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Abstract We report on an experiment conducted at the large Pytheas wind-wave facility in Marseille to
characterize the Ka-band radar return from water surfaces when observed at small incidence. Simultaneous
measurements of capillary-gravity to gravity wave height and slopes and Normalized Radar Cross Section
(NRCS) were carried out for various wind speeds and scattering angles. From this data set we construct an
empirical two-dimensional wave number spectrum accounting for the surface current to describe water sur-
face motions from decimeter to millimeter scales. Some consistency tests are proposed to validate the sur-
face wave spectrum, which is then incorporated into simple analytical scattering models. The resulting
directional NRCS is found in overall good agreement with the experimental values. Comparisons are per-
formed with oceanic models as well as in situ measurements over different types of natural surfaces. The
applicability of the present findings to oceanic as well as continental surfaces is discussed.

1. Introduction

Spatial observations of the ocean with microwave instruments have been performed routinely for at least
three decades since the launch of SeaSat in 1978, with most of the sensors working in C and Ku bands.
However, recent technological progresses have made possible the use of Ka band (35 GHz) which presently
attracts a growing interest. The utilization of such a high frequency allows for reduced dimensions of the
instruments on board as well as increased resolution and accuracy in the estimation of the sea surface
topography. These advantages have been put into practice with the Ka-band wideband altimeter of the suc-
cessful AltiKa mission or the nonconventional altimeter mission SWOT (Surface Water Ocean Topography,
currently in phase A) using a Ka-band radar interferometer [Durand et al., 2010]. However, the physics
involved in describing the air-water interface as well as the scattering mechanism at this shorter electro-
magnetic wavelength is quite different from that considered in usual models, due to the dominant role of
the capillary waves as the resonant scatterers. The simulation and interpretation of Ka-band backscattering
data over oceanic or continental water surfaces thus require specific studies.

While there is an abundant literature on C, Ku, and X-band radar backscattering from wind-generated water
surface waves in tank or oceanic conditions, the use of radar millimeter wavelength range (Ka band) has
been far less documented. We found it limited to a few studies performed in airborne [Masuko et al., 1986;
Nekrasov and Hoogeboom, 2005; Tanelli et al., 2006; Walsh et al., 1998; Vandemark et al., 2004; Walsh et al.,
2008; Fjortoft et al., 2014], coastal [Long, 2001; Dyer et al., 1974; Smirnov et al., 2003], and wind-wave tank
[Giovanangeli et al., 1991; Keller et al., 1995; Gade et al., 1998; Plant et al., 1999, 2004; Ermakov et al., 2010]
conditions. These studies have unveiled the specificity of Ka-band radar return in terms of backscattering
cross section as well as Doppler signature when compared to lower microwave bands. In particular, wind-
wave tank experiments have established the dominant role of bound capillary waves [Keller et al., 1995;
Plant et al., 1999, 2004; Ermakov et al., 2010] in the scattering process and its dependence on friction veloc-
ity. However, we found no systematic investigation of the absolute level of backscattering cross section at
small incidence with respect to the different scattering angles, information which is necessary for the cali-
bration of nonconventional altimeter instruments such as those used in the future SWOT mission. Further-
more, there is a need for specific and tractable wave scattering models to be used in this regime, which
requires an accurate statistical description of the water surface at submillimeter scales. Other than the
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spectral model developed by Kudryavtsev et al. [2003a, 2003b], we found no further attempt in the literature
to elaborate a statistical representation of the surface which addresses properly the generation of capillary
waves and their nonlinear interaction with short gravity waves. The goal of this paper is twofold. First, we
report on details on a Ka-band radar experiment in the large wind-wave tank of Marseille-Luminy under a
set of wind conditions. This allows to test in a controlled environment the combined surface and scattering
model used for the prediction of the near-nadir absolute backscattering radar cross section and to deter-
mine in which respect the classical ocean scattering models must be adapted. We propose a methodology
to recover the two-dimensional (2-D) wave number spectrum from the combined measurements of the
wave height frequency spectrum and up-tank and cross-tank slope frequency spectra with account of the
drift current effect, which is found there to be crucial. When combined with the physical optics approxima-
tion, the resulting spectrum provides good agreement with the experimental values of the NRCS. We have
also tested the simple geometrical optics model and a recent improvement thereof, namely the GO4 model.
While the former turns out to be insufficient, the latter allows for an accurate description of the NRCS at the
largest wind speeds with only two parameters. These observations also give qualitative insight on the sensi-
tivity of the NRCS to wind speed and scattering geometry. We reveal some unconventional behavior at
small wind speeds, such as a nonmonotonic variation of NRCS with the incidence angle. The results are dis-
cussed and compared with observations made on continental and oceanic surfaces. Laboratory measure-
ments are found representative of the former in a large extent but can differ deeply from the latter.

The paper is organized as follows. Sections 2 and 3 describe the experimental setup in the wind-wave tank
together with the radar system. The basic statistical parameters of the observed wind wave fields are
derived in sections 4 and 5. The omnidirectional wave number spectra are given, with a careful inclusion of
the effect of drift current in the surface wave dispersion relationship. A specific directional spreading func-
tion is constructed, based on the compliance with the observed longitudinal and transverse slope spectra.
Section 6 describes the basic scattering model elaborated in this context, namely the physical optics
approximation. Sections 7 and 8 are devoted to the experimental assessment of the full scattering model
by a systematic comparison of its results with the acquired data basis. At last, section 9 discusses the univer-
sality of the results in the light of a comparison with these obtained for continental and ocean surfaces.

2. Experimental Setup

The observations were carried out in the large Pytheas wind-wave facility in Marseille which is made of a
40 m long, 2.6 m wide, and 0.9 m deep water tank and a recirculating airflow channel with a test section of
about 1.5 m in height, as described in more details in Coantic and Bonmarin [1975] and depicted schemati-
cally in Figure 1. Steady winds varying between 1.00 and 13 m s21 are generated by an axial fan located in
the recirculation flume. The airflow channel which includes divergent and convergent sections, turbulence
grids, and a test section of slightly enlarged height, is specially designed to obtain a low-turbulence homo-
geneous flow at the entrance of the water tank and a constant-flux air boundary layer over the water sur-
face. At the end of the water tank, a permeable beach damps the wave reflection. The Ka-band radar and
instruments for wave measurements were set up at a fixed position located at the 28 m fetch test section of
the air channel, which is equipped with an open section in the roof (Figure 2).

The Ka-band radar system assembled by the Office National d’Etudes et de Recherches en A�erospatiale
(ONERA) in Toulouse was installed above the open section on two orthogonal rotating plates, each one

Figure 1. Schematic view of the experimental arrangement and the instrumentation set up in the Pytheas wind-wave facility.
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driven by a step-by-step motor, allow-
ing inclinations up to 6158 away from
nadir and covering 61808 in azimuth.
The system was built around a two-
port Vector Network Analyzer (VNA)
acting as both RF signal source and
receiver. In laboratory conditions, it is
impossible to devise an antenna sys-
tem that would emit at a given inci-
dence in the far-field for which the
illuminating field can be approxi-
mated by a plane wave. Therefore, we
chose to operate in the near-field
region of a parabolic dish antenna of
diameter D 5 60 cm with a source
located at its focus. At nadir, the
antenna is located at 1.75 m above
the water surface at rest and is
pointed downward illuminating an
area located at the center of the water
tank. At this distance the divergence
of the beam can be neglected (the
Fresnel zone starts at D2=2kEM ’ 22
m) and the electric field distribution
across the aperture should be uniform.
Both amplitude and phase of the com-
plex incident field on a flat surface
have been characterized in an
anecho€ıc chamber (ONERA, Toulouse)
prior to the experiment (see below).
To determine the geometrical proper-
ties of wind waves ruffling the water
surface during the radar measure-

ments, a pair of high-resolution capacitance wave probes and a single-point laser slope gauge were set up
at the immediate proximity of the radar footprint area in the cross-tank direction (Figure 2). The former are
made of two sensitive wires (0.3 mm in diameter) hung vertically by a weight at a distance of 2.7 cm and
fixed by means of a thin rod at the top of the air channel. The device used for measuring the up-tank and
cross-tank components of the water surface slope is composed of a He-Ne laser mounted vertically above
the wind tunnel and an optical receiver immersed in water at a distance of roughly 40 cm from the water
surface. After low-pass filtering with a cutoff frequency of 100 Hz and eventual amplification, the wave
height and slopes signals were digitized at a frequency rate of 256 Hz and recorded on a PC computer. Dur-
ing the experiments, the wind speed was controlled by means of a Pitot tube located in the middle of the
air channel at 22 m fetch and connected to an electronic manometer. At last, the mounts of the probes and
the open section of the roof around the parabolic antenna were covered with special Ka-band electromag-
netic wave absorbers to avoid spurious reflections due to the experimental environment other than the
water surface.

The experiments were performed at six wind speeds ranging between 1.85 and 8 m/s. Side views of surface
wavefields developed by wind at 28 m fetch in the large wind-wave facility are given in Figure 3 for three
different wind speeds. To better investigate the peculiar radar signature observed at very low wind speeds,
special attention was paid for winds below 3 m/s. For a given wind speed, the observations consisted in a
series of radar measurements made at regularly spaced incidences (61 or 60:58) within a preselected range
(generally 615 or 658) for various azimuth angles and three to five wave signal records of 20 min duration
made at regular time intervals during the radar measurements. To perform them, the entire radar system
was monitored by a PC controlling both the motors and the VNA through a GPIB link. To operate it, a

Figure 2. View of the wind tunnel, the parabolic antenna, the open waveguide, and
the radar source fixed at the end of a sidearm adjusted in a crosswind azimuthal
position. The whole radar system is mounted on two rotating plates set up above
the tunnel roof opening and surrounded by radar absorbers. The wave gauges and
the optical receiver of the slope measuring device immersed in water can be seen
on the right side of the radar section.
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program in Python language was
developed. This latter also performs
data processing to extract the back-
scattering coefficient.

3. NRCS Measurement

3.1. Characterization of the Incident
Electromagnetic Field
The incident electric field on the illumi-
nated patch has been characterized in
the anecho€ıc chamber of the ONERA by
measuring the complex field scattered
by small corner reflectors placed at suc-
cessive locations inside the illumination
window and located at approximately
1.15 m from the aperture plane of the
antenna. Figure 4 shows the normalized
power of the electric field on a flat sur-
face for a corner reflector with an edge
8 cm long. The maximum field is shifted
by about 10 cm off the center of the
disk. This is probably due to a slight mis-
alignment of the radioelectric axis of
the antenna. Cuts of the incident power
in different directions show that it can
be roughly approximated by a Gaussian
illumination window with 80 mm stand-
ard deviation. Note that a Gaussian
beam with large footprint with respect
to the radar wavelength is known [see,
e.g., Soriano et al., 2002] to be equiva-
lent (within an overall coefficient of nor-
malization) to a uniform illumination in
terms of NRCS, that is, there is no angu-
lar distortion of the angular scattering
diagram.

The phase of the complex incident elec-
tric field on the surface has also been
measured. This quantity is difficult to
measure in Ka band as it is affected by
millimetric variations of the vertical posi-
tion of the target on the z axis which
can be due to nonperfect horizontality

of the test table or nonperfectly vertical radio-electric axis. This results in a linear phase bias with respect to the
horizontal axis. Once detrended from this linear variation, the phase is found to be normally distributed around
zero with a rms of the order of 458. If we assume that the random phase fluctuations of the incident field can be
assimilated to a Gaussian white noise with variance V2, then this extra phase term can be average independently
of roughness in the calculation of the NRCS and leads merely to an overall attenuation factor exp ð2V 2Þ with
respect to the plane wave illumination. For a 458 rms of phase this yields to about 2 dB attenuation which must
be added to the calibration factor found in section 3.3 with the radar equation.

3.2. Measurement of the Backscattering Coefficient
A specific procedure has been developed to retrieve the absolute value of the NRCS from the time series of
the recorded reflection coefficient. As the target is a fluctuating scene, the time duration for a given

Figure 3. Side view of wind wavefields observed in the large wind-wave tank at
28 m fetch for a wind speed of (a) 2 m/s, (b) 3 m/s, and (c) 8 m/s. The wind blows
from the right to the left.
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measurement must be much shorter
than the characteristic time of wave
motions in order to consider the scene
as static. Emission and reception of a
continuous electromagnetic wave are
done through the S11 port of the VNA. If
B is the intermediate frequency (IF) filter
width, then the time measurement dura-
tion is of order of 1=B. An IF filter of
10 kHz thus corresponds to a duration of
approximately 0.1 ms, during which it is
reasonable to assume that the scene is
static. The NRCS, denoted r0, is propor-
tional to the intensity of the incoherent
electromagnetic backscattered field, that
is, the variance of the total field. This
quantity is estimated from N successive
measurements in time, assuming that
the water surface roughness at each
time corresponds to an independent

realization of the same random process. This is actually true if the time lag is of the order of magnitude of a
few seconds, that is, much larger than the period of dominant waves. The accuracy in the estimation of the
incoherent field is thus of order 1=

ffiffiffiffi
N
p

. It is important to note that in this procedure, the echoes from the
static targets (walls and mean flat surface) have no impact on r0 estimates because they have no variance
in time. In fact, since the N successive radar measurements are independent they contribute only to the
total complex field and the average coherent field. Therefore, no specific filtering of these echoes is needed.
The records were made by operating the system within three successive loops. The innermost loop involves
approximately 500 realizations separated in time by 2 s, while the other two loops concern a scanning in
incidence and azimuth angles, respectively.

At this point it is important to discuss the influence of the size of the radar beam footprint on the estimated
NRCS. In order to get a scene statistically representative of the random surface roughness, the footprint size
has in general to be much larger than the dominant wavelength. Experimental constraints have limited the
footprint size to about 35 cm, which is related to the antenna diameter in the near field. For the highest
wind speeds, the latter is of the same order of magnitude or even smaller than the dominant wavelength.
However, the classical two-scale picture shows that the missing large scales are included through their tilt-
ing effect in the time-averaging process of the reflected field, provided the time series is sufficiently long.
Hence, it is expected that the convergence to the statistical NRCS be slower at larger winds. Owing to the
large number of incidence and azimuth angle configurations to investigate at each wind speed, the dura-
tion of individual time records for r0 estimates was fixed to 1000 s. To provide additional independent sam-
ples in the estimation of the NRCS, a further average has been applied to the r0 calculated for every
frequency component in the frequency ramp of the radar signal (50 frequency steps from 34.0 to 35.0 GHz),
assuming the change of NRCS resulting from the variation of frequency negligible for such a narrow
bandwidth.

3.3. Calibration Procedure
For retrieving the backscattering coefficient from measurements of the incoherent electromagnetic wave-
field, the radar system must be calibrated carefully. Let us assume an incident complex field with constant
amplitude on the illuminated rough surface at a given angle of incidence. This assumption is reasonable if
the distance between the antenna and the water surface is less than 22 m since the latter is in the near-
field region of the antenna in which the field can be assumed tubular, that is, uniform across the aperture.
On the other hand, the incoherent backscattered field received on the antenna is in the far field of the rip-
ples of the surface. The radar equation applied to this configuration thus provides the following estimate
for the backscattered power (Pr) received by the antenna:

Figure 4. Relative power (in dB) of the incident field on a horizontal plane at
1.15 m from the antenna measured with a 8 cm edge corner reflector.
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Pr5
Aa

4pD2
w
ðr0AwÞ ePi; (1)

where Pi is the emitted power density and e the antenna efficiency, Aa is the antenna surface, Aw5Aa=cos hi

is the area of the water surface which is illuminated by the near-field tubular beam and thus equal to the
projected antenna surface (hi is the incidence angle) and Dw is the distance between the antenna and the
intercepted part of the rough surface. We recall that r0 is the (dimensionless) NRCS of the water surface at
the given incidence. Let us now consider a reference target. If the system is illuminating a trilateral corner
reflector with a known radar cross section rt at a distance Dt from the antenna, the received power is
(assuming the antenna in the far field of the corner reflector):

Pt5
Aa

4pcos hiD2
t
rt ePi : (2)

We may therefore estimate the power received from the water surface by a comparison with the power
received from the corner reflector set up inside the tank at the same distance as the water surface (1.75 m).
This leads to the relationship:

r05
Pr

Pt

D2
w

D2
t

rt

Aw
: (3)

Note that the measurement of the reference power Pt need not be repeated every time for calibration and
may be done only once in laboratory. This was done with a 8 cm edge corner reflector. As this target is
steady, its measurement may use time domain filtering [Ulaby et al., 1990] for eliminating unwanted
echoes.

As seen in section 3.1, the field distribution is not perfectly equiamplitude and equiphase on the illumi-
nated area and the power scattered by the corner reflector may vary from one location to another
inside the surface as shown in Figure 4. This is certainly due to the limited size of the antenna with
respect to the wavelength, which is imposed by the wind tunnel constraints. Nevertheless, it can be
shown by dividing the illuminated area in small pixels of constant illumination that (3) remains valid for
a nonuniform illumination provided the power received by the water surface (Pt Aw ) is replaced by the
integrated power over the surface. A detailed analysis of the possible sources of errors in the estimation
of the calibration coefficient gives a maximum possible bias of 61.1 dB due to the technique itself and
the cumulated sources of errors (60.15 dB due to 62.5 cm inaccuracy on distances, 60.25 dB on target
radar cross section, 60.65 dB on the average emitted density Pi) and an additional relative fluctuation
of 0.3 dB in the estimation of the incoherent field from a finite number (�500) of independent sample
surfaces. This gives an overall absolute error less than 61.4 dB. Note that the relative error (that is after
correction of an eventual bias) is less than 0.5 dB.

4. Statistical Parameters of the Water Surface

Modeling the radar return from the water surface requires an accurate statistical description of the surface
wave roughness. For this we choose a Cartesian coordinate system (x, y, z) in which z is the vertical axis and
(x, y) the mean plane of the water surface. The excursion of the water surface about its mean plane is
described by a random field z5gðr; tÞ depending on the horizontal position r5ðx; yÞ and the time t. The
wave field is assumed to be stationary (that is statistically invariant under translation in time or space) as
well as ergodic in both variables, which means that the ensemble average h�i of the process and related
quantities can be obtained through temporal as well as spatial averages.

The root mean square (rms) elevation is given by the ensemble average hg2i1=2 and the significant height
(Hs) is 4 times this value. It can be obtained by the average in time of the wave height signal measured at a
single location. The longitudinal, transverse, and total mean square slope (mss) are, respectively, given by:

s2
x 5hð@xgÞ2i; s2

y 5hð@ygÞ2i; s25s2
x 1s2

y : (4)

They can be obtained from the instantaneous wave slope measurements with the laser gauge. The wave
frequency spectra S(f) are obtained with the usual periodogram technique using time series of elevation
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measure at a single point of the water surface. As well known, they have a pronounced maximum (Sp) at
the so-called peak frequency (fp) related to the dominant waves developed by wind along the basin. The
spatial properties of the random process are described by the autocorrelation function qðrÞ given by:

qðrÞ5hgðr; tÞgð0; tÞi; (5)

or, equivalently, the structure function (S2ðrÞ) given by:

S2ðrÞ5hðgðrÞ2gð0ÞÞ2i52ðqð0Þ2qðrÞÞ; (6)

where r is the space vector measuring the distance between two points of the horizontal plane. The wave
number spectrum WðkÞ can be defined as the Fourier transform of the autocorrelation function as follows:

WðkÞ5 1

ð2pÞ2
ð

dr eik�rqðrÞ: (7)

There was no direct observation of these spatial quantities, which then must be inferred from other meas-
urements such as wave elevation and slope frequency spectra (see hereafter).

A series of measurements has been conducted for different wind speeds ranging from 1.85 to 8 m/s. The
related basic wave statistical parameters are reported in Table 1.

The corresponding wave frequency spectra at the different wind speeds are shown in Figure 5. These spec-
tra have been renormalized by the peak frequency (fp) and the maximal spectral energy density (SðfpÞ), that
is, Sðf=fpÞ=Sp.

The various wave spectra exhibit very similar features, that is, a sharp peak around the dominant frequency
and for winds above 3 m/s a power law decay in the high-frequency wave range. At such large fetch (28 m)
and winds higher than 3 m/s, the dominant peak is located in the gravity wave range and so the wave spec-
tra observed around the peak at various winds exhibit a universal behavior related to the self-similar nature
of dominant wind wave fields at such scales. This can be evidenced by a spectrum renormalization using
the peak frequency fp and the spectral peak energy Sp (Figure 5). We found that the shape of this peak is
well described by a JONSWAP spectrum [Hasselmann et al., 1973] with appropriate parameters. Note also
that the dominant peak associated with gravity-capillarity wave fields observed at winds below 3 m/s does
not differ from this spectral model.

The high-frequency range starting from 2fp is more difficult to parameterize and the classically employed
power law approximation Sðf Þ � f 2m proposed by Phillips [1977] to describe the spectral tail of gravity
waves seems to be too crude in the present case, except at the largest wind speeds where an approximate
f 23 behavior is found in the tail of the spectrum. This is slightly different from the observations of wind
wave fields reported in Zavadsky et al. [2013], where the spectral tail could be fitted with a power law
decrease, with a varying exponent ranging from 3.1 to 3.74 as the fetch is varied from 1 to 3.8 m. This differ-
ence with our observations is attributed to the much shorter fetches used in this last study. The second and
higher harmonics of the peak frequency are visible at smaller winds and less pronounced at larger winds.
Note the plateau observed at very low wave frequency below the dominant peak which might be produced
by the slow variations of the mean water level induced by the random development of large-scale domi-
nant wave groups.

5. Two-Dimensional Wave
Number Spectra

5.1. The Issue of the Short-Wave
Spectrum
The derivation of the full two-dimensional
wave number spectrum from the frequency
spectrum when waves propagate in the
presence of either current or long waves
has a long history and still today remains a
difficult question [e.g., Hughes, 1978; Hara

Table 1. Basic Statistical Parameters of the Water Surface Roughness
Observed for the Different Wind Conditionsa

U fp Hs s2
x s2

y s2

1.85 4.91 0.26 0.339 0.063 0.402
2 4.34 0.39 0.560 0.113 0.673
2.3 3.63 0.66 0.878 0.214 1.09
3 2.91 1.10 1.10 0.276 1.38
6 1.91 3.13 2.34 0.936 3.27
8 1.84 4.43 3.48 1.64 5.12

aThe wind speed (U) is given in m/s, the peak frequency (fp) in Hz, the
significant height (Hs) in cm, and the mss (s2

x ; s2
y ; s2) in %. These quantities

are averaged over the whole set of time sequences recorded at a given
wind speed.
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et al., 1994; Hwang, 2006; Plant, 2015].
It must in general be complemented
by other types of measurements (see
Hwang et al. [2013] for a recent
review). As it is well known, the disper-
sion relation of short waves is affected
not only by the mean drift current but
also by the Doppler shift of short
waves arising from the advection of
dominant wave orbital velocities. This
raises two related issues, one pertain-
ing to the interpretation of the high-
frequency spectrum and the other to
the use of the frequency-wave num-
ber linear dispersion relation. How-
ever, in the present experiment
dominant wind waves remain quite
short, as opposed for example to the

tank experiment cited in Hwang [2006] where longer waves are mechanically generated or to in situ meas-
urements used by Hara et al. [1994] and Plant [2015]. We provide hereafter some heuristic arguments to
support the fact that the dominant wave artifact has no significant impact in our analysis of the short-wave
spectrum. For simplicity we ignore the directional effects and make a one-dimensional analysis in the main
direction of propagation, that is, the direction of wind speed (where the advection phenomena are most
pronounced). The apparent spatial frequency k corresponding to a given frequency x differs from the
short-wave intrinsic wave number ki (including the mean drift current uc) by a quantity proportional to the
maximal wave-induced orbital velocity uad:

x5kðc1uc1uadcos UÞ5kiðc1ucÞ; (8)

where c is the (free) short-wave celerity and U is the phase in the long-wave orbital cycle. Assuming that
the ratio

e5
uad

c1uc
(9)

is much smaller than one we may approximate

Dk5k2ki ’ e cos U ki: (10)

Because the wave number spectrum is not a linear fluctuation, the symmetric variations of the apparent fre-
quency around a given intrinsic frequency induce a bias in the estimated average wave number spectrum:

DW5WðkÞ2WðkiÞ ’
1
2
hðDkÞ2iW00 ðkiÞ; (11)

where W
00

denotes the second derivative with respect to k. This leads to the following relative variation of
the wave number spectrum:

DW
W

5
1
4

e2 k2
i
W
00 ðkiÞ

WðkiÞ

 !
: (12)

In the short-wave spectral range the frequency spectrum follows approximately a x23 behavior at the larg-
est wind speeds implying a k2m decay with 1:5 � m � 2 for the wave number spectrum. This sets a maxi-
mum value of 6 for the right-hand side factor arising from the spectral curvature. On the other hand, the
maximal orbital speed uad of long wave can be estimated from the relation uad5sdomcdom, where sdom5ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

mssdom
p

is the mean steepness associated to the dominant wave and cdom is the phase speed of the domi-
nant wave. The quantity mssdom has been estimated by integration of the laser slope spectrum between 0:5
fp and 1:5fp while the dominant wave phase speed has been estimated by using a cross-correlation method
between two neighbor wave gauge signals. For the highest wind speed (8 m/s) corresponding to the largest

Figure 5. Frequency spectra of the surface wave height observed in the large wind-
wave tank at 28 m fetch and six different wind speeds (1.8, 2, 2.3, 3, 6, and 8 m/s).
The different spectra have been renormalized by the peak frequency (fp) and the
maximal spectral energy density (SðfpÞ), that is, Sðf=fpÞ=Sp .
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advection current we found uad50:143100514 cm/s and a mean drift current uc of the order of 14 cm/s as
well. In the less favorable case where the short-wave celerity is taken at its minimum (23 cm/s) this leads to
an estimation e50:38 and DW=W � 0:2. Such a relative variation of the wave number spectrum around the
minimum phase wave number (363 rad/m) would induce a variation of at most 1 dB for the scattered power
from the resonant Bragg wave. However, at low angles and for the largest wind speeds, the NRCS has less
sensibility to the resonant frequency and is dominantly affected by larger waves for which the bias induced
by dominant wave orbital motion is much smaller. A first partial conclusion is that it is meaningful to esti-
mate the short-wave wave number spectrum from short-wave frequency spectrum using the intrinsic dis-
persion relationship of capillary-gravity waves in presence of a mean current, that is,

x2k � uð Þ25gk1c0 k3; (13)

with g 5 9.81 m/s the gravitational constant, c057:44 � 1025 m3/s2 the surface tension coefficient for fresh-
water, and u the surface current. However, it remains to verify that the dominant wave orbital velocity has
still no impact on the dispersion relationship, an issue which has been investigated in detail in Hwang
[2006] by considering the variation of the Jacobian in the k2x transformation. Again, we provide heuristic
arguments in the case of a one-dimensional flow. The change of variable x! k involves the Jacobian

J5j dk
dx
j5jcg1uad cos U1ucj21; (14)

where cg is the group velocity associated to the wave number k in absence of current. The group velocity of
capillary-gravity waves is of the order cg ’ 3

2 cp with cp � 23 cm/s at least and we therefore have for the
Jacobian averaged over many orbital cycles for the highest wind speed:

ðcg1ucÞ3hJi ’ hð120:3 cos U10:045 cos 2U1:::Þi ’ 1:022: (15)

Hence, the contribution of the orbital current induces a relative variation of about 2% in the dispersion rela-
tionship and will thus be neglected. In view of the previous considerations and the behavior of the disper-
sion relation estimated experimentally from wave amplitude and slope spectra (see Figure 7) we will
assume that the wave fields are essentially monodispersive, which implies a one-to-one correspondence
between spatial and temporal scales. To model the latter, we will only take into account a constant drift
current.

5.2. Estimation of the Directional Spectrum
From now on we assume a constant surface current uc aligned with the wind direction (x axis) and homoge-
neous in the crosswise direction. Any wave vector k5kðf ;/Þ together with its norm kðf ;/Þ is thus uniquely
specified by a frequency f and a direction angle / referred to the x axis. The variance of the surface eleva-
tion can be expressed with respect to either the frequency or wave number spectrum:

hg2i5
ð

dk WðkÞ5
ð1

0
df Sðf Þ: (16)

Denoting Jðf ;/Þ the Jacobian corresponding to the change of variable k ! ðf ;/Þ we thus have the
identity:

Sðf Þ5
ð2p

0
d/ Wðf ;/ÞJðf ;/Þ; (17)

with the understanding Wðf ;/Þ5Wðkðf ;/ÞÞ. We now decompose the two-dimensional wave number spec-
trum into an omnidirectional part (W0ðkÞ) and an angular spreading function (Yðk;/Þ) according to the
expression:

WðkÞ5Wðk;/Þ5 1
k

W0ðkÞYðk;/Þ; (18)

with the normalization condition: ð2p

0
d/ Yðk;/Þ51: (19)
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As we shall see the relation (17) allows the inversion of the omnidirectional spectrum. To evaluate the angu-
lar spreading function Yðk;/Þ we rely on the longitudinal (Skðf Þ) and transverse (S?ðf Þ) slope frequency
spectra obtained from the wave slope measurements in the alongwind and crosswind direction, respec-
tively. By definition of the directional slopes we can write:

s2
x 5

ð1
0

df Skðf Þ; s2
y 5

ð1
0

df S?ðf Þ: (20)

The variances of slopes are also given by the partial second moments of the wave number spectrum, that
are:

s2
x 5

ð1
0

df
ð2p

0
d/ k2ðf ;/Þcos 2/Wðf ;/ÞJðf ;/Þ;

s2
y 5

ð1
0

df
ð2p

0
d/ k2ðf ;/Þsin 2/ Wðf ;/ÞJðf ;/Þ:

(21)

This provides the following identification:

Skðf Þ5
ð2p

0
d/ k2ðf ;/Þcos 2/Wðf ;/ÞJðf ;/Þ;

S?ðf Þ5
ð2p

0
d/ k2ðf ;/Þsin 2/Wðf ;/ÞJðf ;/Þ:

(22)

In order to characterize the spreading function we introduce the upwind/crosswind ratio D(f):

Dðf Þ5
Skðf Þ2S?ðf Þ
Skðf Þ1S?ðf Þ

: (23)

This ratio quantifies the anisotropy of the wave field. Its ranges from 1 for long-crested surface waves propa-
gating in the wind direction to 0 for fully isotropic wavefield. It can be evaluated directly from the measured
frequency wave slope spectra as shown in Figure 6 for various winds. This ratio exhibits a well-defined peak
at the dominant frequency. In this range of wind speeds, its level varies only slightly, being quasi-constant
for the three smallest wind speeds, increasing a little at 3 m/s and then decreasing at higher wind speeds.
This slow variation, however, results from a drastic change in the directional properties of the respective
dominant wind wave fields, evolving from well-organized rhombic wave patterns formed by two oblique
waves propagating at 6308 to the wind direction as shown in Figure 3 at very small wind speeds to more
randomly distributed short-crested wave patterns propagating mostly in the wind direction (see Caulliez
and Collard [1999] for more details). Correspondingly, at high frequencies, we can distinguish two different
trends in the behavior of the wave field anisotropy. At very small wind speeds, D(f) values observed just

above 10 Hz are very similar to the
dominant wave ones, except above
40–50 Hz where this ratio starts to
increase continuously. This reflects the
fact that the parasitic bound waves
generated at the crest of dominant
waves by a nonlinear instability mecha-
nism as described theoretically by, e.g.,
Tsai and Hung [2007, 2010] have funda-
mentally the same three-dimensional
features as the carrier waves and prop-
agate at the same phase speed [Caul-
liez, 2013]. In that respect, the D(f)
increase observed above 50 Hz may
result from the fact that the ripple har-
monics in the crosswind direction are
more rapidly damped than these in the

Figure 6. Upwind/crosswind ratio D(f) of slope frequency spectra estimated for the
same wind and fetch conditions as in Figure 5.
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wind direction, the energy of the latter being directly supplied by wind. At 3 m/s, capillary-gravity ripples
generated by short-crested wave microbreaking or even directly by wind (at higher winds) can propagate
freely at the water surface. These waves ranging in the frequency domain around and above 10 Hz exhibit a
more isotropic spreading compared to bound capillary waves observed at small winds. Above 50 Hz, the
increase in D(f) is very likely due to a similar effect as this mentioned previously. From this viewpoint, the
wave field observed at 2.3 m/s wind speed appears as an intermediate case between these two types of
wave fields with distinctive features.

The contrast function D(f) can be expressed in term of the two-dimensional wave number spectrum, in
view of (22):

Dðf Þ5

ð2p

0
d/ k2ðf ;/Þð2cos 2/21ÞWðf ;/ÞJðf ;/Þð2p

0
d/ k2ðf ;/ÞWðf ;/ÞJðf ;/Þ

: (24)

To proceed further we must now assume a specific shape of the spreading function Yðk;/Þ. The most gen-
eral form is a Fourier expansion with respect to the azimuthal pair harmonics:

Yðk;/Þ5 1
2p

11D2ðkÞcos ð2/Þ1D4ðkÞcos ð4/Þ1:::ð Þ: (25)

When reduced to the second harmonic it coincides with the popular form proposed by Elfouhaily et al.
[1997]:

Yðk;/Þ5 1
2p

11DðkÞcos ð2/Þð Þ: (26)

The advantage of this formulation is that the function DðkÞ can be simply inferred from the ratio of measur-
able quantities such as the wave number spectrum, the directional slope spectra, or the directional mss in
two orthogonal directions. We have in particular

s2
x

s2
y

5

ð
dkW0ðkÞk2ð11DðkÞ=2Þð
dkW0ðkÞk2ð12DðkÞ=2Þ

; (27)

for the partial or total directional mss (depending on the integration bounds). However, since DðkÞ should
be smaller than unity to ensure the positivity of the spectrum, this limits the ratio of upwind and crosswind
partial or total mss to a maximum value of 3. The observed ratio of mss in the wave tank is far beyond this
value as seen in Table 1 and therefore excludes the use of the biharmonic spreading function (26). On the
other hand, the determination of higher azimuthal harmonics in (25) cannot be achieved with the sole
knowledge of the directional slopes and requires higher moments of the directional spectrum. To obtain a
more contrasted wave amplitude between the longitudinal and transverse direction with a spreading func-
tion which can still be determined from the directional slopes we have devised an ad hoc azimuthal
dependence:

Yðk;/Þ5
ð2p

0
d/ e2aðkÞsin 2/

� �21

e2aðkÞsin 2/; (28)

where the function aðkÞ has to be adjusted with the observations. Note that this function which depicts an
unimodal angular distribution pointed toward the wind direction appears appropriate for modeling wave
fields observed above 3 m/s. At lower wind speeds for rhombic wind wave fields, it should be regarded
only as a very first approximation.

To estimate the omnidirectional (W0) and directional part (Y) of the wave number spectrum, we first dis-
card the current thus assuming uc50. We denote k0ðf ;/Þ and k0ðf Þ the corresponding dispersion relations
for the wave vector and its norm (this latter now depending on the sole frequency). Under these circum-
stances the Jacobian is merely given by:
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Jðf ;/Þ5Jðf Þ5k0ðf Þ
dk0ðf Þ

df
; (29)

where k0ðf Þ is the solution of the third-order equation:

gk1c0 k32ð2pf Þ250: (30)

It follows from (17) the simple relation between the frequency spectrum and the omnidirectional wave
number spectrum:

Sðf Þ5W0ðk0ðf ÞÞ
dk0ðf Þ

df
; (31)

which is equivalent to the more classical relation:

W0ðkÞ5Sðf ðkÞÞ df ðkÞ
dk

; (32)

that is explicitly:

W0ðkÞ5
1

4p
g13c0k2

ðgk1c0k3Þ1=2
Sðf ðkÞÞ: (33)

In view of equation (29) the upwind/crosswind ratio given by (24) simplifies to:

Dðf Þ5
ð2p

0
d/ ð2cos 2/21ÞYðk;/Þ; (34)

where k is implicitly given by k5k0ðf Þ.

For the biharmonic spreading function (26) this leads to the simple relation:

Dðf Þ5 1
2

DðkÞ; (35)

showing that this formulation is not acceptable as soon as Dðf Þ � 1=2. For the chosen functional form (28),
it leads to an indirect relation:

Dðf Þ5

ð2p

0
d/ ð2cos 2/21Þe2aðkÞsin 2/

ð2p

0
d/ e2aðkÞsin 2/

5 : FðaðkÞÞ: (36)

The function FðaÞ must be evaluated numerically. It is an increasing function of a with Fð0Þ50 and
Fð1Þ51.

In the presence of current (uc 6¼ 0), the Jacobian J follows the same expression (29) with an angular
dependence:

Jðf ;/Þ5kðf ;/Þ dk
df
ðf ;/Þ (37)

and from (17) the frequency spectrum has the form:

Sðf Þ5
ð2p

0
d/W0ðkðf ;/ÞÞYðkðf ;/Þ;/Þ

dk
df
ðf ;/Þ: (38)

For very directional waves about the wind direction, as it is the case for the dominant waves and its bound
capillary waves, the main contribution to the integral originates from the vicinity of /50, so we may
approximate kðf ;/Þ ’ kðf ; 0Þ. This leads to the modified relationship between the two spectra:

Sðf Þ ’ W0ðkðf ; 0ÞÞ dk
df
ðf ; 0Þ; (39)

where kðf ; 0Þ is the root of the third order equation:
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2pf 2kucð Þ25gk1c0 k3: (40)

This solution is given explicitly by means of Cardan formula:

kðf ; 0Þ5 2
q
2

1
ffiffiffi
d
p� �1=3

1 2
q
2

2
ffiffiffi
d
p� �1=3

1
u2

c

3c0
; (41)

with

d5
q2

4
1

p3

27
> 0;

p5
1
c0

g14pfuc2
u4

c

3c0

� �
;

q5
1
c0

22u6
c

27c2
0

1
u2

c

3c0
ðg14pfucÞ2ð2pf Þ2

� �
:

(42)

Due to the abrupt variations of the frequency spectrum on both sides of the spectral peak, the introduction
of the current is crucial in determining the value of the dominant wave number which is downshifted with
respect to its current-free position. We also found that accounting for the current in the dispersion relation
has an important impact on the high-frequency part of the wave number spectrum since it leads to a shift-
ing of the curvature bump observed in the capillary range to higher frequencies. Since the spreading func-
tion has a smooth dependence on the wave number, we neglected the effect of current in its estimation;
that is, we used formula (36) for the determination of the parameter ak. The inversion of the omnidirectional
wave spectrum from equation (39) requires the a priori knowledge of the current uc. Now the usual rule of
thumb which expresses the latter as a fraction of wind speed provides only a rough estimation. To obtain a
more precise estimate of the current we proceeded by validating a posteriori the value which, when used
in the calculation of the omnidirectional spectrum, may lead to a consistent value of the total mss,
s25s2

x 1s2
y . We recall that this last quantity can be derived from the second moment of the omnidirectional

spectrum:

s25

ð1
0

k2W0ðkÞdk: (43)

We found that the wind speed dependence of the actual current can be very well fitted by a linear relation
uc51:763 windspeed 22:00 (in cm/s).

To validate the dispersion relation, a rough estimate of an averaged phase speed in the alongwind (cx)
direction as well as the averaged omnidirectional phase speed (c) was obtained by using the frequency ele-
vation and slope spectra as follows:

c2
x ðf Þ ’

x2Sðf Þ
Skðf Þ

; c2ðf Þ ’ x2Sðf Þ
Skðf Þ1S?ðf Þ

:

(44)

Figure 7 shows a comparison between
the theoretical current-corrected phase
speed based on the linear dispersion
relation and the corresponding experi-
mental estimate at the highest wind
speed when the current effect is the
largest. We can see that the introduc-
tion of the current (adjusted a posteriori
with the mss) make the dispersion rela-
tion in reasonable agreement with the
omnidirectional phase speed in particu-
lar for the dominant peak and in the fre-
quency range associated with the
capillary-gravity waves generated by

Figure 7. Experimental versus theoretical dispersion relation at wind speed 8 m/s.
The renormalized frequency spectrum is shown for reference.
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wind and propagating freely at the surface of dominant waves. In the frequency range around 5 Hz and
above 50 Hz, the wavefield is composed of free and bound harmonics making both the theoretical and
experimental celerity estimates less accurate or even significant.

To summarize, the omnidirectional spectrum is obtained from the experimental frequency spectrum via
equation (39) and uc while the spreading function (28) is estimated from aðkÞ using equation (36). Figure 8
shows the resulting omnidirectional curvature spectra at different wind speeds. We have superimposed on
the same plot the omnidirectional spectra (k3W0ðkÞ) which would have been obtained if the surface current
had been discarded (that is with uc 5 0 in the previous derivation). As seen, the current has an important
effect at the highest wind speeds, with a downshift of the peak wave number and a significant reduction
(roughly by a factor 2) of the level of curvature in the high-frequency part. Figure 9 shows the evolution of
the parameter aðkÞ with wave number and Figure 10 shows the angular spreading function Yð/Þ given by
equation (36) for a few typical values of the parameter a. The behavior of the spreading function mirrors
the contrast function D(f) which was discussed earlier.

To assess the obtained wave number spectra it is important to perform a number of consistency tests. The
most elementary test is the a posteriori verification of the integral constraints satisfied by the wave number
spectrum. The significant wave height (Hs) can be calculated by integration of either the frequency or the
omnidirectional wave number spectrum. As expected, the comparison of the respective values of Hs

obtained in both ways show very consistent results. On the other hand, the along-(s2
x ) and across-wind mss

(s2
y ) are related to the wave number spectrum by:

s2
x 5

ð1
0

dk k2W0ðkÞ
ð2p

0
Yðk;/Þ cos 2/ d/

s2
y 5

ð1
0

dk k2W0ðkÞ
ð2p

0
Yðk;/Þ sin 2/ d/:

(45)

These slope variances have been recalculated with the empirical wave number spectra and found in excel-
lent agreement with the experimental values obtained from the integration of the slope spectra (20). The

Figure 8. Omnidirectional wave number curvature spectra (k3W0ðkÞ) estimated for different wind speeds with (solid lines) and without
(dashed lines) account of the surface current.
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relative differences are less than about
0.5% for the significant height Hs and
1% (respectively 7%) for the directional
mss at the small (respectively large)
wind speeds.

6. Scattering Model

6.1. Physical Optics Model
The interaction of electromagnetic
waves with the sea surface in the
microwave regime is a complex mech-
anism which has been the subject of
an important amount of works in the
literature. Starting with the asymptotic
methods such as Bragg theory and the
geometrical optics approximation (GO)

which have a limited domain of validity, many unified models have been developed to obtain more
robust approximations. We refer to, e.g., Elfouhaily and Gu�erin [2004] for a recent review on the analytical
models and their respective merits. One of the most popular models in ocean remote sensing is the com-
posite or two-scale model, according to which the scattering process is pictured by resonant scattering
from ripples propagating on tilted rough facets of longer waves. In the context of describing the water
surface microwave cross section in a wind-wave tank this model brings significant improvement over the
Bragg theory at intermediate incidence [Keller et al., 1995; Plant et al., 1999]. However, at small incidence
angles (h) where polarization effects are negligible, it is well known that the simple Physical Optics
approximation (PO) is sufficient for an accurate description of the NRCS and has been therefore adopted
here. In its statistical formulation, that is assuming stationary surface statistics both in space and time, the
PO monostatic NRCS is given by the so-called ‘‘Kirchhoff integral’’:

r0
PO5

1
p

K 2

cos 2h
jRj2
ð

dr e2iQH�r e2
Q2

z
2 S2ðrÞ2e2Q2

z qð0Þ
� �

; (46)

where R is the Fresnel reflection coefficient on a flat water surface at normal incidence, QH and Qz are the
horizontal and vertical components of the Ewald vector Q522K, respectively, K is the incident wave vector
and K52p=kEM the electromagnetic wave number. The integration is performed over the horizontal space
vector r and the quantity S2 is the structure function of elevation (6). The numerical evaluation of PO
involves the computation of the auto-correlation function (q) and its integration into the Kirchhoff integral,
a task which is in general made difficult by the oscillating and slowly decaying nature of the former.

The autocorrelation function (7) is obtained through the two-dimensional inverse Fourier transform of the
wave number spectrum. To accelerate its systematic computation we first calculate the coefficients D2nðkÞ
of the Fourier azimuthal expansion (25) for the spreading function (28):

D0ðkÞ51;

D2pðkÞ5
2
p

ðp
0

ducos ð2p uÞYðk;uÞ; p51; 2; � � � :
(47)

This provides readily an azimuthal expansion for the autocorrelation function into even harmonics:

qðr;/rÞ5q0ðrÞ1q2ðrÞcos ð2/rÞ1q4ðrÞcos ð4/rÞ1::: (48)

with:

q2pðrÞ5ð21Þp2p
ð1
0

dk D2pðkÞW0ðkÞJ2pðkrÞ; p � 1; (49)

Figure 9. Variation with wind speed of the parameter a characterizing the spread-
ing function Yðk;/Þ given by equation (28) for different wind speeds.
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where J2p is the first-kind Bessel function
of order 2p. We found that four harmon-
ics (p 5 1–4) are sufficient to ensure a
relative error less than 1% on the com-
putation of the autocorrelation function.
The calculation of the Kirchhoff integral
has been carried out with a double inte-
gration in polar coordinates using Simp-
son integration rule. For isotropic or
biharmonic spectra such as Elfouhaily
spectrum it is customary to reduce this
calculation to a single integral using Bes-
sel transforms but this is not applicable
here.

6.2. Geometrical Optics and Improved
Version
In the limit of very large Rayleigh param-

eters (Q2
z qð0Þ ! 1), the PO reduces to the GO approximation, which is parameterized by the directional

slopes only:

r0
GO5

jRj2

2sx sycos 4h
exp 2

tan 2h
2

cos 2/
s2

x
1

sin 2/
s2

y

 ! !
; (50)

where / is the angle between the incidence wave vector and the wind direction. In the isotropic case
(s2

x 5s2
x 5s2=2) it simplifies further to:

r0
GO5

jRj2

s2cos 4h
exp 2

tan 2h
s2

� �
: (51)

The GO model has the considerable advantage of expediting the calculations and not involving the wave
number spectrum other than through the mss. However, it has a narrow domain of validity as it is in princi-
ple only valid in the optical limit. To improve the GO model at finite wavelength, it is classically resorted
[Brown, 1978] to a ‘‘radar mss,’’ that is, a mss filtered at the radar wavelength. This approach was recently
revisited with the GO4 model (O. Boisot et al., The GO4 model in near-nadir microwave scattering from the
sea surface, submitted to IEEE Transactions on Geoscience and Remote Sensing, 2015) where it was shown
that the GO model can be significantly improved with the introduction of an extra wavelength-dependent
curvature parameter, referred to as effective mean square curvature (msc). In its isotropic version (consid-
ered here for simplicity), it is given by:

r0
GO45r0

GO3 11
msc

16K 2s2cos 2h
224

tan 2h
s2

1
tan 4h

s4

� �� �
: (52)

It is important to note that the slope parameter s2 entering into the GO4 model is the total and not the fil-
tered mss. The curvature parameter msc was shown in O. Boisot et al. (submitted manuscript, 2015) to be
approximately the cumulated spectral curvature (k4WðkÞ) with a cutoff at the EM wave number K. The total
mss and the curvature parameter msc can be estimated jointly from the measurement of the NRCS at sev-
eral incidences even in the absence of absolute calibration.

6.3. Non-Gaussian Corrections
Several recent works [e.g., Mouche et al., 2007; Bringer et al., 2012] have shown the importance of non-
Gaussian corrections in the fine simulation of the backscattering cross section from the sea surface. They
contribute to a slight increase of NRCS at nadir (peakedness correction) and separate the upwind and
downwind directions (skewness correction). However, non-Gaussian corrections are based on cumulant
expansions in the Kirchhoff integral, whose applicability for wind tank wave fields is not granted. Further-
more, they require the knowledge of higher-order structure functions, for which only coarse estimates are

Figure 10. Angular spreading function Yð/Þ given by equation (36) for a few typi-
cal values of a and comparison with Elfouhaily spreading function (26) for D50:5
and D 5 1.
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available [Caulliez and Gu�erin, 2012; Mironov
et al., 2012]. Given these uncertainties and
given the small amplitude of the expected
correction we decided to limit ourselves to
the classical Gaussian model.

7. Experimental Observations and
Model Assessment

The full backscattering model developed
here both concerns the empirical retrieval of
the wave field directional wave number
spectrum (section 5) and its incorporation in
the PO model. The value of the freshwater
complex permittivity in Ka band, which
enters in the Fresnel reflection coefficient,
has been set to e521:731i30:28 according
to the model by Meissner and Wentz [2004].

Note that it is very close to its seawater value e519:971i30:02, therefore allowing direct comparison with in
situ data.

To compare the simulated backscattering values with the related observations described above, it is necessary
to correct the experimental values by the appropriate offset for retrieving the absolute levels of NRCS. Even
though the radar system has been carefully calibrated, we can double-check the calibration coefficient by
deriving them again by means of an indirect procedure. The offset was chosen by minimizing the least square
error between the experimental and simulated NRCS in the upwind and downwind directions within the 58 of
incidence around nadir at the three largest wind speeds. The low wind speeds have not been used in such a
calibration test owing to the strongly oscillating nature of the scattering diagram at small incidences. We
found at posteriori that the recalculated offset is 0.7 dB higher than the experimentally measured calibration
coefficient, for which we have an uncertainty of 61.4 dB. This procedure thus cross-validates the model and
the calibration technique. At the same time, it provides an estimate of the accuracy of the absolute levels of
NRCS which are evaluated experimentally and numerically in this paper. The noise level could be estimated
by using the radar echo on the water surface at rest (no wind). It was approximately rated to 25 dB after cali-
bration. A part of the noise is of thermal origin. Another part may come from an imperfect damping of the
spurious multiples reflections from the walls and the metallic parts of the experimental setup which could not
be completely covered with radar absorbers. At last, an indirect source of error is the fact that radar measure-
ments were averaged over not long-enough time series, in particular at high winds. Note that the parasitic
reflections from the walls is likely to be higher in the crosswind direction at large incidences as in such a con-
figuration, the incident beam undergoes the largest excursion from the center of the water tank toward the
tunnel sidewalls. In view of their general behavior which leads to draw distinct inferences, the measurements
have been classified into two families, respectively, referring to small wind and to large wind speed condi-
tions. For a given wind speed, the experimental omnidirectional NRCS have been estimated by averaging the
measurements made at one incidence in the various azimuthal planes investigated, that is /K 50; 45; 90; 135;
180 degrees. The simulated omnidirectional NRCS has been defined in the same way as the observed NRCS.

7.1. Small Wind Speeds
Figure 11 displays the omnidirectional NRCS observed at various incidences for 1.85, 2, and 2.3 m/s wind
speeds. Superimposed in thick lines are the omnidirectional NRCS predicted by the PO model (referred to

as ‘‘PO’’) using the experimentally devised
wave number spectra. To evaluate the
effect of the noise we added a constant
value of 25 dB to the modeled NRCS. In
the figure, this noise level is marked by a
thin line. An excellent agreement is
found with the data. The most striking

Figure 11. Experimental (data) omnidirectional NRCS for small wind speed
and comparison with the PO model (PO) with and without noise.

Table 2. Modeled (m) and Observed (o) Angular Position and Angular Width of
the NRCS Peak (in Degree) for the Smallest Two Wind Speeds (Given in m/s)

Wind Speed kp (rad/m) hb (m) hb (o) Dhb (m) Dhb (o)

1.85 98.21 3.58 3.5 1.5 1.7
2 74.76 2.72 2.75 1.3 1.8
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experimental fact is the occurrence of an
unusual off-nadir maximum at an angle of
about 38. This phenomena can be very well
accounted for by the Bragg theory as well as
the PO model when applied to small rough-
ness (both theories agreeing at small angles).
In fact, when assumed a small Rayleigh param-
eter (Q2

z q0 � 1), the exponential term in the
Kirchhoff integral (46) can be approximated by
the first terms of the corresponding series:

r0
PO5

1
p

K 2

cos 2h
jRj2
ð

dr e2iQH �r Q2
z q1

1
2
ðQ4

z q
2Þ1:::

� �
:

(53)

The leading term is proportional to the Fourier
Transform of the autocorrelation function,
namely the two-dimensional wave number
spectrum W, evaluated at wave vector k5QH.
This term reaches its maximum at the inci-

dence angle hb for which the Bragg wave number QH52Ksin hb coincides with the surface wave spectral
peak wave number (kp):

hb5arcsin
kp

2K

� �
: (54)

The full width at half-maximum (FWHM) of the NRCS peak can also be predicted from physical considera-
tions. From the gravity wave dispersion relationship (neglecting the impact of current at such small wind
speeds as well as the effect of surface tension on the estimation of the peak wave number) we can also
derive a relationship between the FWHM of the peak of the frequency spectra and the corresponding one
of the wave number spectra, as follows:

Dkp5
8p2

9:81
fpDfp: (55)

With the resonant angle condition (54), we can express the corresponding FWHM in incidence angle, thus
providing an order of magnitude of the width of the NRCS peak observed around the Bragg angle. This
results in the following estimation for the angular width:

Dhb ’
Dkp

2K
: (56)

The values of the observed peak wave num-
ber (kp), the observed and predicted angular
position (hb) as well as the FWHM (Dhb) of
the maximum NRCS at the smallest two
wind speeds are reported in Table 2. The val-
ues observed at the largest wind speed
(2.3 m/s) have been discarded because the
peak in that case is not sufficiently marked.
An excellent agreement is observed
between the actual and predicted values.

Figures 12 and 13 show the directional
NRCS in selected azimuthal planes, namely
along the upwind (/508), downwind
(/51808), and crosswind (/5908) direc-
tions at small wind speeds (the 2.3 m/s
data set is incomplete and is not shown).

Figure 12. Experimental (data) directional NRCS for a 1.85 m/s wind speed
at different azimuths and corresponding values calculated by the PO model
(PO) with and without noise.

Figure 13. Same as Figure 12 for a 2 m/s wind speed.
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The weaker return in the crosswind
direction is corrupted by the noise
level beyond 6–78 of incidence. The
most notable feature is a marked
upwind-crosswind contrast, which
can be as high as 10 dB. The
observed upwind-downwind asym-
metry is less than about 0.5 dB and
therefore not significant as it is
smaller than the expected accuracy
of the experimental data. The peak
of NRCS at small incidences attrib-
uted to the Bragg mechanism is not
seen in the crosswind direction. This
is linked to the absence of resonant
Bragg waves in the crosswind direc-
tion, the typical size of the rhombic
patterns corresponding to a too
small wave number compared to

the resolution in incidence angle and the random nature of the patterns being more pronounced in this
direction due to the inhomogeneity of wave fields generated at such low winds. Note that the absence
of a NRCS bump in the crosswind direction excludes the possibility that the latter could be generated
by a spurious effect induced by the radar antenna configuration, in particular the radar sidelobes. Note
as well that the NRCS bump, decreasing in amplitude, is visible up to an azimuthal angle of 458 on both
sides of the wind direction. Altogether the model is found in good agreement with the data in the
angular domain of interest, namely the first degrees of incidence.

Another striking feature of the NRCS observed at low winds is the unusual wind speed dependence of its
nadir value, which is seen to increase with this parameter. This is opposite to what is generally observed in
open sea with altimeters. However, this peculiarity might be ascribed to the increase of the intermittent
behavior of the wave field at such light winds, the wave growth occurring primarily inside well-
distinguishable wave patches at the water surface visualized in time records by the presence of well-
pronounced wave groups. Consistently, this behavior induces an increase in the incoherent part of the radar
return at nadir.

7.2. Large Wind Speeds
Figure 14 displays the omnidirectional NRCS at 3, 6, and 8 m/s wind speed. The PO model is found very
accurate in the first 108 of incidence and, once corrected with noise, remains within 1 dB from the experi-
mental values over the whole range of incidences. A minimum of sensitivity of the NRCS to wind speed is

observed around the incidence angles of
7288, where the corresponding three scat-
tering diagrams almost intersect.

Figures 15–17 show the directional NRCS
in the upwind, downwind and crosswind
directions for increasing wind speeds. One
can notice an increasing separation of the
upwind and crosswind return with inci-
dence, which is reasonably well repro-
duced by the model after noise correction.
The observed upwind/crosswind asymme-
try can be as high as 10 dB at 158 inci-
dence. It is much stronger than that
observed at sea which is of the order of 2
dB only [see, e.g., Tanelli et al., 2006, Figure
3]. At the largest wind speeds, the model

Figure 14. Experimental (data) omnidirectional NRCS for medium and large wind
speed and comparison with the PO model (PO) with and without noise.

Figure 15. Same as Figure 12 for 3 m/s wind speed.
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underestimates the NRCS in the upwind/
downwind direction by about 1 dB. This is
likely to be due to the increasing contribu-
tion of non-Gaussian features of the water
surface (in particular the peakedness which
has not been taken into account here). Note
also that the downwind return at the largest
incidence and wind speed seems to be
slightly larger than the upwind counterpart
whereas it is the contrary which is in general
observed in open sea. A confirmation of this
phenomenon would, however, require a bet-
ter accuracy in the NRCS measurements (for
example by performing longer time series)
and is left for further investigation. Note that
the observed discrepancy at nadir (60.5 dB
variation) is also caused by insufficient con-
vergence of the time series. As was discussed

in section 3.2, the averaging process is indeed more demanding in time for large wind speeds since it
requires a certain number of dominant waves to pass into the illuminated surface patch.

8. Comparison With GO and GO4 Models

For practical applications where the roughness spectrum is unknown it is useful to have a simple scattering
model at hand with a limited number of parameters. To this aim we tested the GO model and its improve-
ment GO4 for the highest wind speed cases and for the omnidirectional NRCS. Note that the GO and GO4
models are bound to fail at smallest wind speed where they are not capable to reproduce the nonmono-
tonic behavior of the NRCS with the incidence angle. We calculated the GO model with the filtered mss at
K=3, that is, from the integration of the wave number spectrum to this cutoff value. For the GO4 model we
did not use any a priori knowledge on the surface (this is the strength of the model) but made a joint esti-
mation of the mss and msc parameters with a least square fitting of the scattering data over the available
range of incidence (see O. Boisot, submitted manuscript, 2015 for details of the technique). We obtained
the values (1.56, 3.13, and 4.51%), respectively, for the total mss at wind speed 3, 6, and 8 m/s, in close
agreement with the experimentally observed values of this parameter. The corresponding values of the
effective msc were found to be 444, 1025, and 1490 m22. These values of the msc are consistent with the
wave spectrum model as they correspond to a partial fourth moment of the experimental wave number

spectrum at a cutoff value close to the
EM wave number K and provides an
additional validation test of the short-
wave spectrum model. As seen in Fig-
ure 18, the GO4 brings a significant
improvement over the regular GO
model and remains accurate over the
whole set of incidence. Note that it can
even bring a significant improvement
over the PO model, as seen at 3 m/s
wind speed. They are essentially two
reasons for this result which might be
surprising at first sight. First, the GO4
parameters are estimated directly from
the experimental radar data and do
not require the a priori determination
of the wave number spectrum whose
estimation can suffer from inaccuracies.

Figure 16. Same as Figure 12 for 6 m/s wind speed.

Figure 17. Same as Figure 12 for 8 m/s wind speed.
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Second, as shown in O. Boisot (submit-
ted manuscript, 2015), the GO4 auto-
matically incorporates in the msc
parameter an important non-Gaussian
feature of the surface, namely the
excess kurtosis coefficient of the slope
distribution, which cannot be ren-
dered easily with the PO and may
have a nonnegligible contribution to
the scattering diagram at low inci-
dence (it is actually at 3 m/s wind
speed that the excess kurtosis of slope
was found to be the strongest). How-
ever, the GO4 is an asymptotic theory
which requires large Rayleigh parame-
ter. It can therefore not replace the PO
at the lowest wind speeds where the
surface roughness is small.

9. Comparison With In Situ Data

In view of future applications of the Ka-band to the characterization of the ocean surface or continental
waters it is important to evaluate in which respect our findings are representative of natural surfaces.

9.1. Comparison With Oceanic Surfaces
Besides the obvious effect of fetch which makes wind waves generated in a tank and open sea surfaces
very different, one might wonder whether the small-scale components (which are the resonant scatterers in
Ka-band) differ from those predicted by unified wave number spectra. We have therefore performed a com-
parison with the reference spectra proposed by Elfouhaily et al. [1997] and Kudryavtsev et al. [2003a, 2003b]
at short fetches, which we refer to by the name of their first author. Figure 19 shows the experimental wave
number spectra estimated at two wind speeds plotted together with the Elfouhaily and Kudryavstev wave
number curvature spectra evaluated at same winds. The input parameters of these models have been
adjusted to make the comparison meaningful, i.e., the wave age parameter X or the fetch X have been fixed
to match the peak wave number and the wind-wave tank wind speed (U) has been converted into a wind
speed at 10 m above the surface (U10) through the empirical relationship observed at large fetches in the
wind tunnel [Caulliez et al., 2008]:

U1051:28U20:63: (57)

For the Elfouhaily spectrum we
obtain the values X58:5 and X5

10:3 for the wave age defined as
the ratio between the dominant
phase speed and U10. These values
are close to those (X510:1 and
X512:2, respectively) predicted by
the fetch-wave age relationship
given by Elfouhaily et al. [1997]
(equation (37)) for a fetch of 28 m.
For the Kudryavstev spectrum the
matching of the spectral peak is
obtained for a fetch X 5 100 m,
that is larger than the actual value
(28 m) but of the same order of

Figure 18. Experimental (data) omnidirectional NRCS for medium and large wind
speeds and comparison with the PO, the GO, and GO4 models.

Figure 19. Comparison of the experimentally derived curvature spectrum (solid lines)
with Elfouhaily (dashed dotted lines) and Kudryavtsev (symbols) spectral models. The
blue lines correspond to a 6 m/s wind speed (U10 5 7.05 m/s) and the red lines to a 8 m/s
wind speed (U10 5 9.61 m/s).
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magnitude. As seen in Figure 19, the
experimental spectra are found inter-
mediate between the two spectral mod-
els. The level of the curvature spectrum
predicted by Elfouhaily model is closer
to our experimental findings with, how-
ever, a shift in the position of the short-
wave range curvature peak. The posi-
tion of this peak is found consistent
with Kudryavstev model which, in turn,
underestimates its amplitude. As to the
difference in the high-frequency decay
(k> 1000 rad/m), it is due to the effect
of the instrumental filtering in the
instantaneous wave signals and is not
physically relevant. The difference in
the wave number spectra results in sig-
nificant discrepancy in the near-nadir
NRCS, as shown in Figure 20.

To compare the directionality derived from the experimental wave number spectra with that considered by
Elfouhaily model, we evaluated the upwind-downwind ratio (26) which in the present case is given by:

DðkÞ5tanh ðak=2Þ: (58)

Figure 21 shows the upwind/crosswind ratio derived from wave slope measurements at high winds plotted
in comparison with the parametric function proposed by Elfouhaily et al. [1997] for the same wind and
wave age conditions as these considered above for the omnidirectional spectra. An important difference is
seen at the lowest frequencies where the actual DðkÞ function reaches its maximum value 1 only in the
vicinity of the spectral peak wave number, contrarily to the Elfouhaily model which simply assumes a pla-
teau at this maximum value. The level of the upwind/crosswind ratio is found consistent with Elfouhaily
model at intermediate frequencies but takes higher values at the highest frequencies, a fact which may
account for the directional effect of wind on small-scale wave energy supply.

There are very few available data in the literature reporting detailed measurements of NRCS at different inci-
dences in Ka band. In the airborne campaign described in Tanelli et al. [2006], Ku and Ka-band airborne
measurements were collected in a wide range of incidence angle away from nadir. The flights were carried

out over Wakasa Bay in Japan. Even
through the description of the corre-
sponding sea state and wind speed is
very coarse, it helps making an over-
all qualitative comparison with the
NRCS measured in laboratory. A large
number of approximate wind speeds
and directions were reported in this
experiment for the different run days.
We have reproduced in Figure 22 the
extremal values (Figure 1d) of Tanelli
et al. [2006] corresponding to the
lowest and highest (>20 m/s) wind
speeds, as well as intermediate values
(8–12 m/s). Superimposed are the
omnidirectional NRCS observed in
the wind-wave tank at 3 and 8 m/s
wind speeds. At small wind speed,
airborne and laboratory NRCS show

Figure 20. Omnidirectional NRCS according to the experimental wind-wave tank
spectrum and Elfouhaily unified model at infinite and short fetch, by a common
wind U10 5 7.05 m/s.

Figure 21. Upwind-downwind ratio DðkÞ derived from the experimental (thin lines)
wave slope spectra and the Elfouhaily spreading functions (thick lines) at 6 m/s wind
speed (U10 5 7.05 m/s, red lines) and 8 m/s wind speed (U10 5 9.61 m/s, black lines).

Journal of Geophysical Research: Oceans 10.1002/2014JC010338

BOISOT ET AL. KA-BAND WIND-WAVE TANK STUDY 3282

 21699291, 2015, 5, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1002/2014JC

010338 by Inria, W
iley O

nline L
ibrary on [30/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



very different levels of NRCS (about 4 dB
at 48 incidence and even more if one
extrapolate the plot to nadir). A better
agreement is reached at moderate wind
speed (U1058212 m/s for airborne data,
U1059:6 m/s for wave tank), where the
discrepancy is reduced to about 2 dB. The
simulated NRCS with a fully developed
omnidirectional Elfouhaily spectrum is
shown for reference. It is slightly lower,
which can be explained by the fact that
the sea state in Wakasa Bay is in fetch-
limited conditions, but quite consistent in
shape. This seems to indicate that the
order of magnitude of the NRCS observed
in laboratory for the highest wind speed
are close to those from fetch-limited seas
but differs largely at low wind speed.

9.2. Comparison With Continental Water Surfaces
A comparison with continental water surfaces was made using the airborne DRIVE-BUSARD campaign
described in Fjortoft et al. [2014]. The aircraft was equipped with a Ka-band SAR instrument developed by
ONERA (DEMR Salon de Provence) and adapted for working at low incidence. The data were calibrated
using corner reflectors on the ground. Several flights were conducted over the Rhone river, the Vaccares
lake and the Mediterranean shore by a very calm day, where the wind speed was estimated around 3–4 m/
s. Figure 23 shows the recorded NRCS as a function of the incidence angle and a comparison with the omni-
directional wind-wave tank values at 2 and 3 m/s wind speed. An excellent agreement is found with the air-
borne measurements over the Rhone river and the laboratory measurement by 2 m/s wind speed. Note
that the strong current in the Rhone river (about 1.5 m/s in the region of Arles) must be taken into account
in comparing the wind speed as it reduces significantly the relative speed of the airflow at the water sur-
face. The simulated NRCS for a fully developed Elfouhaily spectrum is given for reference at 3 m/s wind
speed and is seen to be dramatically different at low incidence. This confirms the aforementioned state-
ment that oceanic surfaces observed at small wind speed are very different.

10. Conclusions

Observations in a large wind-wave tank and modeling of Ka-band radar scattering from the water surface
were combined to investigate in more details the electromagnetic response of oceans and lakes in this

high-frequency microwave range. On the
grounds of physical models and well-
controlled experiments, we have proposed a
proper description of the statistical proper-
ties of water surface roughness at small
scales and the radar backscatter. Using fine
wave height and slope measurements, we
have developed an empirical wave number
spectrum model addressing the gravity-
capillary wave range and taking into account
the water drift current. This model has been
combined with the physical optics and the
geometrical optics (GO and GO4) scattering
model. Our study has unveiled unconven-
tional behavior of the cross section for spe-
cific radar configuration and wind speed
conditions. Our main results and conclusions
can be summarized as follows:

Figure 22. Comparison of NRCS with oceanic surfaces.

Figure 23. Comparison with continental water surfaces.
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1. At large fetches and for moderate to large wind speeds, the frequency spectrum of the surface wave ele-
vation observed in the laboratory can be reasonably well described by a JONSWAP shape around the
peak frequency. The high-frequency tail, however, exhibits a more complicated, wind-dependent behav-
ior which mirrors the change in nonlinear wave behavior with wave scale as wind speed is increased.

2. The derivation of the directional wave number spectrum from the frequency spectrum could be made by
verifying that the Doppler-shift induced by long-wave orbital velocities is negligible and assuming only a
constant drift current in the wave dispersion relationship. We found that the omnidirectional wave num-
ber spectrum is very sensitive to the magnitude of the drift current and can be inverted from the fre-
quency spectrum under a number of simplifying assumptions. We have shown that the slope spectra
derived from laser slope gauge measurements in the longitudinal and transverse directions are sufficient
to parameterize the angular spreading function, when taken an Ansatz on its analytical form. The
Elfouhaily biharmonic model is not relevant in the context of a wind tank experiment where contrasted
directional slope ratio are observed and a more directive angular dependence of the two-dimensional
wave number spectrum has been employed.

3. Observations and simulations have been systematically compared. Among the test cases, two families
have been identified, namely experiments at small (1.85, 2, and 2.3 m/s) and at large (3, 6, and 8 m/s)
wind speeds. At small wind speeds, a nonconventional behavior dependence of the nadir radar response
on wind speed as well as a marked maximum around 38 in along-wind incidence were observed. This
striking peculiarity can be explained and predicted by the well-known Bragg mechanism. At large inci-
dences, a more classical wind dependence is observed, with a marked upwind-crosswind asymmetry. A
minimum of sensitivity to wind speed is observed around 78. The overall agreement between the results
derived from the physical optics scattering model and the radar data is satisfactory while the classical GO
model performs poorly even by the strongest wind speed. The recent GO4 model turns out to be accu-
rate from moderate to large wind speeds (3–8 m/s) and the estimation of its slope and curvature parame-
ters from the experimental NRCS is consistent with the obtained directional spectrum.

4. Qualitative comparisons have been performed with in situ measurements and models in oceanic as well
as continental conditions. From the comparison with commonly used ocean wave spectrum models, it is
found that fetch is not the only source of discrepancy in the wave number spectra. When compared with
NRCS recorded over fetch-limited sea surface, very different levels and shapes are observed at small wind
speed but comparable results are obtained at larger wind speed (8 m/s). At low wind speed, the wind-
wave tank results are found consistent with values recorded over lakes and rivers.

These observations have shown that the study of near-nadir Ka-band scattering in a large wind-wave tank
is already very rich and informative and can be compared to some extent to in situ conditions. This study
must be depended to confirm the partial conclusions which were already drawn concerning the spatial
properties of wind wave fields. In future experimental campaigns, we hope that some technical improve-
ments will be achieved in the light of this first set of measurements (longer time series, increased radar
dynamics to explore higher incidences, comparison with more established radar response in Ku-band, etc.).
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