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Comparison of Asymptotic Backscattering Models
(SSA, WCA, and LCA) From One-Dimensional
Gaussian Ocean-Like Surfaces

Christophe Bourlier, Member, IEEE, Nicolas Déchamps, and Gérard Berginc

Abstract—In this paper, recent asymptotic backscattering
models are compared for one-dimensional multiscale dielectric
sea surfaces with Gaussian statistics and by considering the
Elfouhaily et al. height spectrum. We focus on the calculations of
the normalized radar cross sections (NRCS) obtained from the
weighted and local curvature approximations (WCA and LCA),
recently published by Elfouhaily, and of the first- and second-order
small slope approximation (SSA(1) plus SSA(2) denoted as SSA),
developed by Voronovich. Voronovich et al. (2002 Waves Random
Media 11 247-269) presented simulations of the SSA by making
an assumption over the SSA(2) contribution (the model is referred
to as SSAM). The NRCS computation is then similar to SSA(1),
where the sea spectrum is substituted by a modified spectrum
defined as the product of the sea spectrum by the second-order
polarization term. The second-order statistical moment of WCA is
calculated rigorously for any two-dimensional height correlation
of the surface with Gaussian statistics. The NRCS of the WCA,
WCAQ (obtained from a quadratic approximation of WCA),
LCA, SSA, and SSAM backscattering models are compared
for moderate wind speeds, for microwave frequencies and for
backscattering angles ranging from 0 (nadir) to 70°.

Index Terms—Radar scattering, ocean remote sensing, scat-
tering from rough surface.

1. INTRODUCTION

HE most widely used method to calculate the mi-
crowave backscattering from multiscale sea surfaces is
the two-scale model (TSM) derived for acoustic waves by
Kur’yanov [1] and for electromagnetic waves by Wright [2].
It introduces a scale-dividing parameter k; separating the
small- and large-scale components of the roughness which
can be arbitrarily chosen within wide limits. The advantage
of this method is that it is easy to apply. One disadvantage is
that the predictions are dependent on the partitioning of the
surface within the choice of k4. A second one is the difficulty
in establishing the accuracy of the theory.
The first- and second-order small slope approximation
(SSA(1) and SSA(2) denoted as SSA) developed by Voronovich
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[3]-[5] can be applied for rough multiscale surfaces such as
the sea surface, since its domain of validity is independent of
the electromagnetic wavelength. Indeed, Voronovich showed in
[6] that the higher-oder SSA captures the two scale model. The
SSA scattering model can be applied when the slopes of the
incident and scattered fields sufficiently exceed the rms (root
mean square) slopes of the surface. The applicability of the
SSA model to scattering from ocean-like surfaces at microwave
frequencies has not been fully established. Nevertheless, when
the difference between the first- and second-order results is
relatively small, one may hope that the solution of the scattering
problem is accurate.

The weighted curvature approximation (WCA), recently
published by Elfouhaily et al. [7], is a new version of the
extended Kirchhoff approximation published by Elfouhaily et
al. [8], which has been compared in [9] with the first-order SSA
and also with direct numerical simulations using the MOMI
method. WCA can be considered as a generalization of the
local weight approximation by Dashen and Wurmser [10]. This
model satisfies the necessary conditions of convergence toward
the small perturbation method and the high-frequency Kirch-
hoff approximation while remaining compact, reciprocal an tilt
invariant. Therefore, it should be also adequate for multiscale
rough surfaces. The local curvature approximation (LCA),
recently published by Elfouhaily et al. [7], [11], [12], can be
seen as a generalization of the tilt-invariant approximation
[13], [14], valid only for a metallic surface, to the dielectric
case. Like WCA, it is reciprocal, tilt invariant and converges
toward the small perturbation method and the high-frequency
Kirchhoff approximation.

For radar microwave applications (frequency range from 1 to
20 GHz corresponding to electromagnetic wave number range
from 21 to 419 rad/m), the Rayleigh parameter of the sea sur-
face can be much greater than unity. In addition, the sea has a
wide-band spectrum involving that the calculation of the height
correlation, obtained by computing the IFFT of the spectrum,
requires a great number of samples which increases the com-
puting time. Indeed, the height correlation has to take into ac-
count information on both the gravity waves (related to the low
frequencies) and the capillary waves (related to the high fre-
quencies) to reproduce the two-scale model. These points make
its difficult the numerical computation of the multidimensional
integrals of the normalized radar cross section (NRCS). To have
a short computing time and to study the scattering models with
accuracy, the sea surface is then assumed to be one-dimensional
(1-D).
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The purpose of this paper is to compare SSA with WCA and
LCA at microwave frequencies and for moderate wind speeds
from 1-D Gaussian rough multiscale sea surfaces that obeys the
Elfouhaily et al. [15] height spectrum. In addition, the modified
SSA model used by Voronovich et al. [3] and referred to as
SSAM will be presented. The ensemble average of the WCA
scattered field is calculated by assuming Gaussian statistics. A
quadratic approximation, referred to as WCAQ and suggested
by Dr. Elfouhaily (personal discussion) is applied to simplify
the scattering cross section of the WCA model.

This paper is organized as follows. In Section II, the SSA,
SSAM, LCA, WCA, and WCAQ scattering models are pre-
sented. In Section III, by assuming a height spectrum given by
[15], the backscattering models are compared for a wind speed
u19 = 5 m/s (defined at ten meters above the sea), for a radar
frequency f = 14 GHz (Ku band) and for backscattering angles
ranging from 0° (nadir) to 70°. The last section briefly discusses
results for other frequencies and ocean states, and provides con-
cluding remarks.

II. SSA, WCA, AND LCA SCATTERING MODELS

A. SSA Approach

The SSA scattering model has been analytically tested in
many papers that considered Gaussian statistics to derive ex-
pressions for ensemble averages. For a 2-D ocean-like surface,
the comparison [16], [17] of the SSA(1) backscattering NRCS
with experimental data showed good agreement. In [18], only
the SSA cross term of the backscattering NRCS is added (the
partial fourth order term is omitted). In [3], an assumption
is used to include the SSA(2). The computation of the SSA
backscattering NRCS becomes then similar to the computation
of the SSA(1) NRCS, where the sea spectrum is substituted by a
modified spectrum which depends on the sea spectrum and the
second-order polarization terms. This model will be presented
and referred to as SSAM. In [19], SSA(1) is compared with a
rigorous numerical code based on the method of moments for
Gaussian and power-law spectra. For a 1-D Dirichlet surface
with a Gaussian elevation spectrum (single-scale surface), the
comparison of the SSA bistatic NRCS with the method of
Moments showed good agreement [20], and similar simulations
are reported in [21], [22] for ocean-like dielectric surfaces.
Recently, Berginc [23] and Gilbert et al. [24] implemented
numerically the vector case of SSA from 2-D dielectric surfaces
with a Gaussian height spectrum. This list of references is not
exhaustive.

The SSA presents an explicit expression of the scattering am-
plitude (SA) S(k, ko) on the basis of plane waves in terms of
parameters of the incident and the scattered waves and surface
roughness elevation h(r) [4], [5]

@ / expl—jau - T+ jQh(r)]
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where

QZQk+QO and qH:k—ko. (2)
In (1), r = (z,y) are the horizontal coordinates and {kg,k}
are the horizontal projections of the incident and scattered wave
vectors, correspondingly, and h(u) is the Fourier transform of
h(r). Values —qo and ¢, are appropriate vertical projections of
the wavevectors defined as

K7 -13)*

where Sm(qo, gx) > 0, and

Wl

and ¢ = (K k2) 3)

QOZ(

M(k, ko; u) = Bs(k, kosk — u)

+ By(k, ko; ko +u) + 2QB(k, ko). (4)

SA S(k, ko) represents a 2 x 2 matrix describing mutual trans-
formations of the electromagnetic waves at different polariza-
tions. Namely, Sy, (k, ko) is the amplitude of the scattering
from an incident plane wave with horizontal wavevector k, and
polarization g = {1, 2} into a scattered plane wave with hor-
izontal wavevector k and polarization «« = {1, 2}. In our case,
the polarization index ac = 1 corresponds to a polarization con-
ventionally defined as vertical, and av = 2 refers to a horizontal
polarization. Values B, , 327%0 are expressed in Appendix B
and MMO are 2 x 2 matrices.

The expression of the scattering cross section is directly re-
lated to the second-order statistical moment of the SA. For a
Gaussian process [4], [5], the dimensionless scattering cross
section o554 (k, ko) for the scattering of the wave of polariza-

[e%e))
tion ayg into the wave of polarization « is

2
oSS (K, ) = (2(]kQO) /RSSA(k ko; r)eJau T dr

aao Q aaq (27r)2
)
where
Re%s (r) = RESM (r) + ROS ™ (r) + RE#(r) - (6)
in which
R (r) = [x(r) — x(c0)]|BI? @)
R (r) = x(r) [Fy(r) B* + F{ (—1) B + Fi(r) F{ (=)
— x(00){|F(0)[* — 2Re[F(0) B"]} ®)
RS5A22(p) = x(r)G(r) )
x(r) = e—Qz[ai—w(r)L x(00) = e—QQU;QL (10)
Fi(r) = F(-r) — F(0). 1D

The symbol * stands for the complex conjugate and the
symbol Re denotes the real part. In (7)—(9) and (11),
the subscript awg and the dependence over (k,kg) of
RSSAN RSSA1Z RSSAZ2 B [ Fy, and G are omitted. x(r) is
the characteristic function; and the height correlation, W (r), is
defined from its height spectrum, W (u), as

W(r) = /W(u) exp(ju - r) du. (12)
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The height variance is defined as o7 = W(0). In (11) and (9),
F(r) = Faa,(k,ko;r) and G(r) = Gaa,(k, ko;r) are ex-

pressed as
_Q / W(u

G () = 15 / ()| My (Ko w2 exp(ju - ) i,
(14)

aag k kOa )eXp(]ur)du (13)

aao

RSSAM (1), RS5M2(r), and RS3A?%(r) are related to the
second (superscript 11), third (superscript 12), and partial
fourth (superscript 22) order terms of the scattering cross
section, respectively. Thus, the SSA method requires to com-
pute three Inverse fast Fourier transform (IFFT) to obtain
W (u), Faag (K, ko:T), Gaa, (K, ko) and a numerical inte-
gration over r. For a multiscale sea surface, for which the
height spectrum is very wide and the Rayleigh parameter (pro-
portional to the product of the electromagnetic wave number by
the surface rms height) is much greater than unity at microwave
frequencies, the computation of the IFFTs are much more
difficult since the sampling of the spectrum must be sufficiently
small to take into account both the gravity and the capillary
waves. This is why, for the simulations, the surface is assumed
to be 1-D, for which the V' and H polarization contributions

will be displayed.

B. SSAM Approach

To facilitate the calculations in the cases of the SSA12 and
SSA22, Voronovich et al. [3] assumed in (1) that

B——/M

~ B x exp {—E /M(u)iL(u) exp(ju-r)du|. (15)

u) exp(ju-r)du

Thus, they showed

Zquo 2
SSAI\I
SSAM( k) = (—)

Q
RSSAV (1 Kg;r)e—iant T 1)
aag 05 (27r)2
where
R () = [Bag, [Pem @ Mo 0 Woma @I (17

Waao (r) = Waa, (k, ko; r) is related to the modified rough-
ness spectrum W, (k, ko; u) as

Waao (K, ko; 1) = /Waao(k7k0; u)exp(ju-r)du (18)

where

~ 2
Maag (k7 k07 u)

Voo (K, ko3 1) = 4QBou. (k, ko)
W 0( ) %0 ll) 4QBaao(k7k0)

W(u) |1 - (19)
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Equation (16) is similar to that giving the contribution of the
SSA11 where the height correlation W (r) was substituted by
Waa (T).

C. WCA Model

1) Weighted Curvature Approximation: The WCA is based
on the curvature kernel derived in the local curvature approxi-
mation developed for the electromagnetic case by Elfouhaily e?
al. [7]. It is formulated as

S(hkka) = o5 [ expl—jan - x +jQh(r)
% [Be(wir, i) - T(wir, ~QVA) - 20)
(2m)
where
T(wg,u) = Bg(wg,u) — Kg(wg,u) 21

and BE(WH7qH> = BE(k7k0>KE(WH7qH) =
KE(k k0)7T(WH., qH) = T(kl k(]), in which qH = k — k(]
and wyg = k + k. The coefficient Kg is the Kirch-
hoff polarization matrix given in Appendix B and Bg
is related to the polarization matrix B of SSA(l) as
Bge(k, ko) = 2qrqoB(k, ko). The definition of the curvature
kernel T' ensures the high-frequency limit obtained from the
Kirchhoff approximation. In addition, since T(wg,0) = 0
and VT'(wy,0) = 0,7 is quadratic in its lower order and
therefore the small perturbation method is reached.

2) Calculation of the Ensemble Average: In this paper,
we propose to calculate rigorously the ensemble average
AS(k, ko) = (S(k,ko)S*(k,ko)) (in the functional S,r is

substituted by r1 whereas in S*, r is substituted by rs) to obtain
WCA

O’OLOL
quuation (20) is split up into two terms as
S(k7k0) = 51(k7k0> + Sg(k7k0>, where Sl(k, ko)

includes only Bg(wg,qp), whereas So(k, ko) includes only
T(wg,—QVh). Thus, we get

AS = (8157) + (S255) — 2Re[(S5155)]

—{(S)P + [(S2)]* = 2Re[(S1)(S5)]}. (22)
For a stationary surface or spatially homogeneous surface, the
ensemble average (---) depends only on the difference r =
ro — ry. Therefore, using the variables transformations r =
ro —rq,r, = ro + ry, and integrating over r,,, we have

B o
($157) = | Q@' / £(1)edan ﬁ (23)
(sis5) = 22k / LIT* (Wi, =QVho)Je! ™™ g (24)

1= "0 0, VR Gy
2
(8253) = |BE| /ET* , —QVhs)
xzxwy,—Qthka*(@L- (25)

2m)4
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where L(..

L) =((-

.) is the statistical operator defined as

exp[jQ(ha — h1)]) where £(1)

= x(r)
(26)

for a Gaussian process. The statistical moments |{S7)|2, |(S2)|?,
and (S1)(S3) giving the coherent contributions are obtained
from (23)—(25) by omitting the statistic correlation (similar to
r — 00). The calculation of the expected values are presented
in the Appendix A for Gaussian statistics and for any 2-D
anisotropic correlation. The resulting scattering cross section is
) —jan-r dr
2mr)2

A e ko) = 5 [ RS ko

27)

where

RVVCA(I‘) _ RVVCAll( )_i_RWCAlZ( )_l_RVVCAZZ( ) (28)

in which
RWVCALL (1) — [y(r) — x(c0)]|BE|? (29)
RWCALZ(p) = _9Re{Bp[L1s(r) — Li2(c0)]}  (30)
RVVCA22(I.) — L22(r) — L22(oo). (€28

The functions Li2(r) = L12,a0,(Q, Wa;r) and Los(r) =
L 0oy (Q,wr;r) are expressed from (A19) and (Al4),
and {L12922(c0) = LF$ 4o} are expressed from (A18) and
(A23). When the ensemble average is calculated rigorously,
two additional integrations over {Vhi,Vhs} are required
for Loo aa,(Q,Ww;r), whereas for Li2 na,(Q,Wn;r) one
additional integration over Vh; is required. For a 1-D surface,
the slopes {Vh;} become scalar, which reduces the number of
integrations. Comparing (29) with (7) where B = 2qq0B,

we have ol oAt = oSSALL GESALLWOALL are related to
SSA11,WCATL
R,

3) Calculatlon of the Ensemble Average Based on the
Quadratic Assumption: To reduce the number of the numerical
integrations of UXV;COA, we can use a quadratic assumption (sug-
gested by Dr. Elfouhaily) of the curvature kernel T'(wg,u).
Indeed, since T' is quadratic with respect to u in its lower order,
a Taylor series expansion of second order around zero leads
to T(wg,u) =~ uAu. It is easy to show that the resulting

ensemble average (the superscript () is added) of (20) is

O (ko) = é/ RWOAQ (K, ki r)e 7 (2dTr)2
(32)
where
RX\{*COAQ( )= x(r)|Bg — T(wg,v)|?
_X(OC)|BE—T(WH,V[OO])|2 (33)
in which
v(r) = Q{[QVW (r)]> — VVW(0)}
and
v(00) = Q[-VVIW(0)]7. 34
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We can notice that the computation of o)\ requires a
single integration over r instead of three over {r,Vh;, Vhy}
for JWCA.

4) Application to a 1-D Surface: For a 1-D sur-
face, the surface slope is defined along one direction
(r = z,wyg = wg,qy = qg and the vectorial notation
disappears) which means that Vh; = ~;. Thus, we get from

Appendix

Los = / / T* (i, = Q)T (wr, Q)

2
X exp <_§—a +]QC¥> D25 (71, 72)dy1dy2  (35)

where
o= —W1(’Y1 +72) ((TQ—I/Vz)_1 (36)
(4a) ™t =0l - W — W} (0 —Wg)
and
1
pas(71,72) = T
27r( Wz)2
_’Y1Us + 7302 + 27172 W2
X exp[ (o = W22) 37

In the above equations, W (z) is the 1-D height correlation,
Wi (z) its first derivative and W(z) its second derivative. o2 =
—W5(0) denotes the slope variance.

Moreover

Lo = /T*(wH,—Q’h)pls(Wl)d’Vl

w? 7 W1
3o3) ~19

X exp [—QZ <a—,% -W - } . (38)

We can note that L, =
LYy oy (@ wr;—7) and Loy =
L;Z ;g (Q,UJH; _I) since W(—
_Wl( ), and Wa(—z) = Wa(z
surface).

For the calculation of o,

LlZ,aag(Q7wH;x) =
L22,aao (Q/ WH; ZE) =
x) = W(x),Wi(-z) =
) (this also holds for a 2-D

WOAQ v = v is simplified as

1

o(z) = Q {[QWl(z)]Z + 03} *and v(oo) = Qo,. (39)

D. LCA Model

The Local Curvature Approximation (LCA), recently pub-
lished by Elfouhaily et al. [7], [11], [12], can be seen as a gen-
eralization of the tilt-invariant approximation [13], [14], valid
only for a metallic surface, to the dielectric case. Like WCA, itis
reciprocal and converges toward the small perturbation method
and the high-frequency Kirchhoff approximation. The Kernel of
LCA is very similar of that of SSA. Using the Voronovich nota-
tion, it is obtained from the SSA scattering model given by (1)
by making the following substitutions

{ (k ko) — Kg(k, ko)/(quqO)

Mk, ko,u) — 4QT (k. ko, u)/(2qeq0) © 0
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Thus, the SPM matrix B is substituted by the Kirchhoff one
Kgr/(2q1q0), where Kg is given from appendices B and C
of [7]. Moreover, the kernel M s substituted by the kernel
T'(k,ko,u) = T(wg,u) given by (21). The scattering cross
section of LCA has then the same form as the SSA one ex-
pressed from (5). It should be noted that the fact that the SPM
matrix is substituted by the Kirchhoff one, implies that the
second order term of the NRCS of LCA, O'C%S“)All = 0250,
where UOS};O is the NRCS obtained under the stationary phase
approximation.

III. NUMERICAL RESULTS IN THE BACKSCATTERING
DIRECTION

In this section, the normalized radar cross section (NRCS) is
computed for a frequency f = 14 GHz (Kuband and ¢, = 47+
138 [25]), for a wind speed w19 = 5 m/s (defined at 10 meters
above the sea), in the backscattering direction and for scattering
angles 65 € [0°; 70°]. In our simulations, we used the Elfouhaily
et al. [15] omnidirectional sea roughness spectrum, and the sea
is assumed to be fully developed (the inverse of the wave age
is 2 = 0.84). For a 1-D surface, the NRCS is multiplied by
27, This is consistent with the NRCS defined as o(k, ko) =
21 R2P/(K Ls|Ey|?), where P is the scattered power, K the
incident wave number, Lg the length of the illuminated surface,
FE the incident field and R the distance from the surface to the
receiver.

The advantage to use SSAM, reported in [3], is to compute
only a single numerical IFFT [W,,, (k, ko; ), (18)], whereas
two numerical IFFT’s are needed for SSA [Fq, (k, ko; ) and
Gaag (k, kos 1), (13)=(14)]. This computation is made for each
scattering angle 6, whereas the SSA11 computation requires
only one IFFT for the calculation of the height correlation
[W(r), (12)], which is independent of §,. In addition, to take
all the spectral components of W (u)Mgq,(k,ko;u) into
account, the upper cut-off wavenumber is chosen equal to 1500
rad/m. This implies a number of samples IV, = 2'® = 262, 144
in order to sample the gravity spectrum with accuracy. For
instance, for a wind speed u;9 = 5 m/s, we choose the
lower cut-off wavenumber equal to 0.25k, (corresponding
to a level of 1075 of the sea gravity normalized spectrum
W(u)/Wmax(u), for which Wmax(u) is obtained for u = k),
where k, = Q2%g/u}, = 0.2769 rad/m. This means that the
sampling Au &~ 1500/Ns = 0.005 72 rad/m and the number of
samples between 0.25k, and k, is 0.75k, /Au = 36, allowing
to take into account the gravity with accuracy.

For the simulations, the V and H polarizations are displayed
for eight backscattering models:

. SSAI11 [(5) with Flo, = 0 and Gna, = 0], full SSA
referred to as SSA [SSA11 + SSA12 + SSA22, (5)],
SSA used by Voronovich in [3] denoted as SSAM and
given by (16);

. full WCA [WCA11l + WCA12 + WCA22, (27)],
where the ensemble average is derived from Ap-
pendix A, WCA based on the quadratic assumption
(32) and referred to as WCAQ);

. full LCA [LCA11 + LCA12 + LCA22, (5) with the
substitutions expressed from (40)];
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. small  perturbation method denoted as SPM
(Giiﬁq(k,—k) = |BE,aao(k, —k)|*W(2k) where

k = K sin(f;), for which K is the incident electro-
magnetic wave number);
. and the stationary phase approximation referred to as
SP (equal to LCA11).
The computing time can be reduced by using the fact that
the scattering models (5), (16), (27), and (32) all obey
Ry, (K, ko; —2) = Raa, (K, ko; ©) = R(x), which means that

+oo ) o] )
/ e I*—k0)e R(g) dx = 2 / Re [e‘ﬁ(k_ko)mR(aﬁ)} dx.
Jo

J —o0

(41)

Moreover, for the computation of (35), since the integrand
f(71,72) with respect to the surface slopes {v1,72} obeys
f*(=v1,—y2) = f(71,72) (it is the case because T is even
according to u), we can reduce the computing time by using

00 “+o00 +oo  p+oo
/ / Jfdyidys = 2Re {/ / fd%d%} . (42)
—00 —00 —oo JO

A. Comparison of SSA11, SP, SPM, and LCA Backscattering
Models

In Fig. 1, the NRCS in dB (10 log [0 aa, (k, —k)] where k =
Ksinf; = —kg) of SSA11, SP, SPM, and LCA are displayed
versus the scattering angle 65, in V' (at the top) and H polar-
izations (at the bottom), for the Ku band (frequency f = 14
GHz) and for a wind speed u19 = 5 m/s. We observe that the
NRCS decreases more quickly in H polarization as in V' po-
larization. For near-nadir scattering angles, Fig. 1 reveals that
the SP, SSA11, and LCA models are similar, which means that
SSAT11 reproduces the Kirchhoff approximation reduced to the
SP approximation (theoretically, SSA11 does not reproduce the
Kirchhoff approximation, but since the sea surface is highly con-
ducting and the backscattering angle vanishes, the SPM polar-
ization matrix BE aq, is close to the Kirchhoff one Kg qq,)-
Indeed, for scattering angles ranging from 0° to 20°, only the
gravity waves contribute to the scattering and therefore the SP
approximation can be applied. However, a smooth transition at
scattering angles of 20°-40°, for which the SP model becomes
invalid and the Bragg scattering regime (given by the SPM)
predominates, is observed. In this region, SSA11 tends toward
SPM, whereas the full LCA NRCS goes above SP(O’EEO =
oLSAM1) and does not converge toward SPM. Thus, although
the LCA kernel reaches the small perturbation method and the
high-frequency Kirchhoff approximation and it is tilt invariant,
the NRCS does not converge toward the Bragg regime. Never-
theless, simulations not reported in this paper, showed for small
roughness (o /A = 0.05, where SPM is valid) with a Gaussian
height spectrum, that the full LCA NRCS converges toward
SPM. For a multiscale sea surface, this means that the higher
orders of the LCA NRCS (o552 + o5$*12) are unable to
correct the lowest order (o5$*!1) to converge toward SPM.

For f = 14 GHz and w19 = 5 m/s, the product Ko, = 48
where o7 = 3.95 x 107%u*%% [17] is the height variance and
K = 27f/(3 x 108) is the incident electromagnetic wave
number. As mentioned by Fung et al. [26] (the simulations
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are presented for L band, f = 1.6 GHz), since Koy, is much
greater than unity, only a part of the height correlation W (z)
is taken into account for the integration over  of RS54 (x).
In addition, although the difference between the height cor-
relation computed from the gravity spectrum [Wg(z)] and
the full spectrum [Wg(z) gravity plus capillarity] is small,
the contribution of the capillary waves related to the high
frequency spectrum must be taken into account with accuracy.
Indeed, for Koj, > 1, if the difference Wp(x) — Wg(x)
is small, then the difference Q*[Wr(z) — Wg(2)](Q =
2K oy, cosfy) can become significative. Thus, the difference
e~ Q N=-Wr(2)/0}] _ ¢=Q"1-Ws(2)/7}] pecome significative,
implying that the corresponding RSSA11 are very different. In
conclusion, in the computation of the height correlation, all
spectral components of the height spectrum must be included
to reproduce the Bragg regime, which occurs for moderate
scattering angles.

B. Comparison of SSA11, SSA1I + SSA12, SSA, and SSAM

In Fig. 2, the same variation as Fig. 1 is plotted for the
SSAI11, SSA11 + SSA12, SSA, and SSAM backscattering
NRCS. In addition, in Fig. 3, the backscattering NRCS
gSSA [gSSALL 5SSA (5SSALL | ;SSA12) and SSA /5SSAM
are plotted versus the scattering angle in dB scale. For the V'
polarization and scattering angles 65 € [0°; 30°], all NRCS are
similar within 1 dB whereas for the H polarization, the NRCS
all similar up to 20°. Above this lower limit, SSA11 goes
below SSA and their deviation increases with the scattering
angle and it is stronger for the H polarization. As expected, the

Comparison of the SSA11, SP, SPM, and LCA backscattering NRCS versus the scattering angle for f = 14 GHz and w10 = 5 m/s and for the V' and

contributions of the higher order terms (SSA12 and SSA22)
increase with the scattering angle. SSAM follows SSA11 up
to 40°-50° and above this angle is converged toward SSA
but without reaching it. The accuracy of SSA11 depends not
only on the rms slope, but also on the polarization. The reason
[3], [6] for the different behavior of the two polarizations is
the stronger dependency of the backscattering NRCS on the
incidence angle for the H polarization, which leads to more
pronounced modulation effects as compared to the V' polariza-
tion case. Indeed, in Ku band, for a 2-D sea surface, for wind
speeds u19 = {5, 15} m/s, for scattering angles 65 € [0°;60°],
and for the V and H polarizations, a comparison of SSA11
and SSAM with TSM was used in paper [3]. This allowed the
author of paper [6] to conclude that SSAM takes into account
the tilt modulation of the Bragg scattering by the large-scale
surface components, whereas the SSA11 does not. In addition,
he noticed for the H-polarization that the difference between
the TSM and the SSAI11 results practically disappears when
the SSAM contribution is added. On the other hand, for the
V' polarization, this difference was already negligible and
therefore SSAM provides a very small correction.

C. Comparison of WCAII, WCAIIl + WCAI2, WCA and
WCAQ

In Fig. 4, the same variation as Fig. 1 is plotted for the
WCA11, WCA11 + WCA12, WCA and WCAQ backscat-
tering NRCS. In addition, in Fig. 5, the backscattering
NRCS oWOA /gWCALL ;WCA /(;WCALL | ;WCAI2) apg

o WOA JeWEAQ are plotted versus the scattering angle in dB
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scale. We observe that WCAQ can not reach WCA. This may
be explained by the fact that the ensemble average of WCA

involves the height correlation W(r) and its first VW (r)
and second VVW (r) derivatives, whereas WCAQ uses only
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W (r) and VW (r). Indeed, VVW (r) is related to the surface H polarization, the opposite effect is observed. Thus, for the
slope correlation. For the V' polarization, WCA is weakly V polarization, the contributions of the higher order terms
below of WCA11 (opY 4 — gWCOALL < ) whereas for the (WCAI2 and WCA22) are negative. In fact, Fig. 5 reveals
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TABLE 1

VALUES OF max [o WA /o W OAT ] AND max [0 554 /o 55411 | IN dB SCALE, WHERE 05411

aaq

a

= g VOALL, ACCORDING TO THE WIND SPEED 19, THE

FREQUENCY f AND FOR 6 € [0; 70] DEGREES

5m/s,53GHz 15m/s,53 GHz 5mfs, 14 GHz 15 m/s, 14 GHz
max |0} C4 /oW CALL| 03 dB 0.4 dB 0.4 dB 0.5 dB
max o554 /g5S AL 3.7dB 43 dB 2.7dB 3.6 dB
max|ocf €A /oW CAL|  1.1dB 2.1 dB 1.7 dB 5.5 dB
max |o354 /a§S A1 8.4 dB 9.3 dB 7.0 dB 9.5dB

for the V polarization that oY “A12 < 0 and oY 422 > 0
with |0¥YCA12| > U%jfv CA22 whereas for the H polarization,
oWCALZ > 0 and 0)yC422 > 0. As the SSA model, the
contributions of the higher order terms are larger for the H po-
larization and increase with the scattering angle. Nevertheless
for WCA, the difference between the second order (oWV©A1L)
and its higher order terms is smaller than that SSA (comparison
of Fig. 3 with Fig. 5, where oSSALL — ;WCAILLY Therefore, the
large-scale tilt-modulation predicted by WCA is smaller than
that obtained for SSA.

IV. CONCLUSION

In this paper, the NRCS of the WCA, LCA and the first-
[SSA(1)] and second- [SSA(2)] order SSA are compared. The
sea surface is assumed to be 1-D with Gaussian statistics and the
Elfouhaily er al. elevation omnidirectional spectrum is consid-
ered. To study the assumption used by Voronovich et al. [3] to
include the SSA(2) contribution, the SSAM is also computed.
This model has the advantage to demand the computation of two
IFFT’s instead of three for SSA. In addition, the second-order
statistical moment of WCA is calculated rigorously for any 2-D
height correlation by assuming Gaussian statistics. To reduce
the number of the numerical integrations of WCA, a quadratic
assumption on the kernel of the WCA scattered field is pro-
posed to derive the NRCS, denoted as WCAQ. For a wind speed
u19 = 5 m/s and a frequency f = 14 GHz, this paper displays
the backscattering NRCS of these scattering models versus the
scattering angle 6, € [0°; 70°].

For near-nadir scattering angles, numerical results show
that SSA11 (second order of the SSA NRCS), SSAM, LCAI11
(second order of the LCA NRCS, ¢LCA11 = 5P where 05T is
the Kirchhoff approximation reduced to the stationary phase)
are similar and WCAQ differs from these models of 0.5 dB.
Moreover, the contributions of the higher order terms of SSA,
WCA and LCA are negligible. For scattering angles greater
than 20°-30° where the large-wave tilt modulation occurs,
SSA11 converges toward small perturbation method (SPM)
and the contributions of the higher order terms increase with
the scattering angle and it is greater for the H polarization than
the V' polarization. We can observe that SSAM underestimates
SSA within 2-3 dB and the modulation effects predicted by
WCA are smaller than the SSA ones. A possible explanation is
that the SSA scattered field kernel M , verifies VM lu=0 = 0,
whereas VT|U=0 = 0, for the WCA model. Indeed the modu-
lation effects are related to the derivatives of M and 7. For any
polarization, the full SSA NRCS is larger than its lower order,
whereas for the WCA model in V' polarization, the opposite

effect is observed. Elfouhaily et al. [7] noted the same effect
with a Gaussian spectrum.

Although the LCA scattered field kernel converges toward
SPM for small roughness, its backscattering NRCS does not
converge toward SPM for a multiscale sea surface. This defi-
ciency can be explained as follows. In [6], Voronovich showed
that the modulation effects are taken into account with a first-
order accuracy on a (dimensionless) if (43), holds [(23) of [6]
simplified for a 1-D surface in the backscattering direction]

.+ ak)?
MB@ — aqi, —[k — aqx])
Ak
) L 1dM(k,—k;u))
- B(kA, —k) =7 du u=0
Mk, _k}qu “2)) o). @
k

For a = 0, equality (43) holds for the SSA model because
M(k,ko;k — kg —u) = M(k,ko;u) and M (k, ko; 0) = 0.
For the LCA model, M(k,—k;u) — 4T(k,—k;u)/q; and
B(=k,k) — Kg(—k,k)/(2q}) are substituted from (40). In
addition, since T(k —k;u) is quadratic in its lower order, we
have dT(k,—k;u)/du|,—o = 0. Thus, for a = 0, equality
(43) becomes for the LCA model, Kg(k,—k) = Kg(k, —k) —
T(k, —k;2k) = Kgp(k,—k) — 2k?2 for a perfectly conducting
surface (T'(k, —k;u) = u2/2). This equality holds if k = 0. It
is not the case. Hence, the general property, M (k,ko; k—ko —
u) = M(k,ko;u), of the scattered field kernel, seems to be
fundamental to obtain the modulation effects.

Simulations not reported in this paper, showed for a greater
wind speed (u19 = 15 m/s) and for a lower frequency
(f = 5.3 GHz), that the differences between SSA11-SSA and
WCAT11-WCA increase with the wind speed and varies weakly
with the frequency (see Table I).

Numerically, for a 1-D surface, WCA requires two fold nu-
merical integrations over the surface slopes, whereas SSA re-
quires the computation of two 1-D IFFT’s. Nevertheless, for
SSA, the number of samples to calculate the IFFT is Ny =
218 = 262, 144, whereas for WCA, we use N, x N, = 80 x 80.
The calculations of the height correlation and its derivatives are
not accounted for because they have been computed before and
were saved in a data file. The integration over x is not taken
into account because it is shared by WCA and SSA. WCAQ can
be simulated easily since it demands only two-fold integrations,
whereas WCA requires two additional two fold integrations.

For a 2-D problem, the simulation of SSA becomes a very
difficult task due to the number of samples required for the
calculation of the two bi-dimensional IFFT’s. This is why
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Voronovich et al. [3] used the approximate model SSAM and
evaluated the IFFT with an another method by considering
the spectrum on logarithmic scale. Monte Carlo methods for
evaluating the WCA and the SSA NRCS could be used. These
may be more computationally efficient for some cases (from
linear and nonlinear ocean surface realizations) than computing
the multidimensional integrals. Comparison with benchmark
numerical methods [9], [21], [22], [27]-[29] (see also the
papers quoted in these references) would permit to study the
validity of these asymptotic backscattering models. However,
for a sea surface, the SSA model seems to be better than the
WCA model because the modulation effects predicted by WCA
are very small. Numerical simulations would resolve this issue.

APPENDIX A

This Appendix is devoted to the calculation of the ensemble
averages (23)—(25) for a surface slope and elevation joint
Gaussian process and for any 2-D anisotropic correlation func-
tion. To facilitate the notation, the subscripts are omitted. Only
the expected values over the elevations h; and ho are derived
since T'(wp, u) is a complicated function of u.

Firstly,  (T*(wg, —QVho)T (W, —QVhy)elQh2—h1))
is calculated. The covariance matrix of the random variables
{hl, hQ,Vh1Vh2} = {hl, hg,’}/lm,’mm,’}/ly,’}/gy} has to be
known. {71.., 72.. } denote the surface slopes along the direction
X at the points 1 and 2, respectively, whereas {1, 72, } stand
for the surface slopes along the y direction at the points 1 and
2, respectively. This covariance matrix is given by (25) of [30].
Moreover, we can note that the operator £(---) given by (26)
depends on the elevation difference h = hy — hy. Thus, h
defined as the difference of Gaussian variables is also Gaussian.
Thus from (25) of [30], we show that the covariance matrix of

{ha Yz, Y2z Y1y, ’YZy} is

Wh _le _le _le _le
_Wl.r ng _W2z 0 _WZzy
[05] = _Wlx _WZI O'gg: _W2$y 0
—le 0 _WQrIIy O-.zy _WQy
—le _szy 0 —Wgy O'SZ,U
(AD)
where Wh = 2(0’% — W)./WLE = 81,0W, le =
80,1”/7 WZ.r = 82,0”/7 WZy = 80,21/‘/7 WZzy = 8171W,

in which 0,,,,, = 0"t™/(9z™0y™). W(r) = W(z,y)
is the surface height correlation function in Cartesian co-
ordinates (z,y). W(0) = o} is the height variance and
—Wa.(0) = o02,,—Wy,(0) = o2, are the slope variances
in the up- and cross-directions, respectively. To have a real
surface without imaginary part, its spectrum has to be Hermi-
tian, which implies that the correlation function W(r) is even
with respect to the two directions {X,y}. This implies that
Wi.(0) = 0, W1,(0) = 0, and Wy,,(0) = 0. The ensemble
average Lo is defined as

Loy = / / T* (Wi, ~QVha) T (W, ~QVhy)

+o0 )
X [ / ps(h, Vhi, Vho)ed"dh| dVh1dVhy (A2)

J —00
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where

vt Cs -y
ps(h, Vhi, Vhy) = <—M)

1
ex
| N Y 9

()2 |[C5]|%
(A3)

in which VI' = [h 712 722 Yy Y2yl = [RVh1 Vhy]. The
superscript 1" stands for transpose (V3 is a column vector of
length 5). To inverse the matrix [C], [C5] is partitioned as

W, YT
Cs| = 4 A4
[C5] {Y4 [04]} A9
where
i _Wlm
—-W;
Y _ x
4 _le
L —Wiy
B 0'521 —ng 0 _WZmy
_ —Wgw U?:v —szy 0
[04] - 0 _W2.1:y o,zy _W2y . (AS)
L _WQ:DU 0 —WQy O'SZy
In addition from [31], we have
H XT
Cs]™t = 4 A6
where
H=(W,-YI[C]'Yy) ", (A7)
Xy = —H[C4] 'Yy, (A8)

[G] = [Ca] ™" + H([Ca]"'Y0) (YT[C4)) T (A9)
I[C5]| = |[C4]l/H (A10)

in which, H is a scalar, X4 a column vector of length four,
[G] a square matrix of length 4, |[C5]| the determinant of [C]
expressed from the determinant of [C}] denoted as |[C4]|. The
substitution of (A6) and (A10) into (A3) yields

W=

1 H
ps(h, Vhy,Vhy) = 2nt (m)

T 2 T .
exp <_V4 [G]Va+h ;{+2hv4 X4> (Al1)

where VI' = [v1, 7. Y1y Y2y] = [Vh1 Vhs], which is inde-
pendent of h. Therefore, using

/ exp(—a4x? — 2byx — c4)

J — 00 L
3 b2
= (1> exp (—4 — 04) (A12)
a4 a4

where a; > 0 and setting ay = H/2,by = (VI . X4 —
jQ)/2,cq4 = VI[G]V4/2, the substitution of (A12) into (A2)
leads to

Loy = m//T*(Wm—Qth)

2

b
x T(wWg,—QVhi)exp (ﬁ - 04) dVhi1dVhy. (Al3)
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In addition, from (A8)—(A9) we get by = —aqay — jQ/2,¢c4 =
(VZ[C4]_1V4)/2 + (]40(3, where ay = VZ; [04]_1Y4. Thus,
the above equation becomes

Loy = //T*(WH7—QV}L2)T(WH, —QV}Ll)
. Q2
X exp <—H + jQOl4> ps4(Vh1, th)thlthg (A14)
4

where

VitV
Psa(Vh1,Vhy) = _Vilc] 4)

1
PO ( 2
(A15)

and (4a)~1,ay are given in (A16) and (A17), shown at the
bottom of the page. In (A15), the subscript s indicates that the
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As previously said, the contribution of the coherent term

Lys = (exp(=jQh))(T*(Wu, —QVhy) exp(—jQh2)),
related to (S1(k, ko))(S5(k, ko)), can be easily derived from
(A19) by omitting the correlation. This yields

L3S = el / T* (Wi, —QVha)ps2(Vhe)dVhy. (A23)

APPENDIX B

_The general expressions for kernel functions Baa, and
B3 qa, on the basis of vertically and horizontally polarized
waves are given in [3] and are as follows. The first order is

(Er - 1) (Q;CQ() 1;..]1:00 - erkko)

joint probability density function ps4 of dimension 4 is over the Bui(k,ko) = (erqr + q3,)(€rqo + 47) (B1)
surface slopes. We can note that L5 demands the calculation of ,
[C4]~%, which can be derived analytically. If Wy, = Wy, = 0 Bia(k, ko) = (€ — 1)K/qu i (k/>< ko) (B2)
(the correlation between the elevations and the slopes is ne- (erar + @;,)(q0 + 40)kko
glected), then ay = 0, (4a)™! = o2 — W,exp[—Q?(4a)™" + e, — NK¢N- (k x k
jQay] = exp[—Q?*(o} — W)] which is equal to the character- Bai(k, ko) = (( n ), )(qeo _ﬁ ’)kk()) (B3)
istic function of the random variable Q(ha — hy). e T @)\ o 7T o) %R0
The contribution of the coherent term L35 = Boo(k ko) — (e, — 1) K?k - kg B4
(T(Wiz, —QVhy) exp(—iQhn))|, related to [(Sa(k, ko))2, z(k ko) = = S 0+ ) ko B
is obtained from (A14) by omitting the correlation (r — ©0).
This means from (A5) that Y, = 0 and that the matrix The second order are expressed from (B5) as follows:
[C4] becomes diagonal. Thus, from (A16) and (Al17),
as = 0,(4a)™! = of, and we have B 11 (k. ko: )
2,11(K; Ko;
L;g = e_QQ”i| /T(WH7 —QVhl)pSz(V}Ll)th1|2. — (er — 1)
(erar + i) (erdo + dp)
(AI8) e —1 k-ukg-u
o X [—27“4/ (q;cqé— 0 =4 erkk0u2>
From (Al4), it is easy to calculate Lj» = €rQu + q, k- ko
(T*(Wa,—QVhs) exp[jQ(hy — h1)]) giving Gu + .  k-u yko-u
. + ZETﬁ <kOQkT + qu—0>
Q - rYu u
Lo = /T*(WH7—QV}Lz)eiE+]Qa2ps2(V}L2)dV}L2 K-k
20 1 / ’o / TR0
A19) — (g + db) + 20— ) } |
where )
R Bs 12(k, ko; u)
1 1 (W, 4
4—=02—W—5< 2"+ ;J>, (A20) (- DEK {N-(uxk())
a (o —
W W (cvan+ ) (a0 + ) Lro(eraa + a5
_ 1272z 1y7V2y k-u
ag = < 2 + =y > . (A21) X <—2(er - 1)qLT + 26, (qu + q;)k>
2
ps2(Vhy) = _ exp | — 05, E (A22) N - (k x ko) 2., 1 / /
v 2T0 5205y 202, 202, - kko (e K™ + 100 + 2a3(qu — q0)) | »
i — L — o2 W — ny (Uzz — W2$) + W2, (Ugy — WZy) + 2Wia Wiy Waay (A16)
4a —2H M 02,02, + Wou Wy — 02, Ws, — 02, Wa, + W3,
s — [Wlm (W2y - 0'523,) - leWsz] (’Ylm + 721) + [le (WZm - Ugm) - W11W2$y] ('Yly + ’72y) (A17)
4=

sxY sy

2
o2 o2 + WQ;,;WQy — U.g.rWQy — UZyWZ_T, + Wme
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By 21(k, ko; u)
B (e, — 1)K [N-(uxk)
(qx + q;)(erqo + qf) [k(erqu +q,,)
ko -
X <2(e7, —1)q; o'%_ 2¢€,(qu + q;)k(])
N- (k X ko)
ko
32,22(1(7 ko; 11)
B (e, — 1)K? [_ e — 1
(ar +q;)(q0 +a0) |~ erqu+d,
% k-uko-u_qu-ko
Ko

E ko
k-ko
_

Here, {—qo, g} and {—qy, g}, } are the vertical components of
the appropriate wavevectors in the first (air) and the second (di-
electric) media

<QW+%%+mmew}

+ <q2 + g0+ 2(qu (B5)

o= (K2~ K)%, g = (K~ k)3
1 1
o= (KE*-Kk3)*, qh=(eK*=Kkj)*.  (B6)
The vector N = (0,0, 1) is a unit normal to the horizontal plane

and ¢, is the surface dielectric permittivity.
The Kirchhoff polarization terms Kz o, defined according
to Elfouhaily are given by [7]

D(f2Rv + fiRm),
KE 12 = D(fsRyv — faRg),
Kgpo = D(f Ry — f3Rm),
D( )

KEg 2 fiRv + faRy). (B7)
where
fi = (h-Ko)(hy - K),
f2= (V'KO)(:O -K),
f3= (¥ Ko)(ho - K),
fa=(h- Ko)(io -K),
D = (KB)*/((h-Ko)* + (¥-Kyg)?) (B8)
in which
Ko = (ko — 02)/K, K= (k+q2)/K,
ho = (N x ko)/|[ko|| h=(Nxk)/|k,
\Af(]:lfl()XI{o7 \Af:lleK7
f=(1-K- K. (BY)

{Rv,Rpg} stand for the Fresnel coefficients defined in V'
and H polarizations, respectively, evaluated at the angle
arccos(3/+v/2), and K is the incident wave number.
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