
HAL Id: hal-02493170
https://hal.science/hal-02493170

Submitted on 27 Feb 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Two-Dimensional Spectra of Radar Returns From Sea:
2. Analysis of the Group Line From Experimental Data

Florestan Platzer, Marc Saillard, Vincent Fabbro

To cite this version:
Florestan Platzer, Marc Saillard, Vincent Fabbro. Two-Dimensional Spectra of Radar Returns From
Sea: 2. Analysis of the Group Line From Experimental Data. Journal of Geophysical Research.
Oceans, 2019, �10.1029/2019JC015123�. �hal-02493170�

https://hal.science/hal-02493170
https://hal.archives-ouvertes.fr


Two-Dimensional Spectra of Radar Returns From Sea: 2.
Analysis of the Group Line From Experimental Data

F. Platzer1,2 , M. Saillard2 , and V. Fabbro1

1ONERA/DEMR, Université de Toulouse, Toulouse, France, 2Université de Toulon, Aix Marseille Université,
CNRS/INSU, IRD, MIO UM 110, Mediterranean Institute of Oceanography, La Garde, France

Abstract Wavenumber-frequency spectra are obtained by performing a two-dimensional Fourier
transform of range-time normalized radar cross-section (NRCS) or Doppler velocity maps. In such
diagrams, some energy is present at low space-time frequencies, resulting from the nonlinear behavior of
the measured quantity related to the sea surface geometry. This feature is called the group line, since for a
narrow-band wave packet the energy is concentrated along a straight line with group velocity as slope.
Which physical nonlinear process generates the group line remains an open question. Breaking waves have
been proposed as the most probable contributor. However, numerical simulations from weakly nonlinear
surfaces without breaking events and experiments performed at low winds also provide such feature. In a
companion paper, a theoretical and numerical analysis has permitted to predict the energy distribution of
the group line depending on the kind of nonlinearity. It provides some means to characterize a group line
in a rigorous way. In this paper, it is used to analyze the group lines derived from the experimental
MARLENE data. The group lines computed from the backscattering amplitude behave as the one of the
square of sea surface slopes. The analysis of the Doppler velocities provides similar results, which
significantly differ from what is expected if breaking waves are the main contributors and do break at
velocities reported in the literature. Our results suggest that the group line mainly reflects the asymptotic
behavior of the scattering amplitude at grazing incidence, of which the leading nonlinear term is
proportional to the square of surface slope.

1. Introduction
Surveillance or navigation radars, designed for detecting targets embedded in sea clutter, can also be used
to characterize sea surface waves or surface current. This is often achieved by computing the two- or
three-dimensional Fourier transform of high-resolution range-time data (NRCS or Doppler velocity) for var-
ious azimuth angles, providing a wavevector-frequency spectrum Borge et al. (2013), Dankert et al. (2005),
Smith et al. (1996), Young et al. (1985).

In such dispersion diagrams, a large amount of energy is generally concentrated in the classical dispersion
relation of gravity waves 𝜔2 = gk. Furthermore, a low-frequency feature can be observed, the shape of which
looks like a straight piece of line going through the origin. In the literature, it is often referred to as the group
line Smith et al. (1996). Its study is the main issue of this paper. Some interpretations have been proposed
to explain the physical origin of the group line, such as breaking waves Smith et al. (1996), Frasier and
McIntosh (1996), Stevens et al. (1999) or nonlinear scattering effects Frasier and McIntosh (1996), Stevens
et al. (1999), Rino et al. (1997).

Plant has also investigated the group line in Plant and Farquharson (2012). He excluded turbulent eddies
in the wind, water turbulence advected by currents, and second-order nonlinear interactions from hydro-
dynamic or electromagnetic waves. The main conclusion is that breaking is the most probable cause of the
group line. Then, in Plant (2012), a link is proposed between (i) the slope of the group line simulated from
sea surfaces generated with Donelan spectrum Donelan et al. (1985), (ii) the fast scatterers observed in HH
Doppler spectra, and (iii) the maximum of Phillips' Lambda function, introduced in Phillips (1985), which
describes the distribution of whitecaps on the ocean surface. Hence, the group line was interpreted as the
signature of breaking waves.

Space-time series of the backscattered signal have also been generated with a numerical solver based on a
rigorous boundary integral formalism Miret, Soriano, Nouguier, et al. (2014). In those simulations, ocean
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Figure 1. Space-time series of backscattered power (NRCS), in logarithmic scale, acquired by the MARSIG radar
(14 GHz). The wind speed is U10 = 16.2 m/s. 𝜃gr represents the grazing angle, Tp the dominant wave time period, hs
the significant wave height, 𝛷wave the azimuth angle between the radar pointing direction and the dominant wave
direction, and c𝜙 the dominant wave phase speed.

surfaces are described by a Pierson-Moskowitz spectrum combined with Creamer's approach Creamer et al.
(1989), and an analysis of Doppler spectra has been performed Miret, Soriano, and Saillard (2014). The
dispersion diagram obtained from such numerical simulations (L-band, horizontal polarization), without
breaking, also provides a group line Platzer et al. (2019), the slope of which differs from the average Doppler
velocity. In the same way, numerical simulations based on nonlinear Schrödinger equation do exhibit such
features for weakly nonlinear one-dimensional surfaces Krogstad and Trulsen (2010). This suggests that
breaking waves could not be the unique origin of group lines.

Some simple theoretical models that can explain the characteristics of the group lines have been proposed
in Platzer et al. (2019). On this basis, the present paper focuses on the group line derived from experimen-
tal data and is organized as follows. A description of the MARLENE campaign is introduced in section 2.
Section 3 presents a generic method to estimate the slope of a group line from experimental data and its
comparison with the theoretical model introduced in Platzer et al. (2019). Then, section 4 provides an anal-
ysis of the experimental results and a contribution to the interpretation of the group line. The conclusion
and discussions are presented in section 5.

2. Description of the Experiment
The analysis presented in this paper is based on MARLENE campaign, which has been described in Fabbro
et al. (2017), together with some analysis of reflectivity and Doppler spectra. The data were obtained in May
2014 with three radar systems called MEMPHIS, MARSIG, and MEDYCIS, deployed on the French south
coast. MEMPHIS is a dual-frequency radar (35 and 94 GHz) with a range resolution of 0.75 m and a pulse rep-
etition frequency (PRF) of 10 kHz. The duration of each acquisition was around 60 s. MARSIG, designed by
Fraunhofer FHR and operated by WTD71, is a multifrequency radar (8, 11, 14, and 17 GHz simultaneously)
with 0.50 m range resolution and an acquisition duration of 60 s with a PRF of 50 Hz. The phase of MARSIG
data could not have been exploited. MEDYCIS, developed by ONERA, is a dual-polarized radar transmit-
ting at 5.6 GHz with a 10 kHz PRF. Its range resolution is 0.60 m, and the acquisition duration is 1.6 s. The
three systems were located at an altitude of about 50 m and were pointing toward the sea at different graz-
ing and azimuth angles. Average sea states were approximately 3–4 on the Douglas scale. Environmental
and oceanographic conditions were recorded by the WTD71 RV-PLANET ship during the experiment, pro-
viding in particular the surface height, the dominant wave time period, and the wind direction. For more
details about MARLENE experiment the reader can refer to Fabbro et al. (2017).
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Figure 2. Space-time series of backscattered power (NRCS), in logarithmic scale, acquired by the MEMPHIS radar
(35 GHz). The wind speed is U10 = 16.2 m/s, and sea wave conditions are similar to Figure 1.

Range-time series of the backscattered electric field were recorded with grazing angles below 2◦. Two exam-
ples of range-time maps of backscattered power (NRCS) are presented in Figures 1 and 2 for the two radar
systems MARSIG and MEMPHIS. The modulation by sea waves, as well as the almost periodic occurrence
of high levels of NRCS, can be observed in these figures. The duration of the acquisition is approximately
60 s for both radars, while the illuminated areas are 338 and 742 m long in range for MARSIG and MEM-
PHIS, respectively. These characteristics are providing well-resolved dispersion diagrams, without aliasing.
The two spectra obtained from Figures ?? and 2 are plotted in Figures 3 and 4. The dispersion relation of
gravity waves is marked with a solid line, and the group line area is emphasized with the dotted line. A rough
estimation of the slope of the group line, if considered as a straight piece of line, remains difficult. There-
fore, a generic method allowing one to compute the slope of the group line has been proposed in Platzer

Figure 3. Dispersion diagram of the backscattered power (NRCS) plotted in Figure 1, in logarithmic scale, acquired by
the MARSIG radar (14 GHz). The wind speed is U10 = 16.2 m/s.

PLATZER ET AL. 8311
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Figure 4. Dispersion diagram of the backscattered power (NRCS) plotted in Figure 2, in logarithmic scale, acquired by
the MEMPHIS radar (35 GHz). The wind speed is U10 = 16.2 m/s, and sea wave conditions are similar to Figure 3.

et al. (2019). Section 3 introduces this method and applies it to experimental data. Other results of interest
that stemmed from this method are presented in section 4.

3. Study of the Slope of the Group Line
In this section a focus on the modeling of the group line and on the estimation of its slope is proposed.
Section 3.1 introduces briefly the theoretical model. The numerical simulations used for comparison with
experimental data are presented in section 3.2.

3.1. Analytic Model and Numerical Simulations of the Group Line
In Platzer et al. (2019), it has been shown that any quadratic function of surface height generates a group
line that covers a part of the space-time frequency plane (k, 𝜔). In the case of a radar pointing in the main
direction of propagation of long waves, it is mainly concentrated between the lines 𝜔u =

√
gKu−

√
g(Ku − k)

and 𝜔p =
√

g(Kp + k) −
√

gKp, where Kp denotes the wavenumber of the most energetic wave and Ku is
associated to the resolution in range, acting as high-frequency cutoff.

For each k, a weighted average value of 𝜔 has been calculated, in the case of a K−3 power law gravity wave
spectrum, for two types of nonlinearities, namely, the square of the surface height 𝜂2 and the square of its
slope along the range direction 𝜂2

x . In the latter case, the average frequency ⟨𝜔𝜂2
x
⟩(k) is given by

⟨𝜔𝜂2
x
⟩(k) = 𝜔p − 𝜔u

ln
(

𝜔p

𝜔u

) . (1)

It has also been pointed out in Platzer et al. (2019) that the duration of recorded time series, typically 1 min
here, does not provide a high enough resolution in frequency to accurately describe the group line. Therefore,

Table 1
Availability of Data Processing From the MARLENE Campaign

Radar Polarization Frequency Doppler
spectrum spectrum

MEDYCIS HH/VV 5.6 GHz Yes
MARSIG HH 8/11/14/17 GHz No
MEMPHIS HH 35 GHz Yes

PLATZER ET AL. 8312
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Figure 5. Group line, in logarithmic scale, of the dispersion diagrams plotted in Figure 3, from NRCS range-time maps
acquired by the MARSIG radar (14 GHz). The blue line represents the average frequency predicted by equation (2), and
the white line the one derived from the experimental group line.

an empirical formula has been established to take this inaccuracy into account, which predicts the average
value that would be computed from a 2-D Fast Fourier Transform (FFT), namely,

⟨𝜔𝜂2
x
⟩emp(k) =

3
5
𝜔

5∕2
p − 𝜔

5∕2
u

𝜔
3∕2
p − 𝜔

3∕2
u

. (2)

Similar results have been also derived for nonlinearities behaving as 𝜂2. Once an average frequency has been
derived, one can define an average slope of the group line as < 𝜔 > ∕k, the slope of the line joining the origin
to (k, < 𝜔 >). Such a slope, which depends on k, can be compared to velocities of waves.

Figure 6. Group line, in logarithmic scale, of the dispersion diagrams plotted in Figure 4, from NRCS range-time maps
acquired by the MEMPHIS radar (35 GHz). The blue line represents the average frequency predicted by equation (2),
and the white line the one derived from the experimental group line.
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Figure 7. Comparison of the slopes of the group lines associated with 𝜂2 and 𝜂2
x , as predicted by the empirical formula,

with the one derived from experimental data for the MARSIG NRCS data (14 GHz).

3.2. Behavior of Experimental Data
Let us now process the NRCS data in order to compare the group lines of the dispersion diagrams with the-
oretical results. A preliminary data processing is necessary to perform this comparison with good accuracy.
Since the backscattered field is recorded at less than 1,000 radar cells in range, a zero-padding method is
used to improve the wavenumber resolution of the 2-D FFT. In accordance with the theoretical results pre-
sented in Platzer et al. (2019), a mask is applied to filter out values of 𝜔 outside the interval [𝜔u, 𝜔p]. The
weighted average frequency of the group line is then derived from

⟨𝜔⟩(k) =
∑
𝜔

𝜔𝜑(𝜔, k)
∑
𝜔

𝜑(𝜔, k)
(3)

Figure 8. Comparison of the slopes of the group lines associated with 𝜂2 and 𝜂2
x , as predicted by the empirical formula,

with the one derived from experimental data for the MEMPHIS NRCS data (35 GHz).

PLATZER ET AL. 8314



Journal of Geophysical Research: Oceans 10.1029/2019JC015123

Figure 9. Comparison of the experimental slopes of the group lines for various frequencies acquired by the MARSIG
and MEMPHIS radars at the same time with grazing angle of 𝜃gr = 0.91◦ and azimuth angles of 53◦.

where 𝜑(k, 𝜔) is the cut of the dispersion diagram along the 𝜔 axis for a given wavenumber k. The results of
the data processing of the two images presented in Figures 3 and 4 are exhibited in Figures 5 and 6.

The range resolutions are respectively 0.60 m for MARSIG and 0.75 m for MEMPHIS, leading to cutoff fre-
quencies of approximately Ku ≃ 10.5 rad/m and Ku ≃ 8.4 rad/m. The wavenumber of the dominant wave,
Kp, is estimated from the wave time period Tp recorded during the experiment. After dividing by k, the mean
frequencies plotted in Figures 5 and 6 are transformed into slopes in Figures 7 and 8, where experimental
results are compared to the slopes derived from the empirical formula (2) with the same parameters Kp and
Ku. Except at low wavenumbers (k < 0.1 rad/m), where small fluctuations of < 𝜔 > generate strong fluc-
tuations of the slope, experimental curves and equation (2) almost coincide and have the same decreasing
behavior. The slight difference could result from the azimuth angle between the radar and the sea waves
direction that is close to 20◦ in these cases, while the empirical formulas assume a one-dimensional config-
uration. The figures also show that the experimental slopes are significantly lower than the slope associated
with 𝜂2.

These results suggest that the group line is shaped by the universal behavior of the backscattering amplitude
from a rough surface at low grazing angle Tatarskii and Charnotskii (1998), which predicts it is proportional
to the square of the vertical component of the incident wavevector, q0. If applied to each radar cell, the local
grazing incidence can be approximated by a linear function of the slope of the long gravity waves 𝜂x, and the
nonlinear term of lowest order of q2

0 (or q4
0 for NRCS) is thus proportional to 𝜂2

x .

The method presented in this section can be applied in a more exhaustive way to the data of the MARLENE
campaign. In particular, it allows one to study frequency and azimuth dependence, as presented below in
sections 3.3 and 3.4.

3.3. Frequency Invariance
The MARSIG radar, as described in section 2, is operating simultaneously at four frequencies (8, 11, 14,
and 17 GHz). In addition, the acquisitions of the MEMPHIS radar (35 GHz) were almost simultaneous with
those of the MARSIG radar (less than 1 min gap). It slightly differs in the range excursion, but the sea states
are the same. This allows us to compare the experimental results obtained from MARSIG and MEMPHIS
radars for the same grazing and azimuth angles, the latter being a measurement of the angle between the
radar pointing direction and the dominant sea waves direction of propagation.

Figures 9 and 10 present the results of the comparison of simultaneous acquisitions by the radar systems for
two different azimuth angles. In both figures, the slopes of the group lines at all frequencies coincide, up to

PLATZER ET AL. 8315
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Figure 10. Comparison of the experimental slopes of the group lines for various frequencies acquired by the MARSIG
and MEMPHIS radars at the same time with grazing angle of 𝜃gr = 0.91◦ and azimuth angles of 21◦.

fluctuations of small amplitude (less than 0.1 m/s. This shows that the slope of the group line is independent
of the radar frequency, in accordance with the proposed models, which only refer to the spectrum of gravity
waves and to the radar resolution in range.

3.4. Azimuth Angle Dependence
Let us recall that here the azimuth angle denotes the angle between the backscattered electromagnetic
wavevector and the wavevector of the most energetic gravity waves. Indeed, in the coastal conditions encoun-
tered here, the wind direction differs significantly from the main direction of propagation of long waves.
Therefore, up-wave conditions correspond to azimuth angle equal to 0. A careful analysis of Figures 9 and
10, corresponding to different azimuth angles, shows that the slopes of the group lines for 21◦ are higher

Figure 11. Comparison of the slopes of group lines for the same grazing incidence but different azimuth angles for the
MARSIG radar (14 GHz).

PLATZER ET AL. 8316
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Figure 12. Comparison of the slopes of group lines for the same grazing incidence but different azimuth angles for the
MEMPHIS radar (35 GHz).

than for 53◦. Contrary to radar frequency, the direction of propagation of long waves has an impact on the
group line.

During the MARLENE campaign, the acquisitions were performed following a predefined pattern of radar
pointing directions (see Figure 1 in Fabbro et al. (2017)). For each grazing angle, six or seven measurements
of sea clutter have been performed for various azimuth angles. The corresponding NRCS maps acquired have
been processed. The slopes of the group lines are reported in Figures 11 and 12. For a better visualization,
the curves in the figures are polynomial fits of the estimated slopes. These two figures show that the larger
the azimuth angle, the lower the slope of the group line. For azimuth angles below 30◦, the slope remains
almost unchanged. This completes the justification of the use of a one-dimensional model in Platzer et al.
(2019) to predict the characteristics of the group lines in up-wave conditions.

For large azimuth angles, the group line is still observable, even though the energy in first-order disper-
sion relation is drastically reduced, as already pointed out in Figure 4 of Plant and Farquharson (2012).
Though we have no model at hand to explain the decaying behavior of the slope with azimuth angle, it has
to be noticed that for large azimuth angles the combination of two gravity waves with wavevectors of same
magnitude, thus with same frequency but different directions of propagation, may contribute to the group
line at (k, 0). This emphasizes that the area of the (k, 𝜔) plane located below 𝜔 = 𝜔u, which represents the
lower boundary of the group line in a one-dimensional configuration, is filled up when the azimuth angle
increases. Though not quantified here, this can explain the decreasing behavior of the slope of the group line.

Thereafter, the calculation of the slope of the group line has been performed for each NRCS range-time
map of the database. For a clear representation, the value of each slope is given for a single value of k,
k = 0.2 rad/m being chosen as a compromise between avoiding the impact of the fluctuations at very low
values of k and ensuring a high signal-to-noise ratio. Results are presented in Figure 13. The horizontal
axis refers to the phase velocity of the dominant wave, cp =

√
g∕Kp. Ku is determined by the size of the

radar cells. The slopes reported in the figure are obtained for azimuth angles varying from 0◦ up to almost
90◦. This figure exhibits the variation of the slope of the group line with respect to both the azimuth angle
and the weather conditions. It emphasizes that the empirical model assuming a nonlinear dependence as
𝜂2

x , represented by the blue curve, matches well with measurements at low azimuth angles. It must also be
noticed that the results remain very similar if the slopes are estimated at k = 0.1 rad/m or k = 0.3 rad/m.
Some points of Figure 13 with low azimuth angles, represented in blue color, are lower than expected. This
is due to a change in the environmental condition during the measurement campaign. Hence, the decrease
of the significant wave height on the second day has a light impact on the slope of the group line, lowering it.

PLATZER ET AL. 8317
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Figure 13. Scatterplot of the slopes of group lines from the data acquired by the MARSIG radar (14 GHz) and the
MEMPHIS radar (35 GHz). The slopes are estimated at the value of k = 0.2 rad/m.

4. Analysis of Experimental Results
The slope of the group line, ⟨𝜔⟩∕k, can be interpreted as a velocity. This section focuses on the comparison
with other velocities, such as the ones derived from Doppler shifts. With this aim, section 4.1 is dealing with
the dispersion diagram of the Doppler velocity field. Since sea spikes are generally related to large Doppler
velocities and to breaking waves, a comparison between the slopes of the group line with an empirical law
for the velocity of breakers is achieved in section 4.3.

Figure 14. Example of a temporal spectrogram, normalized by its maximum, of the time series of the backscattered
field from a single radar cell acquired by the MEMPHIS radar (35 GHz). The black line represents the mean Doppler
velocity.

PLATZER ET AL. 8318
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Figure 15. Range-time map of Doppler velocity field represented in color scale (in m/s) associated to the NRCS
range-time map in Figure 2 acquired by the MEMPHIS radar (35 GHz).

4.1. Dispersion Diagram of Doppler Velocities Field
In Smith et al. (1996) and Plant and Farquharson (2012), dispersion diagrams are computed from the
range-time series of the local Doppler velocity field, instead of NRCS. The use of Doppler velocity, when
available, is more popular since, in the frame of linear theory, its spectrum is linked to that of surface height
in a simple way. Below, the dispersion diagrams associated with Doppler velocity and NRCS are compared,
since MEMPHIS data acquired during MARLENE experiment enable the study of both Doppler spectra and
dispersion diagrams. The computation of the velocity is realized using a spectrogram approach by Fourier
transform. The spectrogram is computed from the complex backscattered field of each radar range cell, inte-
grating over a window of 128 s sliding with a time shift of 𝛿t = 0.05 s. An example of spectrogram is reported
in Figure 14. This representation shows the temporal variation of the Doppler velocity. The mean Doppler
frequency, fc, defined as the first normalized momentum of each Doppler spectrum, 𝛹 (f), is derived as a

Figure 16. Comparison of the slopes of the group lines from the range-time map of NRCS (Figure 2) and Doppler
velocity field (Figure 15) issued from the same backscattered field acquired by the MEMPHIS radar (35 GHz).

PLATZER ET AL. 8319
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Figure 17. Relation between the level of NRCS from Figure 2, in logarithmic scale, and Doppler velocities from
Figure 15. The normalized cross distribution between NRCS and Doppler velocities is represented by the color map in
logarithmic scale. The analytic formula of the 𝜂2

x dispersion diagram group line slope is drawn for various values of k
(blue line: k = 0 rad/m, green line: k = 0.1 rad/m, red line: k = 0.2 rad/m, cyan line: k = 0.4 rad/m).

function of time,

𝑓c =
∫ 𝑓Ψ(𝑓 )d𝑓
∫ Ψ(𝑓 )d𝑓

(4)

and is transformed into mean velocity. Figure 15 shows the Doppler velocity field associated to the same
MEMPHIS radar acquisition as the NRCS map presented in Figure 2 and with the same dimensions. Both
maps enable the computation of a dispersion diagram.

The comparison of the slopes of the group lines obtained from the NRCS map and from the Doppler velocity
map is shown in Figure 16. The slopes are similar over the whole range of wavenumbers, even when the
group line becomes undetectable. This result has already been exhibited by Frasier and McIntosh in X band
Frasier and McIntosh (1996). These observations are suggesting that the local Doppler velocity and the local
NRCS are providing the same group lines. This is not expected if the Doppler velocity is considered as a
measurement of the orbital velocity and if one refers to the linear theory of gravity waves. In this frame,
the spectrum of the orbital velocity decays faster than that of surface slope but slower than that of surface
height. Consequently, the slope of the group line associated to Doppler velocity should behave in between
the two Platzer et al. (2019). This is clearly not the case, and it is concluded that the Doppler velocity cannot
be simply related to surface parameters, even though its group line coincides with that associated to 𝜂2

x .
Some studies have related steepening waves with strong Doppler velocities Jessup et al. (1991), Holliday
et al. (1998), but no analytical model can currently explain this behavior.

4.2. Slope of the Group Line Versus Doppler Velocity
The computation of the Doppler velocity allows one to study the relationship between the level of NRCS
of each pixel (represented in Figure 2) with the associated Doppler velocity (represented in Figure 15). The
normalized cross distribution between NRCS and Doppler velocities is represented by the color map in
Figure 17. Doppler velocities for very low NRCS levels are discarded for the cross distribution because of
the low signal-to-noise ratio in those areas. The cross distribution is then representative of the crest behav-
ior, and the NRCS dynamic range is around 30 dB. Fast scatterers are observable in the high-velocity range,
up to 5 m/s, associated to high NRCS levels. But the fastest components do not exactly coincide with the
brightest. This representation could question the sea spikes behavior since high velocities can be found for
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Figure 18. Slopes of the group lines (wave-radar relative azimuth direction in color scale) for the data acquired by the
MARSIG radar (14 GHz) and the MEMPHIS radar (35 GHz), corrected of the FFT impact and compared to the
equations (5) and (1) in red and green line respectively. The slopes are estimated at the value of k = 0.2 rad/m.

moderate level of NRCS. The analysis proposed here is limited to HH polarization, but similar representa-
tions and remarks are given in Yurovsky et al. (2018) for high grazing angles, considering both HH and VV
polarization.

To compare the Doppler velocities with the theoretical estimation of the slope of the group line associated
to 𝜂2

x equation(1), the latter has also been plotted in Figure 17 for various values of k, from 0 up to 0.4 rad/m,
0.4 rad/m corresponding to the typical limit of detectability of the group line. It shows that the analytical
group line associated to 𝜂2

x does not match the fastest Doppler velocities. The slope of the group line of
the Doppler field dispersion diagram is greater than the average velocity of the cross distribution (1.72 m/s
here) but is of same order of magnitude as the NRCS-weighted average velocity (2.06 m/s). However, the
average Doppler velocity of sea spikes is strongly fluctuating from one sample to another, between 1.71 and
2.66 m/s for the 57 maps recorded in similar sea conditions, while the slope of the group line remains very
stable. In addition, their behavior with respect to azimuth angle strongly differ. The average Doppler velocity
roughly behaves as a cosine function when the slope of the group line is only slightly reduced at large angles
(Figure 18). Therefore, we have not been able to establish a clear quantitative relationship between the
statistical characteristics of the Doppler velocity field and the slope of the group line.

4.3. Slope of the Group Line Versus Velocity of Breakers
In the literature, the large Doppler velocities are related to sea spikes and are often linked to steepening and
breaking waves Hwang et al. (2008), Frasier et al. (1998), Holliday et al. (1998). Irisov, in Irisov and Plant
(2016), has proposed an empirical formula to estimate the mean velocity of breakers:

c0 = 0.22 + 0.39cd − 0.008c2
d, (5)

where cd is the phase velocity of the most energetic wave. This formula is based on data gathered in Plant
(2012). For a phase velocity of about 12 m/s, the mean breaker velocity is 3.75 m/s which corresponds to the
Doppler velocities of the few fastest scatterers observable in the MARLENE database (see Figure 17).

Irisov's formula can be compared to the analytic formulation of the slope of the group line as well. For that
purpose, the values of experimental slopes of the group lines reported in Figure 13 are corrected with a factor
calculated from the ratio of the equations (1) and (2). This correction is necessary to remove the bias induced
by the 2-D FFT when computing the group line. The result is presented in Figure 18. The measurements
considered to establish this graph are corresponding to several frequencies in X band to Ka band and a large
range of azimuth angles and dominant sea wave velocities. This figure shows that the slopes of the group
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lines are much lower than the mean velocity of breakers. Hence, this observation suggests that the group
lines generated by the data from MARLENE campaign are not the signature of breaking events.

5. Discussion and Conclusion
Some results about dispersion diagrams obtained by applying a two-dimensional Fourier transform to radar
returns acquired by high-resolution radar systems have been presented in this paper and in the companion
paper Platzer et al. (2019). In the latter, a way to estimate the slope of the group line has been proposed
and applied here to the experimental data acquired during the MARLENE campaign Fabbro et al. (2017). It
appears that the group line of the dispersion diagram obtained from the backscattered amplitude behaves as
the one obtained from the dispersion diagram of the square of the slope of the sea surface 𝜂2

x . Moreover, it has
been shown that the group line is invariant with respect to the radar frequency but depends on the azimuth
angle between the radar pointing direction and the sea waves direction. These results suggest that the impact
on the group line of electromagnetic scattering under grazing incidence is described by the local grazing
angle, as suggest by Frasier and McIntosch Frazier and McIntosh (1996). Small height perturbation theory,
though not applicable here, leads to the same behavior but underestimates the associated energy Plant and
Farquharson (2012). Shadowing functions also ensure a nonlinear behavior of the scattering amplitude with
respect to surface height, but, to our knowledge, none of them is consistent with the asymptotic behavior at
grazing predicted by Maxwell equations, which is a major drawback in the present experimental conditions.

Then, an analysis of local Doppler velocities has been carried out. It has been observed that the associated
slope of the group line is the same as the one derived from the NRCS and that it does not fit the large Doppler
velocities related to sea spikes. The empirical law of equation (5), proposed to predict the most probable
velocity of breakers, does not match either. Its predictions by far exceed the experimental values of the slope
of the group line. The latter is thus not a good estimation of the velocity of breaking waves. If sea spikes
are local events with short space and time coherence lengths, it can be expected that a two-dimensional
Fourier transform with large time and range acquisition spreads out the associated energy, and thus sea
spikes do not significantly impact the characteristics of the group line. No focus on the group line from
optical measurements has been made in the literature. Thus, it could be interesting now to compare the
results obtained on the present paper on the group line with data from optical or video systems which are
widely used henceforth by the community.
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