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1 OBJECTIVES

We seek to understand and predict the evolution of the brightness temperature (four Stokes parameters) of wind-
driven foam-covered ocean surfaces. The correlation of polarimetric variation is studied as function of the medium
state, modeled as a rough surface (ocean) overlayed by a random medium (foam).

Many independent results are obtain by using a wide variety of electromagnetic techniques, such as radiative
transfer, integral equation, finite-difference time-domain, etc. Depending on the technique chosen, the foam cover-
age is modeled as either a dense medium composed of densely packed scatterers, a dielectric layer of non-uniform
thickness or a succession of volumetric scatterers.

2 WORK COMPLETED

2.1 Dense medium radiative transfer theory for foam emission

The radiative transfer theory (RT) [1] has already been applied to the study of foam-covered ocean surfaces, often
by modeling the foam as a layer of spherical air bubbles coated with a thin shell of sea water, overlaying the
ocean surface. In the past, our approaches have considered both a foam layer much thicker than the penetration
depth of the electromagnetic waves, and a layer constituted of small (compared to the electromagnetic wavelength)
and sparsely distributed bubbles [2]. In the later case, a Rayleigh scattering theory has been used to obtain the
extinction scattering properties of the foam layer, whereas in the former case, the small perturbation method of a
plain ocean surface yielded a reflection matrix, further introduced in an iterative solution of the RT equations.
Recently, we have considered a more realistic model, taking into account the fact that over the actual wind
driven ocean surface, the air bubbles are likely to be densely packed and present in a variety of sizes (including sizes
large compared to the electromagnetic wavelength, thus rendering Rayleigh scattering theory invalid). To treat this
more realistic situation, a dense medium radiative transfer (DMRT) theory has been studied [3, 4] and applied
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to the calculation of ocean foam emission. Using the T-matrix formulation of the quasi-crystalline approximation
(QCA), we incorporate coherent multiple scattering effects among the bubbles in the computation of the absorption,
scattering, and extinction coefficients. These coefficients are subsequently used as inputs for the RT calculations.
The brightness temperature can then be obtained by numerically solving the DMRT equation [5].

The most significant results obtained are as follows:

e Fig. 1(a) depicts the normalized extinction coefficient for bubbles of radius 1 mm, fractional thickness 0.03
(ratio between the thickness of the sea water coating and the total radius), and fractional volume 0.2. It can
be seen that the scattering coefficient is quite small, and absorption contributes to nearly all the extinction
in the foam. This fact is quantified in Fig. 1(b), where the albedo is shown to be less than 1.2% over a
large range of frequencies. For the sake of comparison, the independent scattering is also displayed, and it
is clearly seen that it overestimates the scattering coefficient and underestimates the absorption coefficient
(thus predicts a much larger albedo).
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(a) Normalized extinction coefficient. (b) Albedo.

Figure 1. Extinction behavior of sea foam, where the bubbles have a radius of 1 mm and a fractional thickness of
0.03 (the fractional volumeis 0.2).

e Fig. 2 shows the brightness temperature at normal observation angle as a function of frequency. The vertical
and horizontal polarizations have the same value due to azimuthal symmetry. The four cases illustrated
correspond to two bubble radii (a = 1 mm and 2 mm) and two bubble layer thicknesses (d = 5 mm and
1 cm). The four curves show very similar frequency dependence, with thicker layer giving larger brightness
temperature. The brightness temperature increases monotonously with frequency and appears to saturate at
higher frequencies. Also shown for comparison are the brightness temperatures from the plain ocean surface
and from Stogryn’s empirical formula for foam emission [6].

¢ Inthe previous results, the foam emission has been calculated by assuming that the underlying ocean surface
is flat. However, the actual wind-driven ocean surface contains multiscale roughnesses that can significantly
affect the scattering and emission process. Hence, we have also taken into account the rough ocean surface
partially by incorporating the geometric tilting effects of the large-scale ocean waves. Locally, we approxi-
mate the ocean surface by a tangent plane, and perform a coordinate transformation to retrieve the results in
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Figure 2: Brightness temperature at nadir, as a function of frequency.

the absolute system. In order to have a realistic model of ocean surface, the Cox-Munk [7] slope distribution
for a wind-driven ocean surface has been used.

The ultimate results for the brightness temperature variations are depicted in Fig. 3. The amplitude of the
azimuthal variations are small but measurable. Note that because of the upwind-downwind asymmetry in
the Cox-Munk slope distribution, the brightness temperatures at ¢ = 0° and ¢ = 180° are not the same.
The plain ocean has U emission five times larger than that of the foam-covered ocean, which is because of
the larger polarization difference of local emission. Yet, despite the difference in amplitude, the azimuthal
dependence of the U term for both cases are remarkably similar.

2.2 Integral equations compared to extended boundary conditions and finite-difference
time-domain methods

In order not to have only an incoherent approach to study the brightness temperature of foam covered ocean
surfaces, we have also made use of an integral equation (IE) approach. Our main concern in this work was to:

1. Be able to deal with very large ocean surfaces,
2. Study the impact of the foam coverage on the four Stokes parameters.

The first point led us to use a periodic Green’s function in the IE kernel, allowing in this way the treatment
of infinitely large surfaces. The second point has oriented our research toward a two-layer approach [8], thus
modeling the rough ocean and its foam coverage as a half-space delimited by a periodic function f; of space,
with a homogeneous dielectric layer delimited by the two functions f; and f5. For the sake of generality, the two
functions do not share any common restrictions, except to be defined over the same period. Notice that since f; can
very well differ from f,, they can be chosen such that f; models the ocean roughness (being possibly a random
realization over the defined period), and f» — fi models the foam coverage, being a layer of inhomogeneous
thickness (possibly negligible). For the specific situation of wind-driven ocean surface, f; can be constructed such
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Figure 3: Brightness temperature as function of azimuthal angleat f = 19 GHz

as to incorporate the two-scale model of the surface, the large-scale roughness being characterized by the Cox-
Munk slope distribution, and the small-scale roughness characterized by the Durden-Vesecky power spectrum
with hydrodynamic modulation.

The integral equation thus obtained has been solved by a standard Method of Moments (MoM) [9]. The
results have been first compared to an existing Extended Boundary Conditions (EBC) method [10], capable of
simulating similar conditions as those previously described, but with a limited range of surface rms heights. Yet,
in the validity range of the EBC method, the MoM approach has proven to be very accurate, for both a one-layer
(f2 = 0) and two-layer (f» # 0) situations. The second test benchmark has been provided by published results [3],
proving again the validity of the MoM approach.

In real situations, the wind-driven ocean surface has a very non uniform thickness of foam coverage and
typically, young foam is more densely distributed on the leeward side of the waves, while old foam is more



uniformly distributed. In the two-layer approach, this forces to let fo — f; being small over large distances,
which may yield numerical complications. In order to investigate this issue, we have studied the simple case of a
sinusoidal ocean surface with a shifted-sinusoidal foam coverage. The distribution thus generated included a thick
layer of foam on the downwind slope of the wave, and a very thin layer on the upwind slope (controlled by the shift
of the function f»). In this situation, we have studied the variation of the four Stokes parameters as a function of the
shift, and have demonstrated a smooth variation, with no abnormal numerical behavior. We have also consistently
verified that the first two Stokes parameters strongly vary with the foam coverage, while the U term is much less
sensitive, as illustrated in Fig. 4.
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Figure 4: Comparison between the U term from a homogeneous and inhomogeneous layer of foam over a sinu-
soidal surface.

Finally, for the sake of a more rigorous comparison, we have also implemented a two-layer finite-difference
time-domain approach, which have shown to yield similar results to those obtained with the MoM for all four
Stokes parameters. For the sake of illustration, we show in Fig. 5 the results for the first two Stokes parameters.

2.3 Electromagnetic interpretation of the third Stokes parameter{{ term)

Working directly on Maxwell’s equations, it has been shown in the past that the first two Stokes parameters (7},
and T},) are even function of the angle between the wind direction and the look angle, whereas the last two Stokes
parameters (U and V') are odd functions of the same angle [11]. It has also been pointed out [12] that these
two harmonics are reflecting two different properties of the medium: the first one accounts for the upwind and
downwind asymmetry, while the second one for the upwind and crosswind asymmetry.

In this work, we have first considered the third Stokes parameter, and have tried to provide a physical interpre-
tation for its variation in terms of the wind speed and the surface state. This first attempt for such an interpretation
has been performed with a 1sc d model, where the ocean surface has been modeled as a succession of randomly
distributed slopes (defined by an angle ). The second assumption was to use equivalent sources located on the
rough surface, responsible for the radiation of the U term. These sources have been modeled as Hertzian dipoles,
with random orientation denoted by the angle .

Upon writing the electric field of a dipole source as function of a current moment function f(6, ¢) [13],
and expressing the variations of f in terms of the angles « and 3, we have obtained explicit expressions for the



Brightness temperature

300

290} —— TvIE

Tv FD-TD
—o— ThIE
280 Th FD-TD -

Brightness Temperature (K)

220

210

1 1 1 1
20 40 60 80 100 120 140 160 180

Azimuthal Angle (Degree)

Figure 5: Comparison between the rst two Stokes parameters predicted by and integral equation approach and
the nite-difference time-domain approach

horizontal and vertical components of the electric field (Es, Ed,) and hence, for the U term as well. In order to take
into account all dipole orientations, the results have been averaged with respect to «, thus leaving the dependencies
with the observation angles (8,¢) and the surface tilting (3).

Various canonical situations have then been studied, like a saw-tooth surface profile with angles 3, and ..
These test cases have consistently shown that the U term can be written as a superposition of two harmonics, like
discussed in [11]. The first harmonic has shown to be associated with a sin 8 variation, while the second harmonic
with a cos 8 variation. These conclusions have given a lots of insight and understanding of the variation of the U
term in terms of azimuthal (¢) and polar (6) angles.

As an ultimate verification, we have compared these theoretical predictions with the measured WINDRAD
data [14]. Both the two harmonic variations and the & dependence have been verified, as can be seen by a direct
inspection of Fig. 6.

The concluding statement issued from this theoretical study were as follows:
e The averages < sin 26 > and < sin® § > are non-negative, and related to wind speed,
e The dipole moment is related to the physical temperature and conductivity of sea water,
e The first harmonic of the U term vanishes at normal looking angle (6 = 0°),

e The coefficients and wind direction can be calculated by using multi-looking data.
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