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Two-scale models for rough surface scattering:
Comparison between the boundary perturbation method
and the integral equation method

David Lemaire, Piotr Sobieski, Christophe Craeye, and Albert Guissard
Université catholique de Louvain, Louvain-la-Neuve, Belgium
Received 22 December 1999; revised 6 April 2001; accepted 31 July 2001; published 1 January 2002.

[1] This paper presents a comparison between two models for rough surface scatiering
computations: the boundary perturbation method (BPM) and the integral equation method
(IEM). They differ in two fundamental aspects: the method used to compute the electric and
magnetic fields on the surface and the surface information required for the computation. The
two approaches lead analytically to the same solution in the two asymptotic cases of very large
and very small vertical displacements, with no intermediate scales. For a composite surface the
solution of the BPM is expressed as the sum of two terms, while a series development up to
higher orders can be formulated with the IEM. In this paper, the comparison is restricted to
composite surfaces and, particularly, to the ocean surface. After presenting a method for the
two-scale decomposition of a rough surface, which satisfies the constraints of the
electromagnetic model for each scale, we compute the scattering by the ocean surface using
both models for various instrumental configurations and surface conditions. We show that
considering the accuracy of usual radar measurements and under the assumptions made for the
development of the models, both methods give very similar results. Since the BPM is based on

a simple physical argument and appears to be more efficient than the two-scale IEM with
regard to the computation time, the BPM should be preferred for ocean-like rough

surfaces.

INDEX TERMS: 0659 Electromagnetics: Random media and rough surfaces; 0669

Electromagnetics: Scattering and diffraction; 4275 Oceanography: General: Remote sensing
and electromagnetic processes (0689); 6969 Radio Science: Remote sensing; KEYWORDS:
radar, sea surface, scattering, boundary perturbation method, integral equation method

1. Introduction

[2] Radar probing of the Earth’s surface has now been
in use for a long time. Several Earth observation missions
have already proven radar potentialities, with numerous
scientific and operational products being distributed.
Microwave and millimeter wave instruments present
the major advantage of being able to sense the Earth’s
surface through cloud cover. Their main drawback com-
pared to optical or infrared sensors is their weak spatial
resolution due to the longer electromagnetic wavelength
they use. This problem can be overcome using synthetic
aperturc tcchniques, leading, however, to particular dis-
turbing effects such as speckle, target displacements,
etc. ..

Copyright 2002 by the American Geophysical Union,
0048-6604/02/1999RS002311$11.00

[3] Radar echoes are directly related to the scattering
properties of the observed scenes. Therefore a number of
methods have been developed for scattering simulations
and for the retrieval of geophysical parameters from
microwave measurements. Among these models, empiri-
cal and theoretical ones should be distinguished. Though
the first ones are usually very efficient considering their
computation time, they do not allow 2 full understanding
of the physical processes implied. Physically based
theoretical models, on the other hand, allow the analysis
of the sensitivity of the scattering characteristics to both
target parameters and radar technical specifications.
Moreover, being tabulated for particular instrumental
configurations or implemented on high-performing
recent computers, they can also be used as the basis for
inversion algorithms for operational systems. Finally,
when proven efficient, theoretical models could also be
used as references for the intercalibration of multichannel
active and passive instruments,

1-1
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{4] Since the basic work of Rice [1951], an abundant
literature has covered the subject of random rough surface
scattering, both for the scalar case (acoustics) and for the
vector case (electromagnetics), under either extreme
boundary conditions (soft and hard surfaces, or perfectly
conducting surfaces) or more general conditions. Exten-
sive lists of references are to be found in some recent
textbooks, e.g., those by Fung [1994] or Voronovitch
[1994]. Among all proposed methods, two-scale methods
work rather well for the case of the ocean surface, because
the separation between the large-scale component and the
small-scale component is somehow related to gravity and
capillary waves. We have developed a two-scale approach
[Guissard and Sobieski, 1987; Guissard et al., 1992],
based on the boundary perturbation method (BPM) [Bur-
rows, 1973]. It leads to numerical results that compare
rather well with experimental data [Lemaire et al., 1999].
Another method that has encountered a large audience in
recent years is the integral equation method (IEM) pro-
posed by Fung et al. [1992] and Fung [1994], which can
be applied for both ocean and soil surfaces.

[s] We present in this paper a comparison between these
two theoretical models for rough-surface-scattering com-
putation. Since both methods lead to the same asymptotic
solution in the cases of either very small vertical displace-
ments of the surface with small slopes or very large surface
displacements with large curvature radii, we shall focus on
the case of a composite surface where different scales of
roughness may be present. In section 2, the two models are
presented following a scheme of increasing complexity, so
that it remains as clear as possible and facilitates the
following discussions. The presentation is restricted to
the main steps that highlight the differences between the
methods, and the reader is referred to the literature when-
ever the mathematical developments are not relevant to the
purpose of this paper. Next, the results obtained with both
methods are compared in the case of the ocean surface and
for various radar configurations. Since the solution appears
as a series development for both methods, we analyze the
results starting with the zeroth-order term and then con-
tinuing with higher-order terms.

2. Rough-Surface-Scattering Models

[6] A usual quantity derived from the radar echo
measurements is the normalized radar cross section
(NRCS) or scattering coefficient o°. Consider a rough
surface z = ((x, '), horizontal in the mean. A portion of
the surface with horizontal area 4 is illuminated by a
plane wave E, = Epe™ ™" from direction i and
polarization p. It induces a scattered field E; with

LEMAIRE ET AL.: BPM VERSUS IEM FOR ROUGH SURFACE SCATTERING

polarization q into the direction s. The bistatic scattering
coefficient is then defined as
2 2
_ATR° iEf,|

G;q (17 s) - A

s, )
IES)?

where R stands for the observation distance.

[7] The time dependence e’** being understood, the
scattered field E°, at large distance from the target, can be
evaluated from the knowledge of the induced electric and
magnetic surface fields E and E, by

oI

.
E'= kRS

x // n xE ~s x (n x nH)je 7*7ds, 2)
s

where r represents a point of the surface S, n is the
normal to the surface at that point, and k is the
electromagnetic wave number.

fs] For a rough surface, r, n, E, and H are stochastic
functions of time and position. Since the measurement of
radar echoes from a rough surface proceeds by averaging
a large number of independent return pulses, each of
them being the combination of echoes produced by a
large amount of individual scatterers, one defines the
total scattering coefficient associated with the total field
as follows (the angle brackets denoting an ensemble
average):

4nR: <E)[ >
P2
4 g

0yl s) =

(3)

[9] We follow hereafter the scheme presented by
Guissard [1996]. We normalize the surface fields with
respect to the incident electric field,

. ) 1 -

E(r) = Eoey (1)e! ™, H(r) = —Eoh, (r)e! 747, (4)
M

with m the intrinsic impedance of the propagation

medium, and we extract the component of the scattered

field with polarization q, i.., £,° = q - E°. The total

bistatic scattering coefficient 0, can be evaluated by

PR k2 . i "
qu(l,s) :m/éf/s <Spgexp [jv-(r —r)>

drdydx'dy', (5)
where r' = (', ¥, (') and 1’ = (x”, , (") are two points on
the surface, v = k(s — i), and S,q 18 given by

 B(r)Ey(F)
)"z’

(6)
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with

Folrj=sx[nxe,—sx(nxh,)l q (7)
and the asterisk indicating the complex conjugate. In
expression (6), z is the unit vertical vector, and n" and n”
are the unit vectors normal to the surface at ¥ and r”,
respectively. In (7) the field vectors e, and h, and the unit
vector m normal to the surface must be evaluated at the
location r on the surface.

[10] Intheabove relations, (' = ((x,)") and ("= ((x", ")
represent the elevation of the surface above the horizontal
plane of reference. They are stochastic functions of the
horizontal coordinates of r’ and r”. Under the assumption
of spatial stationarity the averaged quantity in (5) only
depends on the difference in position r = (r — r”).
Further, if the correlation length of this random quantity
is small compared to the dimensions of the area A, (5)
may be simplified as follows [(Ulaby et al., 1982, volume
2, chapter 12]:

Y k2
crqu 4“//<S eliv:

where v - r=v. (¢ = (") + vx + v,y has been used.

[11] In the expression above, the surface field term S,
and the phase term eV (=) are both difficult to
evaluate. Existing methods are based on different sets of
assumptions. First, the ensemble average involves the
product of two factors. The exponential term only
depends on the vertical displacement, while Syp is a
function of the shape of the surface, i.e., of the slopes,
curvatures, etc.... It can be shown, furthermore, that
under the assumption of spatial stationarity the displace-
ment at one point of the surface is not correlated with the
slopes at that point. In the particular case of Gaussian
surface statistics this implies that these variables are
independent. Although the same argument does not
apply to two separate points, we shall assume that the
ensemble average may be factorized as

%N i > exp[jvxx +jvy}‘] dde,
(8)

Qf/),‘
h >displ .

(9)

‘.'(‘ /—’// . v s
< Spqe[ﬂ.ﬂ Q) >S=< Spq > shape < e[.l =(C

[12] It must be stressed that in certain derivations this
assumption is not necessary or is simply induced,
because of the set of initial assumptions (for instance,
under the small-slopes assumption, the S Spq term is
usually slope-independent, hence position-independent
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too). The product factorization in (9) is based on a
heuristic argument and does not ensure a correct solution.
The proof of its validity can only be obtained a posteriori,
showing that it leads to a good approximation of the
reality. This factorization is made explicitely in the BPM
and implicitly in the IEM.

[13] The second factor of (9) can be identified as the
joint characteristic function x; ofthe displacements at two
points, evaluated at (v,, —v.). If the surface dimensions are
large compared to the correlation length of the variables
over which the ensemble averages are taken, the limits of
integration may be extended to infinity, and we obtain

o0 = // e > \alvm )

N exp JveX + jv.y)dx dy. (10)

[14] For the particular case of a normal surface the joint
probability density function (pdf) of the vertical displace-
ments at two points is a Gaussian function, and we have

Clply. (1D

where C(p) 1s the autocorrelation function of surface
heights and p = (x, ) denotes a position in the horizontal
plane of reference. When the joint pdf of the vertical
displacements is not Gaussian, the expression of -
becomes more complicated. The analysis of this case is
given by Guissard [1996]. It yields o), components whose
evaluation requires high-order statistics (bicovariance,
bispectrum, etc.) of the surface displacements. In the
following analysis, we assume that relation (11) is valid.

[15} To make the following discussion as clear as
possible, we shall recall hereafter the results in the two
asymptotic cases of very large and very small surface
displacements compared to the electromagnetic wave-
length.

X2y, =v:) = exp {=0h2[l —

2.1.

[16] In the first case, ko is assumed very large. Ulaby et
al., [1982, volume 2, chapter 12] express the limit of
validity as

Very Large Displacements

ko > V10. (12)
[17] The characteristic function (11) has then negligible
values except in the vicinity of origin where C(0,0) =
Assuming, in addition, that the curvature radii are large
compared to the electromagnetic (EM) wavelength, the
Kirchhoft’s approximation can be used for the evaluation
of S,,- Expanding the correlation function C(x, y) around
the origin, the integration can be performed, and the well-
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known physical optics solution is found [Guissard et af.,
1992]:
0 Ve W

;,_[ = m ‘qu(ns/i)rr(‘:;a - ‘:)

(13)

where the Fresnel coefficient R, (n,,) is evaluated on a
plane oriented so that s and i correspond to a specular
reflection, while the slope probability density function T
is evaluated for the values (—v,/v., —v,/v.) leading to a
tangent plane with such an orientation. Here, n,, is the
normal to the surface at these specular points, and Ysp 18
the angle between this normal and the vertical, i.e., cos

Ysp = nfp + L

2.2. Very Small Displacements

[18] For very small surface displacements the small
perturbation method (SPM) [Rice, 1951] applies. The
tesult can be directly obtained from (10) using a much
simpler derivation. With the assumption of small slopes,
the normal n to the surface is close to the vertical z, and
we can use the approximation m - z ~ 1. To the first
order, we have

Flpy(r) = Fp‘{’n:z’ < 8y > |qu‘.21: (14)

Assuming a Gaussian joint pdf of the surface displace-
ments at two points, x; can be written as (11), and using
a series expansion of the exponential, it can also be
expressed as

exp {—o"VI[1 — C(p)]}

- o~ [07v2C(p)]
=l "zz){l—l—; o P }

With the small displacement assumption, £ ¢ < 1, X2
simplifies to the first order as

(15)

Xa (v —v:) = 1 — o™ 4 6220 (p). (16}

and we get

0 k2 2 9 5
Opg = 47 }FM 1,,:1 {47‘2(1 =0 V)b (v)8(vy )+ viy(vy, Vy)]
(17)

where b represents the Dirac function. Here, ¥(K) is the
surface vertical displacement spectrum, i.e., the Fourier
transform of the autocovariance functlon I'x, y) =
c’Clx, y),

V(K):// I(x,y) exp jK.x +jKyldedy (18)
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taken at the Fourier components K, = v, and K, = v,. The
function |F,,|n - 2 in (17) can be evaluated with the
boundary perturbation method (BPM) [Burrows, 1967],
which is equivalent to the SPM for the first-order term as
proved by Craeye et al. [2000], with the result that

(19)

Fogl,_,= 4~. cos 6; cos 0oy, |,

where 0; and 0, stand for the incidence and scattering off-
nadir angles and an expression of the «,, is given, for
instance, by Ruck et al. [1970]. (The same coefﬁments are
also given by Ulaby et al., [1982, volume 2], with sign
errors, however.) In the specular direction, i.e., for v, = vy
= 0, relation (19) reduces to

erql .= 2008 O/|R,,( 0,)]. (20)

Finally, the total bistatic scattering coefficient is given by

ap, = 4Tk’ 00526 [Rettpg (00)]70(v)8(v,)

+4? cos?6; cos’0, ’Q,,qJ V(ve, vy, (21)
where |Regr. 0> = (1 — 07v.%) IR,,|* denotes an effective
Fresnel coefficient, taking into account the decrease of the
power in the specular direction due to the scattering of the
incident wave in all directions by the surface ripples.

[19] In (21) the total scattering coefficient appears as
the sum of two terms. The first term corresponds to the
coherent scattering coefficient, defined as

4nRY| < Ef > [
apali-s) = TL’T:IP_’ (22)
P
and becomes negligible as the ratio between the surface
roughness and the electromagnetic wavelength increases.
The second term corresponds to the incoherent scattering
cocfficient. It is commonly referred to as the Bragg
scattering mechanism, since it shows that the scattering
results from the components of the spectrum v, and v,
that produce a constructive interference in the scattering
direction.

[2¢] The same result can be obtained using the integral
cquation method (IEM) to obtain an expression of the
field coefficient S,,, in (10) [Fung, 1994, chapter 4]. An
advantage of this method is that it provides also an
expression of the scattering coefficient when the devel-
opment of x, in (15) is not limited to the first order,
yielding then an improved accuracy when ko is not
negligible compared to unity. A complete expression in
this case is given by Fung [1994].
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2.3, Composite Surface

[21] For natural targets such as the ocean, for instance,
the surface is composed of many scales of roughness. In
this case, the physical optics and the Bragg solutions
apply strictly to millimeter waves and HF waves, respec-
tively. The IEM can yield a better solution over a larger
range of wavelengths when enough terms of the series
expansion (15) are used; however, it becomes practically
inapplicable when too many terms must be computed.
We present hereafter two methods for the computation of
the scattering by a composite surface. One is based on a
boundary perturbation approach and is developed by
Guissard et al. [1992]; the other is an extension of the
integral equation approach for the case of a composite
surface. We briefly recall the main assumptions of the
BPM and present the developments for the two-scale
extension of the IEM. These two methods are numeri-
cally compared in sections 3 and 4.

{22] In order to develop a simple and efficient method,
Guissard et al. [1992] extended the boundary perturba-
tion method initially proposed by Burrows [1967, 1973]
and Brown [1978] to bistatic scattering by a dielectric
rough interface. In this method, it is assumed that the
surface is composed of the superposition of small ripples
with RMS value o4 such that ko, < 1 on large waves
with RMS vertical displacements o;. The two surface
components are assumed to be independent stochastic
processes, and their corresponding spectrum is computed
by splitting the spectrum of the composite surface y(K)
at a given wave number Kj;,, such that the large-scale
spectrum vy, and the small-scale spectrum vy satisfy

'YL(erKy) = ‘Y(Kn](y) \/KXZ + KJ% S Klimv
'YR(vaKy) = V(Kx’Ky) \/K)% +K}% > Kiim,

1 Koo, p2x
oL = \/m/O /0 vi(K.o)KdKdoe  kap >> 1,

1 X P2
Or = \/ﬁ /K““/U ve(K.o)KdKdo  kogp < 1,

where a cylindrical coordinate system such that (K, K,)
= (K cos a, X sin o) has been assumed for the last two
relations.

[23] The total scattered field is then expressed as an
expansion with respect to g,

E;:E;0+Efﬂ +o- (24)
The zeroth-order term is the solution for the field
scattered by the large-scale component without ripples.
Assuming large curvature radii p; for the large scale,
Kirchhoff’s approximation can be used to determine it.

L-5

Next, assuming constant values of the zeroth-order
electromagnetic fields inside the volumes determined
by the small waves, the perturbation field at large
distance from the surface E;, due to the ripples is
evaluated. Finally, removing the cross term 2 Re(E,-
*}) in the evaluation of (|E; %), thanks to the
assumption of independence between large and small
roughness scales, the scattering coefficient is expressed

as the sum of two terms:

o __
Opg =

(25)

0 o
pg0 + Cpg1

The zeroth-order term is given by the Kirchhoff solution
for the large-scale surface (13) with the Fresnel
coefficient R,, replaced by an effective Fresnel coeffi-
cient R, p, similarly to (21). This latter takes into
account the effect of the ripples present on the “‘tangent

planes” on the large waves as
Refr. pg = eii(l/z)ak‘?]Rpw (26)

On the other hand, the expression of the first-order term is
k2 ¢
o =
P am(v. Jk)? //_x
|Hpo (0, B)*va (Kv, K0) T (0, B)dadB, (27)

where

ve — K, v, — K,

(28)

[24] Tifox, B) cormresponds to the large-scale slope pdf,
and the expression of the surface field function Hpg is
given by Guissard et al. [1992]. Analyzing this expres-
sion closely, we note that as for the incoherent term of
(21), the scattering results from the Fourier components
of the surface spectrum thar produce a constructive
interference in the scattering direction. The difference
with (21) is that, since in this case the ripples lie on large
tilting undulations (with a certain probability density
Ty(o, 1)), @ certain range of Fourier components may
have the correct wavelength and orientation to yield a
constructive interference. This results in the convolution
between the ripple spectrum vy, and the large-scale slope
probability density function 7, Moreover, the Hpolao, 3)
function has also been shown by Craeye et al. [2000] to
be identical to the 0 I (21), and therefore we some-
times refer to expression (27) as “tilted Bragg™ solution
hereafter. In particular, when only ripples are present on a
flat surface, T, B3) reduces to a product of Dirac
functions and the solution degenerates into the SPM or
Bragg scattering solution [Guissard et al., 1989).

[25] Another approach can be followed in the case of
scattering by a composite surface. It is based on a two-



1-6

scale expansion of the IEM. The detailed developments
are given by Lemaire [1998]. We summarize them here-
after. Using the [EM, the surface fields appear as the sum
of a Kirchhoff and a complementary term. The scattering
coefficient appears as the sum of several terms, and each
term can be factorized under a form similar to (10). If the
spectrum vy of the composite surface is expressed as the
sum of a large-scale spectrum <y, and a small-scale
spectrum yp using (23), the covariance function is equal
to the sum of two functions corresponding to the inverse
Fourier transform of the respective spectra, i.e.,

Dlx,y) =Trlx,y) + Trlx, ). (29)

Consequently, the characteristic function (11) can be
written as

X2 (v =vz) = exp {—VZ[o] — T'r(p)]}
xexp {—viog — Tr(p)}

= X2V, =v2) Xar(vs, —Vz). (30)

[26] Next, as done above when only one scale of
roughness 1s present, the covariance function of the
large scale can be expanded around the origin (see
section 2.1), and the joint characteristic function of the
small scale can be developed in series (see section 2.2).
The surface fields being evaluated using the integral
equation, the integration along the horizontal coordi-
nates, can be performed. Since, similarly to (10), all
terms of the scattering coefficient appear as the Fourier
transform of a product of two functions x,; and ¥z,
two partial solutions can be found in a first step by
integration on the large and the small scales separately.
Then, using the properties of the Fourier transform with
regard to the product of two functions, the complete
solution is the convolution of these partial solutions. We
obtain, finally, the series expansion [Lemaire, 1998]

2C OC oC
0o __ 0 0 0
Opq = Opg0 + E:Opqn + 2 : E :gpqmn'
n=] m=1 n=1

[27] As with the BPM, the zeroth-order term is given
by Kirchhoff’s solution for the large-scale surface (equa-
tion (13)) with an effective Fresnel coefficient Retrpy
taking into account the effect of the ripples:

1
Rey pg = Jpgexp {— 50’%4 Ryy.

31

(32)

Jpq denotes the difference with BPM and is given by

ook ok,
Zqu ( 4’

x/ [%qu(w + 0,V ﬁ)yR(u,B)dadﬁJ ,(33)

Jpg =14+

F‘pq(u*.v*) +
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where
K — * izhsy — ::kiv
u* = : Il(‘:;_l/ix:;k“ ’ V= : I;‘sz’:i: ! (34)
k; = ki = (ki, kiy, kiz), kg = ks = (ks kg k).
(35)

[28] Similarly to (27), the single scattering terms o,,,,”
are given 2by
2.2
Opn = o exp —ogV;]

20 {m)
<[ nto P B 7 gracas. 6)

In this expression, the 'y%’) functions are defined as the
spatial Fourier transform of the nth power of the ripples
autocovariance function, i.e.,

Ve (K..K,) = FT{T}(p)}. (37)
The surface field functions 1,,, are given by
o3k S
Lpgn (0, B) = Vi foq + ——5— [kszpq(*kixv —k;,)
+ (k) Fp—k =K, (38)

where the expressions of the f,,, and F,,, factors are given
by Fung [1994] and the wave numbers

k;x = kix + kiz(la

k, = kf kiz )

o = Ky Kb (39)
k;/,; = ksx + kszaf

kxv = ksy + kszB:
geometrically correspond to the local tangential wave
number components on large waves, if the large-scale
slopes are small compared to unity.

[29] The single-scattering terms are thus given by a
convolution between the ripple spectral functions v and
the large-scale slope probability density function. Hence,
as for (27), this expression can be physically interpreted
as resulting from the interaction between small waves
propagating on large tilting waves. Finally, the higher-
order terms oy, take multiple scattering into account.
They represent the influence of the electromagnetic fields
at one point of the surface on the neighboring points.
Their expression is given in Appendix A since they are
quite long and complicated. They will not be considered
in the following analysis.

[30] For a slightly rough surface, 7, (c, B) degenerates
into a product of Dirac functions. In this case, the o,,,
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can be shown to reduce to the expressions given by Fung
[1994, section 5.5.1], which are themselves equivalent to
the SPM solution when the development is limited to the
first order for small kog compared to 1. However, contrary
to BPM, it is important to note that relation (36) for n = 1
is not equivalent to the tilted Bragg solution. Indeed, as
already mentioned, when no large scale is present and
when the exponential terms exp {—[0z*v.%]} in (36) and
exp {——[chk,-zksz]} in (38) can be approximated to unity,
the solution reduces to the SPM solution (21), as does
(27). Thus, for a composite surface, not considering the
exponential factors in (36) and (38), if all the wave
number components in expression (38) of I, were
evaluated as local wave numbers with reference to the
tilting large scale, (36) would correspond like (27) to the
tilted Bragg solution. However, although (39) shows that
the F,, functions in (38) are indeed calculated for tan-
gential wave number components (k's,, Ky, Ky, and ;)
evaluated locally, the vertical components &, and k., in
(38) are taken with reference to the global incidence
angle. Hence expression (36) of Opgn With 7 = 1 does
not correspond exactly to the tilted Bragg solution.

[31] This important difference is due to the fact that the
integration of the various terms (similar to (10)) of the
scattering coefficient is performed along the horizontal
coordinates. Therefore, when a two-scale decomposition
is used, the convolution is performed only on the
horizontal wave number components; whereas, since Vv,
or k;; and k,, appear only as multiplicative factors of the
covariance function in the series development of x5, no
convolution is performed on the vertical components of
the vectors, and they are thus evaluated in the global
coordinate system. This might result from initial assump-
tions done to compute the surface fields using the IEM,
such as the small-slopes assumption. Although it would
seem more intuitive to use also vertical wave number
components evaluated locally in the expression of the
Ipgn functions, we use expression (38) obtained analyti-
cally, knowing that its validity is limited to the assump-
tions made for the developments.

3. Limit Wave Number Problem

[32] In section 2, we briefly reviewed electromagnetic
models for rough surface scattering. We ended with the
BPM and the two-scale development of the IEM that will
be compared in section 4. Different conditions were
imposed on each scale for the application of the scatter-
ing models. These constraints depend on the electro-
magnetic wavelength (and thus on the instrumental
configuration) and on the surface roughness, which is
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related to a number of environmental conditions for
natural rough surfaces such as the ocean. Both the
surface and the instrumental characteristics should there-
fore be taken into account to decompose the surface so
that the electromagnetic constraints are satisfied. This is
the purpose of this section.

[33] For the application of the two-scale models in the
case of a composite surface, we split the surface into
small and large waves following (23). For the large-scale
component, besides the condition (23) on its vertical
displacements, the curvature radius should be much
larger than the electromagnetic wavelength everywhere
on the surface for the Kirchhoff’s approximation to be
valid. For the small-scale component the surface vertical
displacements need to be small compared to the electro-
magnetic wavelength. This was required for the BPM to
assume constant fields inside the volumes determined by
the small roughness; while for the two-scale expansion of
the IEM, this assumption allows the use of a series
expansion of the joint characteristic function of the
small-scale vertical displacements.

[34] For the small scale, the condition on the displace-
ments is given by

kag < 1, (40)

with oy given by (23). From its definition the surface
spectrum <y is a symmetric function with respect to the
origin. It is usually factorized as [Lemaire et al., 1999]

S(K
YK, o) = 4n? —§<—)F(K, ), (41)
where S(K) is the radial surface spectrum and F(K, o)
represents the azimuthal variation of the spectrum and is

normalized so that [4*"F(K, a)da = 1. Using this
factorization, oy is given by
o0

op = / S(K)dK. (42)
Kiim

On the other hand, the constraint on the very rough
surface is that the mean curvature radius is large
compared to the wavelength. With o, being the standard
deviation of the curvature radius, we write it as

Oy, > A (43)

The curvature radius at one point of a surface in a given
direction is expressed as

_ (1 + C’)3/2

e ¢ (44)
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Figure 1. Two-scale decomposition for various frequencies. (a) Ratio & = K};,,/k and (b) kog product.

Here, ( denotes, as mentioned in section 2, the elevation
of the surface with respect to a horizontal plane of
reference, and (" and (” are the first and second
derivatives of (, respectively, with respect to horizontal
coordinates following the chosen direction. For small
surface slopes we have

: (45)
Pe = = . \
G
and (43) is transformed as
2
TT 0. < 1, (46)

where o, stands for the standard deviation of the surface
curvature (". It may be estimated from the surface
spectrum by

K,
o — / K* S(K) d. 47)
0

Then, letting (40) and (46) have the same limit value to
obtain a unique limit wave number, we have

4n? [ e
/ K* S(K)dK = &2 / S(K) dK.
0 K/lm

" (48)

[35] We applied this relation to the case of the ocean
surface. We used the surface spectrum presented by
Lemaire er al. [1999], with 0.7% significant slope, a
fetch of 500 km, and the peak wave number given by
Pierson’s formula for fully developed state. The ratio § =
Kiin/k 1s plotted in Figure 1a for C, Ku, and Ka Bands.
We also plot the ko, product in Figure 1b. We see that

kog values lie below unity as required for the smal] scale.
As the conditions on the small and large scales have the
same limit value, 2 small ko product also means that the
curvature radius to EM wavelength ratio is large, as
necessary for the large scale. We also verified that (12)
is satisfied for the large scale. Finally, several authors use
a constant value § to split the spectrum into two scales,
The range of values usually recommended is 0.3 < § <
0.5 [Kim and Rodriguez, 1992]. We note from Figure 1
that the & values computed using the proposed method lie
in this recommended range.

[36] Besides the constraints on the height of the small
scale and the curvature of the large scale, conditions on
the correlation length of each scale have also been
proposed in the literature. These conditions are usually
expressed for the case of a Gaussian surface and for the
asymptotic cases of the physical optics solution or the
SPM solution. We verify hereafter that these conditions
are satisfied by the above decomposition of the surface.

[37] Let us denote as /, and /4 the correlation lengths
of the large and the small scale, respectively. In the case
of a Gaussian surface, imposing the constraint that the
curvature radius of the large scale should be much
larger than the electromagnetic wavelength, Ulaby et
al., [1982, volume 2, chapter 12] state that the expres-
sion of the physical optics solution, i.e., the zeroth-order
term without correction of the Fresnel coefficient,
should be valid if

K22 > 27 2.76 ko, (49)

(38] For the first-order term, Thorsos and Jackson

[1989] expressed the limit of validity of the small-
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Limit of validity of the first-order term expressed by Thorsos and Jackson [1989] (lines) and values

of the correlation length and height variance of the small scale given by our two-scale decomposition of the
surface (symbols). The condition expressed by Thorsos and Jackson can be considered as satisfied.

perturbation method (i.e., the first-order term of the two-
scale model, without taking the tilting of the small-scale
surface by the large waves into account) as

kO’R<Q@klR kr < B,
V2 Can s 50)
kog < 0.428 exp[—0.25k°I; sin’0] kiz > B,

where B is a number closc to unity and corresponds (o
the intersection of both expressions. This condition was
established for the case of a one-dimensional surface
with a Gaussian spectrum. Since it is not easy to
conclude that this condition would remain exactly the
same in the case of a two-dimensional non-Gaussian
spectrum, we use it hereafter merely as an indication.
[39] To check if our two-scale decomposition of the
surface satisfies these constraints, we have computed the
correlation length of the large and small scales. For a
non-Gaussian autocovariance function we define the
correlation length as the maximum distance beyond

which the absolute value of the autocovariance function
never exceeds 1/e = 1/2.718 times its maximum value.
The large- and small-scale autocovariance functions
I(x, ¥) and I'g(x, y) have been computed as the inverse
Fourier transform of their respective spectrum. More-
over, to avoid defining a corrclation length for each
direction in the horizontal plane, the spectrum has been
assumed isotropic, i.e., F(K, &) = 1/27 in (41). This does
not modify our conclusions. We used the spectrum
presented by Lemaire et al. [1999] with the same values
for the significant slope and the fetch as above. We
considered the three wind friction velocity values 20 cm/
s, 60 cy/s, and 100 cn/s and three frequencies 5.3 GHz,
13.6 GHz, and 36 GHz, for which we perform the
comparisons between the BPM and the two-scale IEM
in the section 4.

[40] The results confirm that condition (49) for the
zeroth-order term is satisfied. For the first-order term,
Figure 2 presents the computed couples (kog, klg)
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Figure 3.  Correction factor oo to the Fresnel coefficient for HH polarization: BPM (solid lines) and IEM
(dashed lines). Numbers 1, 2, and 3 stand for C, Ku, and Ka bands, respectively.

together with the limit of validity (50) expressed by
Thorsos and Jackson [1989]. We note that in most
configurations the couples (kog, klg) are close to Thor-
sos and Jacksom’s limit. Since condition (50) was
established for a rough surface with a one-dimensional
(1-D) Gaussian spectrum and not for a natural surface
such as the ocean (whose radial spectrum is close to a
power law), we may not conclude that the proximity of
(kog, kIg) to this limit implies that the contribution of
terms higher than the first order to the total ¢° will be
negligible. Nevertheless, it does still indicate that their
contribution should be small, as confirmed by the
calculations (see section 4). Similarly, at high frequency,
large wind friction velocity, and large incidence angle,
the computed couple (kop, kiz) slightly departs from the
limit expressed by Thorsos and Jackson, indicating that
terms higher than the first order might be necessary for
an accurate computation of the total scattering coeffi-
cient. Let us also mention that the computed values of
the couples (kog, klg) compare very well with the
validity range computed by Chen and Fung [1988].

Finally, we also tested other spectra from the literature
[Bjerkaas and Riedel, 1979; Elfouhaily et al, 1997]
with the same conclusions.

[41] These computations show that the proposed
method for the two-scale decomposition of the surface
provides a good compromise between the constraints
expressed for each scale. Moreover, this method takes
the roughness of the surface and the instrumental con-
figuration into account for the computation of the limit-
ing wave number and constitutes therefore an
improvement compared to models in which 8§ = Kj/k
is given an arbitrary fixed value.

4. Results

[42] Simulations have been performed for the case of the
ocean surface using the BPM and the two-scale [EM. We
considered a large range of incidence angles for three
different frequencies (5.3 GHz, 13.6 GHz, and 36.0 GHz)
and three incident-scattered polarization combinations
(VV, HH, and VH). We used the ocean surface spectrum
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Figure 4. Correction factor o, to the Fresnel coefficient for VV polarization: BPM (solid lines) and IEM
(dashed lines). Numbers 1, 2, and 3 stand for C, Ku, and Ka bands, respectively.

presented by Lemaire et al. [1999] with a fetch of 500 km
and a significant slope equal to 0.70% as previously. Three
different wind friction velocities have been considered: 20
cm/s, 60 cmy/s, and 100 cmy/s. For the large scale we used
the Cox and Munk [1954a, 1954b] slope PDF, but with the
slope variance computed from the surface spectrum.
Finally, all simulations have been performed for a view
angle aligned with the wind direction.

[43] First, we analyzed the difference between zeroth-
order correcting factors for the Fresnel coefficient as
expressed by (26) for the BPM and (32) for the IEM.
The analysis has been performed for both HH and \AY%
polarizations and for low incidence angles at which oy is
the dominant contribution to 0pq- The results are presented
in Figures 3 and 4, where we plotted the correction factor
Oorr 10 the Fresnel coefficient, defined as

- lReﬂ“,pq |2

0(:OI'I‘ 2
IRP‘I I

(51)

We note that there is no important difference between
the two corrective coefficients. The maximum differ-
ence reaches a few tenths of a decibel for 30 deg.
Since, for such incidence angle, o, has the same
order of magnitude as oy, (see Figures 8 and 9), this
means an even lower difference on the total scattering
coefficient. We conclude therefore that the exponential
correction (26) is an excellent approximation of (32)
and presents an advantage of computational efficiency
since it avoids a two-dimensional integration.

[44] Next, we computed the total scattering coefficient
using the BPM and the two-scale IEM (up to third order).
The results are displayed in Figures 5, 6, and 7, where
angular points in the curves are due to the fixed 10 deg
increment in the incidence angle. The results of the
simulations using the SPM are also displayed to show
the importance of the tilting by large waves, i.e., the
difference between the BPM and SPM curves.

[4s] In most configurations the difference between
the BPM and the two-scale IEM results is small, if not
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Figure 5. Comparison between BPM, IEM, and SPM models
for backscattering case and VV polarization.

negligible, with regard to the accuracy of radar meas-
urements. The largest differences occur at large inci-
dence angle, large wind (i.e., important roughness),
and high frequency, where it is of the order of 1 dB.

The difference is also slightly larger in HH than in the

other polarization configurations

{46] As underlined at the end of section 2.3, the two-
scale expansion of the IEM does not correspond
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Figure 6. Comparison between BPM, IEM, and SPM models
for backscattering case and HH polarization.
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Figure 7. Comparison between BPM and IEM models for
backscattering case and VH polarization. SPM reduces to ¢° =
0 in this configuration.

exactly to the tilted Bragg solution, as the BPM does.
The differences are (1) the use of global incidence
angles for the vertical components of the incident and
scattered wave number vectors and (2) the exponential
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; and exp{—[ozk,-zks_,]} in the
expressions (36) and (38) of o, and Lpgn, which do
not appear in the tilted Bragg solution. It is therefore
interesting to analyze the contribution of each term of
the two-scale IEM.

[47] Figures 8 and 9 present the results in VV and HH
polarizations at 36 GHz and large wind friction velocity,
i.e., for the configurations where the difference between
the BPM and the two-scale IEM is the largest. Let us
concentrate on the VV configuration first. We note that
the difference between two Opgn N successive orders
(higher than the first) is roughly about 10 dB. This

factors exp{— [ozv,z] }
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Figure 9. Successive terms of o° using the two-scale [EM 36
GHz, HH polarization).



