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Abstract—this paper points out the frequency dependence and space-borne platforms received a renewed interestsfor i
on the polarlmetrlc radar scattering behavior of the ocean advantages in remote sensing of land and ocean surfaces [7].
surface in the frequency range 1-18 GHz L~ to Ku.-band).  Tnage applications require the development of accuratetsod

We treat this problem with a unifying scattering model named t dict th d ttering f h f =
Small Slope Approximation (SSA) to evaluate the Normalized O predict the radar scaftering from such suriaces. Forrocea

Radar Cross Section (NRCS). The calculations were made by Surface we can use the Two-scale model (TSM) [8] the integral
assuming the surface-height spectrum of Elfouhailet al for fully — equation model (IEM) [9], the Small slope approximation

developed seas. In backscattering case, the frequency decsea (SSA) [10], and the weighted curvature approximation WCA
causes an increasing in NRCS results. Yet, in the particular [11]. In this study the SSA model is used to treat the bistatic

bistatic configuration (scattering along the specular direction), ttering f th f Thi del i .
the opposite behavior takes place. The variations of the scatterin scattering from the ocean surface. is model is a unifying

azimuth relative to wind vector have no influence on the NRCS theory that could reconcile small perturbation method ($PM
results along the specular direction, while in backscattering con- and Kirchhoff approximation (KA) without introducing robg
figuration it is not the case._ResuIts were _analyzed in monostatic ness scale division parameter. It can be app“ed to an a[joitr
calse_ast_ well as in bistatic case for different sea states andwavelength, provided that the tangent of grazing angles of
polarization ones. incident/scattered angles radiation sufficiently exceRdtisS
slopes of roughness. So, by using the SSA model, the purpose
of this paper is to present a numerical study of the polarimet
Radar Signals frequency value represents a key paramdtistatic radar scattering behavior of the ocean surface as a
in remote sensing applications. The choice of this value deemction of emission signals frequency in both monostatid a
pends on the exploring target. Normally, ocean remote Bgnsbistatic cases.
applications are operated i, C-, X- and K,-bands because In the following section we recall briefly the SSA theorelica
wavelengths in these bands are most significant in remote sesrevelopment and we point out the scattering dependence on
ing of the sea surface. Therefore, both radar backscatter dne keys parameters. Section Ill deals with the sea surfaces
radiometric measurements have been proposed for detagnirmtharacteristics: physical and geometrical. The fourthiceds
the speed of the winds at the ocean surface. Since 1960, degoted to numerical simulations of the behavior of sciaer
scientific communities in this domain concept many aircrafty the ocean surface for monostatic case in first time, then
measurement programs to provide quantitative informatiém bistatic case. The last section summarizes the paper and
on the parametric behavior of the electromagnetic scagjeripresents some suggestions.
coefficient (often called normalized radar cross sectioh)
of the ocean. We can quote the Naval Research Laboratory
(NRL) experiments [1] in which measurements were obtainedWave scattering by rough surfaces is an important issue in
as a function of polarization, incidence angle, and azimutliverse areas of science such as measurements in medicals,
angle using pulse radars operating at 0.4, 1.2, 4.5, and 8gtics, geophysics, communications and remote sensing. Ap
GHz. Other aircraft measurements [2] were also performed pyoximate models are still a necessity due to the insurmount
the National Aeronautics and Space Administration, Johnsable numerical complexity of the realistic scattering peots.
Space Center (NASA-JSC) using a fan-beam Doppler radzaven today’s machines cannot cope with the enormous amount
operating at 13.3 GHz. More recently, there is a new ug computing demand in the case of rigorous numerical calcu-
to date to these measurements especiallyKigr and C- lations of the most general three-dimensional electroratgn
bands [3] [4]. It must be noted that ocean-scattered Globahve scattering from dielectric multi-scale surfaces sash
Positioning System (GPS) signals (L-band) become used ascaan surface. We can refer to [12] which is the latest alitic
remote sensing tool [5] in particular, to predict the windtee and up-to-date survey of the approximate models. Georaétric
over ocean surface [6]. The computed resultd8ralong the configuration adopted to resolve the wave-scattering probl
specular direction is of major interest to bistatic sengifthe from the sea surface is given in figure 1.
scattered signal from the GPS. It must be noted that recentlySSA, first introduced in [10], starts from an ansatz based
bistatic and multistatic radar systems operating frombaitne on the invariance properties of the Scattering Amplitud&)(S

I. INTRODUCTION

Il. THEORETICAL SCATTERING FORMULATION
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for some matrix M (k, ko, &) that does not depend on the
. roughness, namely

Fig. 1. Geometrical configuration for the wave-scatterirgrfrsea surface

M(k,ko,&) = Ba(k, ko, k — &) + Ba(k, ko, k +§)
—2(q + qo)B1(k, ko) (7)

Here B; and B, are matrices describing the mutual influ-
ence of the different polarizations and depend on the phlsic
problem under consideration. Explicit expressions forit be
Bcfund in [15]. In this study we treat the sea surface scaigeri
problem. The Fourier transform of the roughnésis defined

Performing a horizontal or vertical translatiah affects the
latter by a phase shiftp(—i(k—ko)-d) or exp(—i(q—qo)-d),
so a solution is sought in the form whekeg, ¢ are horizontal
and vertical projections of the wave vector of an incidenteya
and k, ¢ are appropriate components of the wave vector
scattered wave.

by
. 1 )
S(k, ko) = / expl[—i(k — ko) - 7 — i(q — qo)h(r)] x h(€) = )2 / exp(—i§ - -r)h(r)dr (8)
[k, ko, 7, h) _dr_ (1) The cross-sectiow, associated with SSA2 is much more
(2m)> involved. For a stationary centered Gaussian probésswith
where ¢ is some functional that contains the expllcﬁgzsg:i?'on functiorC’(r), whereC(r) = (h(0)h(r)), it

dependence on the surface. The unknoWris obtained by
performing a functional Taylor with respect to the Fourier

transformh and imposing coefficients that give consistency ook, ko) = o1 (k, ko) + o12(k, ko) + 0o (k, ko) (9)
with SPM ash — 0. In practice, only the first two orders are o

tractable; the higher orders become far too intricate. At fir with (3 is the real part and/ the conjugate)

order in the slope (SSA1) we have [13] 012 and oy, can be written in following forms:
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The relative magnitude of the first- and second- order
terms depends on the roughness and the dielectric constant.
In particular, the correction of the second term becomes

with the corresponding cross section

o1 (K, ko) = 4940 By (k k0)|2 1 % negligible as the dielectric constant decreases. It camlygt
’ (q+q0)? (2m)2 be checked [14] thalk, ko, &) /B (k, ko, &)| goes to zero as
. — 1, forcing the ration|1 — S5/S:| to zero as well.
/exp[—z(k — ko) -r]L(q + qo;m)dr  (3) ¢ and 9 | 2/51]

where the recentered characteristic function of the height
difference is introduced as in [14]: o2 (k, ko) = 2990 / —ik=ko) T [ (q + qo: )

. - \ - , q+qo (2m)?
(q+qo; ) := (exp[—ig(h(r) — h(0)]) — |{exp[—iq( (r)]zéll) / FETEE) (MK o, €2 dE (1)




To avoid the computational complexity in the SSA2 and 100 T=20°C
accepting a small margin of correction (1 dB) [16], we will Pure water
present numerical results by using SSA at first order in the = = - Sea water
next section for both monostatic and bistatic configuration

To highlight scattering dependence on the key parameters
(wave components, sea surface range, we write the NRCS

with SSA1 for an isotropically rough surface where equation
(3) can be simplified as in our paper [17]:

Real part
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0
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wherek = (qx + q0)*.
a, o corresponds to the polarization of scattered and incident
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The dielectric constants of pure and sea water versus
microwave frequency are shown in figure 3. Due to the large
value dielectric constants of water, the waters such asnocea
Fig. 2. Integrand evaluation of equation (12) for scatgralong the gand rivers have high reflectivity and low emissivity. Par} (b
specular direction for three frequencies 1.58, 5.5 and 14 Gdtresponding, h | v the i tant the i . t
respectively toL-, C- and K,-band radar shows clearly the important scope on the imaginary par

between pure and sea water in the frequency range between

Figure 2 shows that the effective surface parameters select 10 20 GHZ. On the other hand real part of the dielectric
to explain scattering problem (backscattering or bis}attd -

constant is less sensitive to salinity variations as shown i
band cannot be used to explain scatterind<atband.

part (a) of the same figure.

Studying the scattering problem from the ocean surfaceComputing of the NRCS requires knowledge of either

requires modeling of the surface. In this context, presef@ Spectrum or sea height autocorrelation function which
geometrical characteristicsgectrum or correlation functign literature, there is many models to describe this surfaee. w

of the ocean surface. quote the Pierson spectrum [18], the Apel spectrum [19], and

the Elfouhaily one [20]. In the simulations in present paper

we will use the Elfouhaily model (unified spectrum), which
Water molecule is a polar molecule. The dielectric respons&s recently developed based on available field and wake-tan

to frequency has a relaxation property. It is dependent en tmeasurements, and which is backed up with strong physical ar
temperature and salinity.

A. Physical characteristics

guments contrary to other spectra which are mostly empirica



It is important to note that this model was developed without
any relation to remote-sensing data. Its agreement with the
slope model proposed by Cox and Munk [21] and with actual 10° |
remote sensing data make it a credible model. Elfouhetly
al assume a directional spectruf(K,v) defined in polar
coordinates as

Isotropic part of the spectra
=
o

S(K,¢) = S(K)f(K,v) (13)
where
S(K) = (Bt + Bu)/K® (14) 107} R R - 1om \
and 0l 10 @
F(K, ) = [1 + A(K) cos(24)] /27 (15) Wave number in rad/m

(a) Real part

In (13), S(K) denotes the non-directional spectrum Upwind direction

(isotropic part) modulated by thg( K, 1) spreading function. 1 = \
In (14), By, and By are the respective contributions from low

(gravity waves) and high (cappliray waves) wavenumbers. 5 08¢

is the azimuthal angle measured with respect to the mean § ¢l

wind direction. The factorcos(2¢)) in (15) is responsible =

to return the spectrum symmetric compared to the wind & o04f

direction axis. Figure 4-a illustrates the Elfouhaily dpem 5

isotropic part behavior versus the wavenumber for threelwin 3 02

speedd/;0={5, 10, and 1% m/s. For the simulations, a fully g ol

developed sea is assumed which is similar to take an inverse £ - = =Uy=5mis

wave age) equal to 0.84. From this figure, it is clear that the -0.2| == Uy=10mis

spectral peak increases with wind speed and shifts towheds t B _U10f15m/3 ‘ ‘ ‘
gravity waves. The vertical lines are placed at wavenumbers 107 10 10° 10" 10° 10°
responsible for Bragg backscattéfz = 2K sinf at § = Lag distance , (m)

50° for frequencies of 1.58 and 14 GHz, corresponding, (b) Imaginary part

reSpegtlvely’ to L- and C-band radar'_ . . Fig. 4. (a) Isotropic part of the Elfouhaily spectrum [20]rses the
In figure 4-b we plot corresponding correlation functiovavenumber for three wind speeds of 5, 10 and 15 m/s. The Vilitiea are

based on Elfouhaily spectrum. The sea autocorrelationvsehplaced at wavenumbers responsible for Bragg backscafjer= 2K sinf

ior is clearly a moderately narrow band process and he t :I_5OZ| for frquenclees of 1.58 and é4d_C;H;, and (b) the corresponding
X . . . Tormalized corre ation function in upwin irection

the oceanic covariance is not at all describable by a Gaussia

correlation function, as has sometimes been assumed in the

past. This behavior is similar to the one obtained by Ap@| Frequency dependence on backscattering configuration

[19] by using his model. Note that there is significant ranfje o . . L , .

negatives values not presented in most correlation funstid The ba_ckscatterlng F:onﬁgura‘uon IS C,)bV'OUSIV of utter im-

land surfaces. It can actually be checked [17] that in paleic portance md mf;]ny a;l)plltcatlons a? classic rad{a};]s, S?t uh

cases of NRCS calculations there is a significant range of ages and other electromagnetic Sensors. Therelore,une n

negative part to be integrated over (for illustration seerég merical results in scientific references are almost solelgrg
2). for backscattering problems.

All these surface representations presented in this mct%hat is the reason why first we present our numerical evalua-

will be a key feature, when estimating the NRCS of the sé'a?ns in this context.

surface in both monostatic and bistatic cases object ofélke n PIOtS_ Of_ backscattering _coefﬂmen_ts Versus _frequency are
section. shown in figure 5. Part (a) is the vertically polarized casel a

part (b) is the horizontally polarized one. We are validated
these simulations by comparing it with experimental data
published in [18].

This section would be dedicated to numerical examples lfw examining the curves in this figure, one still gets the aiter
analyze the polarimetric radar scattering behavior of tteaa impression that radar backscatter does increase with wind
surface especially as a function of emission frequencyulRes speed. An obvious trend indicated by theory is that wind
will be presented in monosatatic configuration then in kitsta dependence decreases with decrease in frequency.
one. Anisotropic scattering characteristics predicted by tBAS

IV. NUMERICAL ANALYSIS
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Fig. 5. Variations of backscattering coefficient versugjfiency for various Fig. 6. Radar backscattering cross sections predicted @S®A for30°
wind speeds in upwind case, (a) VV polarization afid incidence angle (b) incidence versus the azimuthal angle compared to experindattapublished
HH polarization andi50 incidence angle in [22]

model for two wind speedSg 5= 6.5 and 15 m/s are shown inthe incident frequency. Note that the predicted curves imeco

figure 6. The abscissa is the radar azimuth relative to crabwiflatter with lower radar frequency, because a rough surface

direction. Again, we can note that the larger backscateriappears smoother at larger wavelength.

coefficients ¢°) values are associated with the higher wind

speed. The anisotropic scattering characteristic is ai-giraes In the next paragraph we will present the numerical results

of twice the azimuth angle curve with the peaks in the upwirmbtained in the particular bistatic configuration : scétigr

and downwind directions and the minima in the crosswind.along the specular direction.

By comparing the theoretical curves and the experimental da o ) )

published in [22], it is clear that there is a good agreemefit Frequency dependence on bistatic configuration

between them, with a small difference of about 2 dB. Since After the monostatic results and analysis, we study in

the Elfouhaily et al [20] sea spectrum, used in numericapresent section the dependence frequency on the normalized

calculations, was assumed to obey Gaussian statistics, Wiigtatic cross section (NBCS) by numerical results sinealat

upwind and downwind directions results are equally predict by using the SSA model in different configurations and sea

Finally, these simulations illustrate the potential ofabing states. We note that a deeply comparison between the SSA

both wind speed and wind direction from multi-look (azimuthand TSM model in bistatic configuration was made in [23].

radar measurements of the oceans’s surface. Similar to the monostatic study in the previous section,
In figure 7 theoretical radar backscattering cross sectiare present in figure 8 variations of the NBCS along the

versus the azimuth angle are shown with frequency asspecular direction fod0° incidence angle as function of the

parameter. It is seen that change % results between radar signals frequency values. This simulation is obthioe

crosswind and upwind directions decreases with decreasehree wind speeds 5, 10 and 15 m/s and in upwind direction,
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Fig. 7. Radar backscattering cross sections predicted &yS®A versus Fig. 8. Frequency dependence on the scattering along thelspelirection
the azimuthal angle at L-, C-, arff,,-band for30° incidence and two wind for 40° incidence angle at three wind speegS, 10, 15m/$, (a) VV-
speeds, (a) VV-polarization and (b) HH-polarization polarization and (b) HH-polarization

part (a) shows the VV-polarization results and part (b) the

HH-polarizations ones. As is apparent in figure 8 the NBC t0 80° except for L-band frequency. Beyond0°, in this

barticular case (F=1.58 GHz), the coefficient turns backrdow

is the opposite behavior of the backscattering case see Hls down turn is due to integration into negative correlati
the previous section (see figure 5). It must be noted that tpeegion (see figure 4-b)

difference between NRCS values At and K,-band is of
about 5 dB in this scattering case along the specular directi  With he same parameters as in figure 9 we plot simulations
Figure 9 shows the NBCS variations along the speculegsults at wind speed of 10 m/s in figure 10.

direction versus the incident anglé — 80° for frequencies B . h £ fi 9 and th £10

of 1.58, 5.5 and 14 GHz, corresponding, relativelyltg C- y comparing the curves of figure 9 and those o » We

andk :bénd radar. The \;vind speed is fi;<ed t0 4 m/s and tr(]:an conclude the only remark that férband the down turn
e P . 5 the HH-polarization curve vanishes, this is simply bessau

upwind direction is under consideration. . . : . :

In examining curves in figure 9 several items of importanct(ta1e negative correlation region does not include in NBCS

may be deduced. First, for both VV- and HH-polarization(s:alCmatlonS atwind speed of 10 m/s (see figure 4-b).

the NBCS values are quasi constant in the incidence regiorFinally, we present in figure 11 the NBCS results along

[0° — 60°]. This behavior can be able a significant result ithe specular direction at an incidence angle>0f for three

exploring the sea clutter. Second, for VV-polarization artp frequency bands. Unlike the backscattering configurafids,

(a) beyond60° there is an important decreasing in NBCSlear in this bistatic configuration the wind direction ipga-

results. on the other hand, in part (b), the horizontallagned dence on the NBCS result where it is constant for all azimuth

scattering coefficient continues to rise with incident angldirections.
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V. CONCLUSION - : .
WCA model seems to be promising to improve some particular

In this paper we have studied the polarimetric radar scdiistatic cases predicted with the SSA model which will be
tering behavior of the ocean surface particularly as a fanct exploited in our future work.
of the radar frequency value. After a rapid presentatiorhef t
unifying scattering model the SSA, the sea surface modeling
is described by its physical (dielectric constant) and getem [l G- R. Valenzuela, M. B. Laing, and J. C. Daley, "Ocean $gedor
ical ch teristics (S ectrum or correlation functioiﬁhe the high frequency waves as determined from airborne measotgjne
rcal characte p M Journal of Marine Researchvol. 29, no. 2, pp. 69-84, May 1971.
frequency dependence on all these parameters is discssed.[2] K. Krishen, “Correlation of radar backscattering crasactions with
is the aim of this paper, a numerical evaluations of the NRCS  0cean wave height and wind velocity” Geophys. Resvol. 76, no. 20,
[ tatic configuration in first time. From this part, ity BF0o20 0939, 1971
In monosiafi g _ €. r Part, a1 F 3. wentz, “A model function for the ocean-normalized aadross
is seen that the dependence of wind direction becomes small section at 14 GHz derived from NSCAT observatiords,Geophys. Res.
when the emission frequency decreases. Then, in second time Vol 104, pp. 499-514, 1999. ,
h ical It r nalvzed in the particular case A. Bentamy, P. Queffeulou, Y. Quilfen, and K. Katsaros, c&an
the n_ume_nca results are a y. . p surface wind fields estimated from satellite active and passicrowave
the bistatic case (the specular direction) versus the é&ecp instruments,1EEE trans. Geosci. Remote Sensingl. 37, pp. 2469-86,
value. As opposite to backscattering case, the NRCS intigista _ 1999. _
lar di . d ith the i . f [5] J. Martin-Neira, C. Mavrocordatos, and E. Colzi, “Stualya constella-
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