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Based on the local configuration angle division to select the corresponding method for electromagnetic scattering

calculation from rough sea surface, this paper presents an angular cutoff composite model: when the local scattered

angle is in the specular region that is given by an approximately 20 degrees cone around the specular direction, the

Kirchhoff approximation is applied to evaluate the specular reflection, which dominates the total scattering in this

region; the small perturbation method is employed to handle the diffuse reflection which is predominant as the local

scattered angle is situated out of the specular region. Numerical results are compared with those of experimental and

theoretical models in several configurations as a function of incident angle, wind speed, wind direction. The comparison

of numerical results of other experimental and theoretical models in several configurations shows that the new composite

model is robust to give accurate numerical evaluations for the sea surface scattering.
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1. Introduction

In recent years, the study of electromagnetic scat-
tering from the sea surface has obtained more and
more attention in many fields, such as environmental
monitoring, target detection and recognition, radio-
wave propagation and communication, etc.!'=5 Sev-
eral methods(®7 have been published that can the-
oretically cope with the sea-surface scattering, some
among them are the Kirchhoff approximation (KA),
the small perturbation method (SPM), the phase per-
turbation method,® the two-scale model (TSM)!
and the small slope approximation (SSA).[1%]

As we have known, the KA works well in the near-
specular directions and the SPM is appropriated to
apply when the scattering is situated between spec-
In a word, KA and SPM

both have good performances in their specified angu-

ular and grazing angles.

lar ranges. Based on the idea of taking advantage of
the KA and SPM without dwelling on the tough ques-
tion about choosing the proper cutoff parameter like
TSM, an angular cutoff composite model (ACCM) is
proposed. In this paper, the electromagnetic scatter-
ing from two-dimensional sea surface is investigated
by the ACCM. Numerical results of the scattering are

presented, compared and discussed in detail.

2. Formulation

First of all, an explanation of the specular region
for this new model is illustrated in Fig. 1, it is ap-
proximately a cone of 20° semi-cone angle around the
specular direction.

Fig. 1. Geometry of the surface-scattering problem.

Based on the consideration that KA should only
be valid when near the specular direction (+£20°), the
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cutoff angle of 20° is thus chosen. The similar con-
clusion can be found in Ref. [11]. If 05 = 6;, ¢s = ¢4
holds in Fig.1, the cone plotted in the figure is the
very specular region for the forward—backward bistatic
scattering configuration.

When it comes into the case that the local scat-
tered angle is in the specular region, KA is applied
to evaluate the specular reflection, which dominates
the total scattering in this region. The KA with the
simplification of the stationary-phase approximation
is adequate to give a more accurate result; the SPM is
employed to deal with the diffuse reflection reigned by
small roughness as the local scattered angle is situated
out of the specular region.

Let z(z, y) represent the rough height of the sea
surface and Z,, Z, are its derivatives along the x-axis
and y-axis directions respectively. Let the unprimed
coordinates be the reference frame and let the primed
coordinates be the local frame. The unit normal vec-
tor to z(x, y) can be written in terms of Z,, Z, as
follows:

n= (-2, —9Z,+2)/\/1+ 22+ Z2. (1)

Let the incident plane wave lie in the xz-plane,
see Fig. 1, we have ¢; = 0, its direction of propagation
equals

7y = &sin; cos ¢; + ysin by sing; — 2cosb;.  (2)
Its counterpart of the scattered wave equals
Tty = & sin O cos s + Ysin s sin o + 2 cos by, (3)

The local unit coordinate vectors are defined as
follows:

z2' =n, (4)

|

(er — 1) cos dy

Yy = ﬁ7 (5)
=gy x2z. (6)

After using the stationary-phase approximation
to simplify the corresponding scattered field expres-
sion, the final polarized scattering coefficient devel-
oped by KA is expressed as

7k |q|”

O-’I‘t,KA = 4
z

Uy |* Prob(Z,, Z,), (7)

where r, ¢t = H or V, H indicates horizontal polar-
ization (HH-pol), V vertical polarization (VV-pol).
q = k(fs — M) = [q0:9y,@)s Zo = —02/qz Zy =
—qy/q.. The U, is a polarimetric parameter depend-
ing on the configuration angles (6, ¢i, 6, ¢s) and on
Fresnel coefficients;!'?) Prob(Z,, Z,) is the probability
density function of the surface slopes.['3] The validity
condition for the KA under stationary-phase approx-
imation can be written as

V10

——— kl>6 and R.> A\ 8
G>|c0595+c0591\ >6 and Re>A (8)

here o is the surface standard deviation, [ is the sur-
face correlation length and R, is the average radius of
curvature for the rough surface.

The scattering coefficient developed by SPM is
formulated as follows:

ore.spm = 8k cos?(6;) cos®(0s) |ane* S(|K1|, ¢) (9)
with

Ky — k sin(0s) cos(ps — ¢;) — ksin(6;) . (10)
k sin(0s) sin(gpg — ¢;)

a,¢ 18 polarimetric coefficient expressed as

QHH = —

[cos B; + (g, — sin? 6;)1/2][cos O, + (e, — sin® 65)1/2]

(e, — 1)[g, sin 6; sin O — cos ¢ (e, — sin? 6;)/? (e, — sin? 65)'/?]

(11)

ayvv

[er cos b + (e, — sin? 0:)1/2][e, cos b5 + (e, — sin? 65)1/2]

, (12)

where S(k, ) = S(k)f(k, #), S(k, $) denotes two-dimensional sea spectrum,*4] which is applied to simulate sea

surface. The validity condition is expressed as

ko <03, ko< 0%2/{1. (13)

7

Finally, a backscattering-coefficient expression using ACCM is given by

< Urt,KA(ailv 179;,(25;) >,
< Urt,SPM(ei/a iagéa¢é) >,

Ort,ACCM =

arccos 0, < 20°,

otherwise,
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where (0!, ¢!, 0., L) are local configuration angles, !
the symbol ( ) in Eq. (14) denotes an assemble average
which can be calculated as

M N
)= 37 22 220 (Gelimoan). Zyfemsn)). (19
where M and N are the number of the points dis-
cretized at equal interval along the z-axis and y-axis
directions, Zy(Tm,yn) and Z,(zm,y,) are the dis-
cretized forms of the Z,(z,y) and Z,(z,y).

The expression for the bistatic scattering coeffi-
cient has the same form with that of backscattering,
except for the expression for the corresponding spec-
ular region. For the sake of brevity, we safely omit
it.

3. Numerical results and discus-
sion

In all the following numerations, except for the
special declaration, the incident electromagnetic fre-
quency f is 14.0 GHz, the permittivity of the sea wa-

|

ter is 32.349644+36.6155561, u is the wind speed at an
altitude of 10 m above the sea surface.

First, a two-dimensional rough sea surface of
50 x 50 discretized points at equal interval (1 m) is
simulated as an example. Table 1 shows the num-
ber of the points handled by each component model
(KA or SPM) of ACCM as the configuration angles
around 20°. When the scattered angle in reference
coordinates is less than 20°, in the specular region for
backscattering configuration, the number of surface
points should handled by the KA, which is far more
than its counterpart of the SPM. The contrary phe-
nomenon can be observed when the scattered angle
When the scattered an-

gle equals 20°, the numbers of the points calculated

is much greater than 20°.

by either model almost have equal shares in all 2500
points. It is the local configuration angle we used as
an indicator, not the angle in reference coordinates.
In addition, as seen in Eq. (15), the final scattering
coefficient for each single configuration angle should
be an assemble average of the coefficients of M x N

points of the rough sea surface.

Table 1. The number of the points handled by KA or SPM in all 2500 discretized points.

model 16° 17° 18° 19° 20° 21° 22° 23° 24°
KA 2103 1906 1705 1426 1128 838 593 376 243
SPM 397 594 795 1074 1372 1662 1907 2124 2257

Both the above aspects ensure the smooth transi-
tion between the KA and SPM in the ACCM, which
can be seen in Fig. 2. The relationship between the
ACCM and its component models (KA and SPM) is
illustrated in Fig. 2.
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Fig. 2. Comparison between ACCM and its component
models (KA and SPM) for backscattering coefficient from
rough sea surface.

Figure 3 illustrates the comparison between
ACCM and the Seasat Scatterometer II (SASS-

IT) model datal'®'"l for the angular distribution of
backscattering coefficient from rough sea surface with
different wind speeds (5 m/s, 10 m/s) for HH-pol and
VV-pol. The overall good match is obtained for HH-
pol. The agreement between ACCM and the experi-
mental data is good in the small incident angle region.
In the region near cutoff angle (20°), the agreement
is a little weak. This may be explained by the fact
that the change of the surface slope at the cutoff angle
between the two component models is a little discon-
tiguous, nevertheless the final curve in the transition
region is much smooth. While in large incident an-
gle region, the VV-polarized backscattering coefficient
This
phenomenon is probably due to the fact that the sea

is a little higher than the experimental data.

surfaces simulated are stochastic in statistics, hence
the scattering from such sea surfaces is also random,
even after an assemble average. Thereby, to some ex-
tent, there may be an acceptable discrepancy between
the corresponding scattering results and the SASS-II
model.
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Fig. 3. Comparison between ACCM and the SASS-II model data for the angular distribution of backscattering
coefficient from rough sea surface: (a) v =5 m/s; (b) v = 10 m/s.

Figure 4 illustrates the dependence of the angular distribution of the backscattering coefficient given by the
ACCM on the wind direction. Two different forms of angular distribution of the backscattering characteristics
are presented. Figure 4(a) shows the value of the backscattering coefficients for VV-pol with fixed ¢; and ¢5 by
letting 6; (or 65) vary. While in Fig. 4(b), with a constant incident angle 6; = 30°, comparison of the backscat-
tering coefficient for HH-pol with varying ¢; between the ACCM and the RADSCAT experimental measured
datal'® is presented, where 0° and 180° denote the upwind direction and downwind direction, respectively,
90° represents the crosswind direction. The difference between the upwind and crosswind is well illustrated,
in addition, the discrepancy between the ACCM result and the experimental data is in normal and acceptable

range.[1!]
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Fig. 4. The dependence of the angular distribution of the backscattering coefficient on the wind direction: (a)
VV-pol, w =5 m/s, f =14 GHz; (b) HH-pol, 6; = 30°, v = 9.5 m/s, f = 13.9 GHz.

The forward-backward configuration is a particular case of the bistatic configuration. In Fig. 5, the angular
distribution of the scattering coefficient for different wind speeds in the forward-backward configuration is
depicted. Let ¢; = 0°, ¢s = 0°, 05 vary from —90° to 90°, see Fig. 1. It is clearly that the peak is located around
the specular direction, which is a logical result. The comparison between the ACCM and theoretical first-order
SSA model (SSA-1) datal'”! at an incident angle of 50° illustrates that the ACCM works well in the specular
directions and other nonspecular region, except for a little low agreement in the transition region between the
specular and nonspecular region. However, the difference remains within acceptable range.
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Fig. 5. Comparison of ACCM and SSA-1 data for angular distribution of the co-polarised bistatic scattering
coefficient with incident angle 6; = 50°, f = 14 GHz: (a) v =5 m/s; (b) u = 15 m/s.

4. Conclusion

In this paper, the electromagnetic scattering from two-dimensional rough sea surfaces has been investigated

by using the ACCM. This new model is based on the local configuration angle division to select the corresponding

method (KA or SPM) for electromagnetic scattering calculation. The dependence of the angular distribution

of the scattering coefficient from rough sea surface on the wind speed, polarisation, as well as wind direction

are analysed. The comparisons show good agreement between the ACCM and the experimental data and the
theoretical results. Thus, the verification of the effectiveness and feasibility of the ACCM is attained.
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