
(24)
oh
K, =K, —k(K) —y"

The quantity k(K,) remains unchanged. From (13)(15), we
see that in general, the quantities ¢ and w, may be modified
locally by the longwave tilt.

Writing ¥ (x', ¥', T, tp) in order to explicitly display the
possible variation of w, with position in the longwave field,
and using (21)23) in (5) and (6), we arrive at the following
somewhat simpler equation for the mean SAR intensity
image:

I _wny n 12

e, wy =2 (1 - EZ/EZ)
Idx Idya(x VI Ty — ¥, y,h)lzﬁ
. —nz 1 RoAR » ﬁV
e"p{p.,“(x: Y) [( _V2(1+T,2/T,2))("_""""_V “]}

25

where the effective SAR azimuthal resolution p,’ is given by

L2 +- L 5+ kAR, y)T4\'?
P =P 1473 41 + TI/T?)
(26)
7R,
pa - kVT;

and where the standard relation between Doppler offset fre-
quency and azimuthal image displacement has been used.

Rﬁ
2%V “P

@n

Xp =

Notice that a short coherence time (i.e., a broad Doppler spec-
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trum) causes a reduction in the total image intensity through
the factor p,/p,. This is a manifestation of the reduction of
image intensity associated with wide bandwidth scattering
mechanisms mentioned earlier.

It can readily be shown that the term 1 — [R,A,/V*(1 +
T.2/T;%)] differs from 1 by less than 1% for typical SAR pa-
rameters and ocean wave orbital acceleration. Thus this term
may be neglected, leaving us with

B (V’I:)z n 1/2
<I(x7 Y)> - 2 (l + 7}2/7;2)

, e, , Pa
-de Idya(x,y)ITR(y—y,y,h)lz—, —
p.(x', ¥)
— T

2 R
eXpy—5 | x—x" —x ——"V]} 28
{P..z(x,y)[ o=y Ty @

which is an equation identical in form to that used by Alpers
and Bruening [1986] in their simulation of SAR ocean wave
imaging for the case when Bragg scattering is the dominant
scattering mechanism. In their case, however, the physical
meaning and numerical values of t, are different, and x, =
wp=0.

To complete our investigation, we need to examine the vari-
ation of ¢ and w,, with local longwave slope. Consider first the
Doppler offset wj,. Rewrite (15) for w,, specializing to the

geometry of Figure 1 (¢, = —n/2, K, = 0), and using the ef-
fective K;’ in place of K,
c,? -1 C C.C
oo (1 3o (S,
4|C.1IC,, | [Cyyl 21 Cyil1C,y
Using (7¢) and (24),
oh,, /0 c,? -1
wp=ksing| 1 - Co
tan 6, 4|C1C, |
C C.C,,
(Ewife)
[Cyyl 2IC IICy,I

At an incidence angle of 18°, longwave slopes of 5° in the
range direction cause a variation in 1 — (tan 0! 8h,,/dy of
roughly 25%. This can cause the azimuthal displacement of a
given resolution cell (scattering region) to vary by the same
percentage along a longwave profile (compare equations (27)-
(29)). However, as is shown next, usually only particular reso-
lution cells on the longwave profile actually contribute to the
SAR image.

By far the strongest tilt modulation appears in the variation
of o. Using (24) in (13) and neglecting terms of second order
and higher in the longwave slopes, we obtain

Ohy, Ohy
a(x', y) = 6 (x, y)M(x Y= ) (30)

0x " dy

where g, (x', y) is the unmodified frozen surface backscatter
cross section in the absence of tilt, given by (13), and where the
tilt modulation factor M is given by
C,’? )
4|C.1IC,,1

M| x’ _6h __6h tan 0 1

x,y, X = exp ¢ —tan 6,
y dx Oy P

ohy | — C

A (h zlcxxl)_l"'_L:I
dx [ ! IC..IIC,,

. ok, [— . c
+ sin ¢, — | (h;2|C,, )" + A:I} 31
oy e [Cxl1Cyyl
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Except at very small incidence angles 0, and/or for ex-
tremely small longwave slopes, the variation of M with long-
wave slope is very strong and normally cannot be approxi-
mated by a tilt modulation transfer function which is linear in
the longwave slopes. Physically, this is because the number of
surface points within a typical scattering region which have
slopes sufficiently large to produce a local specular return
decreases very rapidly with increasing incidence angle in the
range 6, > 15°. Longwave tilt of the scattering region toward
the SAR strongly modulates the number of backscattering
specular points and thus strongly modulates the backscatter
cross section. This modulation appears to be considerably
stronger than typical hydrodynamic modulation factors for
intermediate-scale waves propagating in a longwave field, and
so we will not consider the latter in the following.

The effect of this strong tilt modulation on the mean SAR
image is to cause those parts of the scene with longwave tilt
toward the SAR to be strongly brightened, even when the
specular point return from the rest of the scene remains com-
paratively small. As an example, we have computed o, and M
near §; = 18° in decibels for the case of the SIR-B SAR and
the Phillips spectrum with cos? directionality used in section
3. At 6,=18°, o, is —48.2 dB, which is small in comparison
with the Bragg scattering cross-section of approximately —20
dB at this incidence angle. However, the slope modulation M
in this case (setting ¢, = —(n/2) in (31) and transforming to
decibels) is given by

10 log,, M = 4.343 {[ah‘“ tan 0 (1 —C‘L)-l]
e ’ oy ' 4|C..1IC,,]

— C
|@21c,nt + —2— ]} dB
[ te | Cexl1Cy, |

oh
=4369 — dB
dy

(32)
Thus, a 5° longwave slope toward the SAR produces a local
backscatter cross section of roughly — 10 dB. Range-traveling
waves are evidently most likely to produce such a modulation
and contribute to the specular point SAR image. The short
specular point coherence time and consequent low azimuthal
resolution will (in the mean) cause this strongly modulated
contribution to be smeared out in the azimuth direction in the
specular point image. Since range resolution is unaffected by
specular point scattering, there should be no smearing in
range. The brightness of the specular point contribution will
be reduced in most cases because its Doppler bandwidth ex-
ceeds the SAR system bandwidth.

Even for individual realizations of SAR intensity images, tilt
modulation and smearing would occur because of the behav-
ior of individual specular points [Longuet-Higgins, 1960a, b,
c], leading to azimuthally oriented streaks superimposed on
the Bragg-scattering ocean surface image. As noted in the in-
troduction, an example of azimuthal streaks in a Seasat image
of a high-wind area is presented by Jenkins et al. [1984]. The
apparent length of the streaks in this image varies between
approximately 100 and 500 m, with an average length of ap-
proximately 300 m. From Table 1, we would expect a specular
point contribution from a given resolution cell to be spread in
the image azimuthally over 6 to 7 times the nominal SAR
resolution for the Seasat SAR, because of the 0.09-s specular
point scattering coherence time in this case. Given the nom-
inal Seasat azimuthal resolution of 25 m, this gives a rough
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estimate for the expected streak length of 250 to 275 m, which
agrees well the observed streak lengths. A second image of a
region approximately 600 km away on the same Seasat orbit
shows little or no streaking; thus the streaking appears not to
be a system artifact. Azimuthal streaks have also been report-
ed by Shuchman et al. [1983] and Lyzenga et al. [1985], but
because of the large incidence angles in these studies, these
streaks appear to have been caused by some scattering mecha-
nism other than specular point scattering. Nonetheless, the
effects of specular point scattering streaks on the image spec-
trum can be expected to be similar to those observed by these
authors, namely, the introduction of noise along the SAR azi-
muth wave number axis. Depending on the width of the sur-
face wave spectrum, harmonics of the dominant ocean wave-
length may also appear because of the strong, nonlinear tilt
modulation of specular point scattering. However, as is dis-
cussed below, this topic requires further investigation. Data
from the Tower Ocean Wave and Radar Dependence
(TOWARD) experiment [Shemdin et al., 1986] should in the
future prove very useful for further testing of image models
which include specular point scattering, since these data ex-
tends to small incidence angles.

The tilt modulation effects just discussed, together with
equations (28)(31), provide a general description of the mean
SAR specular point scattering intensity image and lay the
theoretical groundwork for future work. Further theoretical
investigation should consider the effects of specular point scat-
tering on the total (Bragg scattering and specular point scat-
tering) SAR image spectrum, interactions between specular
point scattering effects, and should make use of more sophisti-
cated approximations for the ocean wave spectrum. This can
in principle be accomplished using the same nonlinear Monte
Carlo simulation techniques used by Alpers and Bruening
[1986] and Bruening et al. [1987] and would lead to quantifi-
cation of the conditions under which specular point scattering
effects are significant as well as better quantification of the
effects themselves. This will enable a detailed comparison of
the SAR imaging model including specular point effects with
data.

5. DiscussioN AND CONCLUSIONS

We have combined the composite roughness theory of elec-
tromagnetic wave scattering from the ocean surface with the
SAR ocean wave imaging theory of Hasselmann et al. [1985]
to investigate the specular point scattering contribution the
mean SAR intensity image.

Specular points on the ocean surface move with consider-
able speed on nonuniform paths and tend to be short-lived,
giving rise to wide bandwidth, strongly Doppler-shifted return
signals. This causes imaged individual scattering regions in the
mean SAR image to be significantly displaced and smeared
azimuthally relative to both the true scene and the SAR
Bragg-scattering image. The mean displacements and smear-
ing are generally of the same order and can vary, depending
on ocean wave and SAR parameters, from some tens of meters
to a few hundred meters. The wide bandwidth of the specular
scatterers will often exceed the SAR system bandwidth, re-
sulting in a loss of the overall mean specular point image
intensity.

For most ocean wave conditions and SAR incidence angles
greater than 15°, the specular point scattering contribution to
the mean image intensity is small, even without bandwidth
losses, compared with the Bragg-scattering contribution.
However, their contribution to the actual ocean wave image,
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ie., to the wave image contrast, can become significant. In
general, the long wave modulation of specular scatterers is
dominated by the tilt modulation and is strongly nonlinear.
For waves of 5° slope at a SAR incidence angle of 18°, for
example, our numerical estimates yield a strongly nonlinear
local modulation of the specular point cross section about a
mean of —48 dB with a maximum cross section of —10 dB
for wave slopes maximally tilted toward the SAR. This should
be compared with a mean Bragg cross section at this incidence
angle of the order of —20 dB with a typical modulation depth
of the order of 3 dB. The combination of specular point effects
discussed here can lead to azimuthal streaking which is quali-
tatively consistent with observed azimuthal streaking at small
incidence angles.

The present paper lays the theoretical groundwork for fur-
ther analysis of the contribution of the specular point return
to SAR imaging and thus should be regarded only as a first
step. Our computations of specular point return imaging
properties were based on two rather simple wave spectrum
models, namely, a Phillips frequency spectrum with a sharp
low-wave number cutoff and either a cos> 6 or an isotropic
directional distribution. More extensive computations of these
relations for a wider variety of ocean wave spectra would be
useful.

Although the theoretical analysis of the longwave modula-
tion of the specular return was carried out for the general case
of an arbitrary longwave field, detailed numerical compu-
tations of the nonlinear mapping between the surface wave
field and the combined specular and Bragg scattering SAR
image for an arbitrary two-dimensional wave spectrum also lie
beyond the scope of the present paper. However, such compu-
tations can in principle be carried out using the same nonlin-
ear Monte Carlo simulation techniques as was applied by
Alpers and Bruening [1986] and Bruening et al. (1987) to the
Bragg scattering image of of surface waves. Finally, we have
considered neither the effects of SAR processor focus adjust-
ments nor the speckle statistics of the specular point image.
Studies of these topics would similarly represent useful exten-
sions of the present study.

Although further investigation may prove otherwise, it ap-
pears on the basis of our present results that situations involv-
ing significant specular point scattering are best avoided when
remote sensing of the ocean surface wave spectrum is the ob-
jective, because of the short coherence time and nonlinear
spatial modulation associated with this scattering mechanism.
Avoidance of specular point scattering typically means oper-
ation at larger incidence angles. However, such operation has
other disadvantages. Thus it is necessary to further quantify
the conditions (e.g., incidence angle, wind, and current con-
ditions) under which specular point scattering significantly
contributes to the backscattered signal and to further quantify
imaging conditions under which the SAR image spectrum is
affected by this mechanism. These goals will also be advanced
by the further studies listed above.

APPENDIX A

Consider a SAR system of the type described at the be-
ginning of section 2. The slant range R, of a particular point
on the surface is determined by the ground range y of the
surface point and platform altitude h. The platform position x
is related to an equivalent time variable t via the equation
t = x/V, where V is the speed of the platform. The received
signal at platform position x and apparent ground range y
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may then be modeled as follows [cf. Harger, 1970; Raney,
1980; Hasselmann et al., 1985]:

cy(x, M) = IdxzD(xl — X3, Y, WH (x; — x5, ¥, b)

x
: IdY2Tx(y — Y2 h)\l/(xz. Yas 71) (A1)
where ¥ is the reflectivity density of the surface, D is the linear
Doppler frequency modulation factor

ik
D(x, — x,, y, h) = exp [m (xy — xz)z:l (A2)

H, is a function essentially determined by the two-way real
aperture illumination pattern on the mean surface Ay(x, — x,,
y, h) via the equation

exp [2ikR (v, h)]
Ry, b)

and where Ty(y — y,, ¥, h) is the SAR impulse response in the
y coordinate. T may include both pulse width and illumi-
nation pattern effects, and thus it depends on both y and A. In
most applications, T is a very narrow function of y — y,.

In general, the weak variation of A4 and 1/R, with slant
range R, must be taken into account when processing SAR
data. It is not difficult, however, to generalize results obtained
by neglecting this variation. Thus we will treat R, as constant
in this theoretical development while remembering the practi-
cal importance of its variation. In this study we model 4, as a
Gaussian function, and thus H, is given by

; 32
H,(x, — X5 y, b) = ‘”‘"I[{;':‘R’] ex [— Z(L(‘Vm’j—’)] (A4)

0
where T, is the SAR integration time. This particular definition
is chosen for consistency with the work of Alpers and Bruening
[1986], Alpers et al. [1986], and earlier work.
The complex image of the surface is usually obtained by
applying a matched filter in order to “dechirp” or focus the
frequency modulated received signal,

H(x,—x5y.h) = Aglx,—x5 9, h) (A3)

Cz(x, .V) = '[dxl demel — X2 Y h)D‘(x — X1 )s h)

“H(xy — x5, ¥, WHy(x — x,, y, h)

. IdY2TRU — Y2 ¥ h)'/’(xz’ Ya» x_Vl) (A5)
where
)
H,(x — x,, , h) = exp [2ikR.] exp [— %] (A6)

Note that the quantity T, in the SAR processing filter need not
be equal to the SAR integration time T;. Making the change of
variable x’ = x, — x, and defining

o= x_x) (A7)
(AS) may be written
cx, y) = Idxz Idyz exp [— % (x — xz)z]
‘TR — V3 Vo Wi (x2, ¥, @) (AB)
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where
W( )=V | d'H(V)H, Ro _ yy
x )
2 Y2 1 %V
WYXy ¥, ty + 1) exp [iot'] (A9)
X, , X
Lh=—" ==
Ty 14

Next, we form the mean SAR intensity image {|c,(x, y)|2).
Using the spatial whiteness assumption

<Y(x35 yoo *(xy', 5/, )
=0(x3, y2)¥(x3, y3, t, £)0(x, — x,10(y,

we obtain

-y} (Al0)

{(x, y)> =<] cx(x, Y| % =J‘dx2 J.d.V2a(xz’ VI Te(y—y2)| 2

2kV
'q’l:xz, V2. T, T, R

0

(x — xz)] (A11)
where
P(x,, y, T, T, 0) = V2 _[dtl J‘dt Rl

“H(t,', o)H*(t;', 0)¥(x5, 3ty t5) (A12)

H(, ) = Hl(VT’)Hz(;:(:: ) (A13)

Finally, the expression for ¥ may be somewhat simplified
using the definitions of H, and H,. Defining sum and differ-

ence coordinates
te =3t +1,)) tp=10—1t,

and ignoring the factor 1/R % in H,, we find that

P(x,, v, T, T, 0)=V?2 Jdtc Idt,, exp [—iowtp]W(x5, Y20 ter tp)

tc? (tc — R,w/2kV)? 11
- exp {—4[F+T —tp? T2+F

(Al4)

which is precisely equation (6) in section 2.

APPENDIX B
Consider the physical optics time-correlated cross section
given by equation (9). Expand h,(R,, t,) in a Taylor series
about R, t,,

h(R,, t,) = hy(R,, t,) + ¢ Ohy, Oy
) & . - Xp 5=
JAGS TR ) LRy, 4y LA o LArm Eon
oh; 0%h %h
+Yp o b P) 2L xp® a—zL
a Rin L PN Ri.n
2h 2 azh
+ yp? —= ¢ L
yD a 2 Ri.n *» . ax at Ri.n yD ? a at Ri.01
+ o%h B1)
x
pYp 3 09 |g, 0, (
where
Xp = X3 = X3 Yp=DY2—n tp=t,—t; (B2

WINEBRENNER AND HASSELMANN: SPECULAR POINT SCATTERING

Further, let us define x, and (<) by

ki, =K,  kB(k) = k(K) (B3)
Evidently (compare equation (7c), section 3),
K;, = sin 8; cos ¢; K;, = sin 6, sin ¢, B(k;) = cos 6,

Substituting (B1)+(B3) into (9), we obtain

A k*| F(0)| 2 .
ofx', Yy, b, ty) = m dxp, dypexp [2ik(x;,xp+ 1,y p)]
< {2 kB )[t oh,, oh;
-( exp < 2ikB(x; — Xp—
° ot Ryt ° Ox Ry
oh, %h,,
+ yp— + t5?
° ay Ri.t1 ° atz Ryt
2h o%h 2h
+xp2 —= yp2 —% Xptp —
? ox? Rty ° oy* Ryt i ox ot Ry
%hy *h,
t, —— _— + .- B4
sl s, ) @

Provided that the surface roughness statistics are stationary,
the expectation value in (B4) depends temporally only on the
lag, t;, = t, — t,. By virtue of the problem formulation used in
this paper (compare section 2 and Ishimaru [1978]), the Fou-
rier transform of &, with respect to t, yields the spectrum of
the backscattered signal frequency variation about the carrier
frequency w,,. This is just the Doppler spectrum which arises
from the motion of the scattering surface. Thus we are moti-
vated to consider

o (w) = Idt,, exp [—iwty]lofty) (B5)

Because we are interested in o, at large wave numbers k, we

make the following change of variables:

x" = 2kB(R)xp (B6a)
V' = 2kBk)yp (B6b)
1 = 2kBR)p (B6c)

Then using (B4)(B6), we obtain

2
o (w) = IF(O)I J‘dt” Idx" J.d.V”
-ex [ Nix o +i ( d )t"]
) ﬂ(x) 2kB(%)
. <exp {ix" Ok +iy” Ok i +0(-1-)}>
0x Rin k

R dy ot
(B7)
In the case where k is large (although still finite), we may
neglect terms of order 1 and higher in inverse powers of k in
the exponential argument of the expectation in (B7). Within
this approximation, the right-hand side of this equation is a
characteristic function, from which we obtain

2’| F(0)|*
k cos® 0,

+it”
Ryt

o (W) =

Kix Kiz

. P(ap,L/ax)_(ah,_/ay).(ah,_/at)(ﬂ(’a), ﬂ(f-),
(2 2

hd BS
B 2kﬁ(vei)) ®9)
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where we have used the relation between a trivariate PDF and
its characteristic function

1
P, ,.x,Yy,2) = J]Idx dy” dz

-exp [ixrx" + iy/yﬂ + izlz”]<exp [ix"x + iyﬂy + iz”z])
The Doppler spectrum at frequency @ is simply proportional
to the joint PDF of the surface slopes and the time derivative

of surface height at a point, evaluated at the specular reflec-
tion values for backscatter

Kix Kl’y _ -

A ey~ 12 O
and at the value of 0h, /0t which causes reflection from the
specular point to be Doppler shifted by an amount @ from the
carrier frequency.

The latter point can be clearly seen by inspection of Figure
Bl. The surface point with proper local slope for specular
reflection has an instantaneous vertical velocity of dh,/0t and
thus has an instantaneous velocity component ok, /0t cos 6,
along the radar line of sight. This gives rise to the Doppler
shift w =2k Jh, /0t cos 0, in the signal scattered from the
surface near this point.

In conclusion, note that this derivation is essentially a
straightforward generalization of the work of Barrick [1968b],
with one small difference. Barrick considered the scattering
cross section of a stationary surface in the limit as k— oo0. In
the present case, k is taken to be large but still finite, in order
that the term Doppler spectrum of the scattered signal remain
defined.

= tan 0, cos ¢,

APPENDIX C

Consider the integral expression for the physical optics
cross section given by (9).

k2| F(0)|?

o X, Y, 1y, ;) = cos? 0
i

szRD exp [2iK; - R,]

-<exp {—2ik (K)[h(R,, t;) — hy(R,, 1)1}
R,=R, - R,

(&)

It is known that in the high-frequency limit, the main contri-
bution to this integral comes from the region around |R,| =
0. Thus to consider the case in which h,(R, t), the large-scale
rough surface height, has an overall mean slope, we write h, as

Line oF SigHT To
RaDAR

Fig. B1. Instantaneous specular point motion (6; is the radar angle
of incidence, and 4 is the rough surface height at the specular point).
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follows:
h(R,,t))=hy —4iVh, R, + KR, t,)
h(R,, t,) = hy, + 4Vh, R, + ﬁ(ﬁz, ty)

(C2a)
(C2b)

where h,, is the height of the mean, tilted surface and where &
is the variation in the £ direction of the rough surface height
not accounted for by the overall surface slope. Thus

hy(R,, t;)—hy(Ry, t,)=Vhy R+ [A(R,, t;)— (R, t,)] (C3)

Since the longwave slopes are considered deterministically for
a given realization of the longwave field, we take the ex-
ponential factors involving these slopes outside the expecta-
tion and obtain

. k*| F(0)|? -
a0, ¥, ty, L) = m‘— szRD exp [2iK/ : R;]
-Cexp {—2ik (K)[A(R,, t,) — A(R,, t,)1}>  (C4)
where
_ o _ . Ohy,
K, = R/% =K, — k(R) 22 (C5a)
ox
and
_ _ . 0h
K, =K/§ =K, —k,(K) a_M (C5b)
y

This expression is simply the original formula for the physi-
cal optics time-correlated backscatter cross section, but evalu-
ated at modified values of K,, and K,, given by K.’ and K,
with one small difference. In the original cross section devi-
ation, h; was taken to be the rough surface height variation
normal to the mean (planar, untilted) surface. In equation C4,
k is the additional rough surface height variation in the Z
direction, which is not normal to the mean tilted surface.
However, the difference between the correlation functions of
the two displacements (which is what appears when the expec-
tations are carried out assuming a Gaussian distribution of
displacements in each case) is of second order in the mean
surface slopes dh,/0x and dh, /0y and thus may be neglected
provided that these slopes are small.

Thus we obtain the result cited in section 4.
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