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ABSTRACT 
  
The possibility of detecting breaking long surface gravity 
waves in S-band radar backscatter measurements is being 
investigated using multi-polarization scatterometer 
measurements. To detect breaking waves the change in the 
spectral shape of the radar Doppler spectra was analyzed 
with respect to possible indicators for wave breaking events. 
They are identified here using the ratio of the second and 
fourth spectral moments after normalization by the squared 
radar frequency. A comparison with simultaneous estimates 
of the fractional area of whitecaps suggests that a 
normalized spectral moment ratio might be used as one 
indicator for events of breaking surface gravity waves. 
 

Index Terms— scatterometer, wave breaking, radar 
backscatter, Doppler shift, whitecaps 
 

1. INTRODUCTION 
 
The modulation of the radar backscatter from the ocean 
surface by long surface gravity waves (swell) is a well-
known phenomenon and has been subject to research for 
many years [1][4][6]. In this context, the impact of both 
microbreaking and long-wave (spilling) breaking on the 
radar return from the sea surface has been investigated 
[1][5][9]. Based on this earlier work, we test here the 
possibility whether long breaking surface gravity waves can 
be detected in radar backscatter measurements obtained in 
the Baltic. More details about the approach can also be 
found in [3]. 
 

2. DATA SET AND METHODOLOGY 
 
Measurements of the radar backscatter from the sea surface 
are analyzed here which were performed between 
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September 2011 and November 2013, using a multi-
frequency scatterometer installed on the FINO-2 platform in 
the western Baltic Sea at a height of 25 meters above sea 
level. Details about the instruments, the measurements and 
the campaign are provided by [10]. The instrument, which 
was used in an earlier technical realization over sea ice [7], 
obtains observations at the five microwave frequencies 1.0 
GHz, 2.3 GHz, 5.3 GHz, 10.0 GHz, and 15.0 GHz, 
(corresponding to L, S, C, X, and Ku band, respectively) 
and at all polarization combinations (HH, HV, VV, and 
VH). Each single measurement lasted one minute, followed 
by the compression and storage of the data (taking a few 
minutes).  
 

3. RESULTS 
 
Shown in Figure 1 are typical examples of non-calibrated 
radar Doppler spectra resulting from C-band measurements 
at an incident angle of 55° on December 18, 2011. The left 
panels are time-averaged Doppler spectra (averaged over 
one minute) for all polarization combinations (HH, HV, VV, 
VH; from top to bottom), the right panels are the respective 
time-resolving spectrograms of the same measurement. 

The impact of enhanced surface roughness, including 
breaking gravity waves, is manifesting in a second 
maximum in the radar Doppler spectra at frequencies above 
100 Hz. We note that this second maximum varies strongly 
between polarization combinations, resulting in an enhanced 
Doppler shift, fDopp, and Doppler bandwidth, BW, 
specifically for horizontal (HH), but also for cross (HV and 
VH) polarizations. Gray bars indicate the spectral range for 
which compute the radar backscatter and the spectral 
moments (see below). For the measurements shown the 
Doppler shifts at HH, HV, VV, and VH polarizations are 
49.5 Hz, 35.1 Hz, 23.0 Hz, and 35.9 Hz, respectively.  

In the right column of the figure respective time-
resolved spectral modulations of the measured radar return 
(spectrograms) are displayed. Clearly visible is the temporal 
modulation of the measured Doppler spectra with peak 
amplitudes appearing at 10 sec and 37 sec of the displayed 
period. Inferred from the results can be a long surface 
gravity wave period of approximately 5 seconds, 
corresponding to a wavelength of approximately 40 m. The 
enhanced radar return amplitudes (spikes) in the 



spectrograms potentially can be attributed to the breaking of 
long surface gravity waves. We will focus in the following 
on the identification of those events through the change in 
the shape of the radar Doppler spectra. 

The figure suggests that the Doppler spectra are 
intermittently broadened and then display secondary 
maxima, which possibly are linked to the occurrence of long 
surface gravity wave breaking. The observed alterations of 
the spectral shape manifests itself in changes in the second 
and fourth moments about the mean calculated as 

 
 𝑀2 = 1 𝜎� ∙ ∑[(𝑓 − 𝑓𝐷𝑜𝑝𝑝)2 Ψ(𝑓)] (1) 
 𝑀4 = 1 𝜎� ∙ ∑[(𝑓 − 𝑓𝐷𝑜𝑝𝑝)4 Ψ(𝑓)] (2) 

 
with 𝑓𝐷𝑜𝑝𝑝 = 1 𝜎� ∙ ∑[𝑓Ψ(𝑓)], 𝜎 = ∑Ψ(𝑓), and with 

Ψ( f ) being the measured power spectral density (PSD). The 
spectral bandwidth is 𝐵𝑊 = 2 ∙ �𝑀2, and summation (Ʃ) 
was performed over the grey-shaded frequency range (left 

panels in Figure 1), which corresponds to spectral power 
densities exceeding the -6dB limits of the spectral 
maximum. In the following we concentrate on modulations 
of those moments and their potential relation to breaking 
long surface gravity waves.  

The standardized fourth moment, i.e. the ratio of the 
fourth over the squared second moments, 𝛽 = 𝑀4 𝑀2

2⁄ , can 
be used as a descriptor of the shape of a spectrum: lower 
values of β correspond to a greater bimodality [2], which in 
turn can be seen as an indicator for “heavy tails” in the 
corresponding spectrum. Consequently, high values of the 
reciprocal standardized fourth moment, 1/β, might be used 
as an indicator for long-wave breaking. For a better 
comparison between the different radar bands, and to 
pronounce the effect of the widening of the spectral peak, 
we normalized it by the squared ratio of the half bandwidth 
and the radar frequency, fR. The resulting normalized 
moment ratio, NMR, then reads: 
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Figure 2 shows those ratios for four radar bands (L, S, 

C, X; from top left to bottom right) and for the entire 
October 2012. Data, obtained at an incidence angle of 35° 
are colored in red, those of 45° incidence angle in green, and 
those of 55° incidence angle in blue. Only backscatter 
measurements were considered for conditions with wind 
blowing towards the westward looking antenna. 

 

 
Figure 1. Example of non-calibrated C-band Doppler spectra (left 
column) and time-resolved spectrograms (right column) recorded 
on December 18, 2011 (incidence angle: 55°, wind: 12.5 m/s / 
290°). Shown are all polarization combinations: HH, HV, VV, VH 
(top to bottom). Spectral parameters (radar cross section, σ, 
Doppler shift, fDopp, and Doppler bandwidth, BW, calculated from 
the gray-shaded spectral range) are inserted. 

 

 
Figure 2. Normalized moment ratios, NMR, at HH (abscissa) and 
VV (ordinate) polarizations, for L, S, C, and X band (top left to 
bottom right). All upwind measurements in October 2012 were 
considered. 



At 35° incidence angle (red dots) the normalized 
moment ratios, NMR, for HH and VV polarizations are 
comparable in size, but with increasing incidence angle 
(green crosses: 45°; blue circles: 55°) the normalized 
moment ratios for horizontal (HH) polarization grow faster 
than those for vertical (VV) polarization. This confirms that 
long-wave breaking has a stronger impact on the HH signal 
than on the VV signal, which is in accordance with earlier 
findings [1][5]. This effect seems present at all four radar 
bands; however, we also note that the scatter at higher NMR 
values becomes larger with increasing incidence angle and 
with increasing frequencies.  

Before available visual and IR observations are 
evaluated with respect to breaking waves, we used, for 
simplicity, the so-called fractional area of whitecaps [8] as 
an indicator for the overall density of (spilling) wave 
breakers. The fractional area of whitecaps, W, is defined as 
[8]: 

 
𝑊 = 1.95 × 10−5 ∙ 𝑈2.55 ∙ exp (0.0861 ∆𝑇) (4) 

 
where U is the wind speed at 10 m height and ∆T = Tw-

Ta is the difference of the water temperature and air 
temperature and, thus, an approximation of atmospheric 
stability. Figure 3 demonstrates the dependence of the 
normalized moment ratios at S band on that fractional area 
of whitecaps. Dots correspond to an incidence angle of 35°, 
crosses to 45°, and circles to 55°. 

Higher normalized moment ratios coincide with higher 
fractional areas of whitecaps. The data show a strong scatter 
at fractional whitecap areas exceeding 0.2% and at 
normalized moment ratios exceeding 2 [×10-18]. In contrast, 
below both thresholds the scatter appears smaller. This 
threshold behavior might indicate that a certain density of 
long-wave breaking events is needed for a significant 
change in the shape of the radar Doppler spectra and, 

therefore, for a strong increase in the normalized moment 
ratios. It further suggests that it is suitable to define a 
threshold normalized moment ratio, which can be used to 
separate times of low and high fractional whitecap areas. 

To test this hypothesis, we chose here 2 [×10-18] as such 
a threshold value and selected those measurements, whose 
normalized moment ratios exceed this value. Figure 4 shows 
in green time series of the fractional whitecap area for the 
entire October 2012, based on wind and temperature 
measurements on FINO-2. Superimposed as red circles are 
those values, which correspond to times when radar 
measurements were carried out under upwind conditions. 
Then, based on the measurements at 55° incidence angle, 
blue asterisks mark those events that correspond to high 
(i.e., exceeding 2 [×10-18]) normalized moment ratios 
calculated from S-band / HH-polarization data. 

 The measurements performed at times of small 
fractional whitecap areas (mainly corresponding to times of 
low wind speeds) also yielded small normalized moment 

 

 
Figure 4. Time series of the fractional area of whitecaps for October 2012. Marked with red circles are upwind conditions, blue asterisks 
denote times of high normalized moment ratios derived from S-band (HH-polarization) data and from measurements at 55° incidence 
angle. The gap on October 13 and 14 was caused by extensive maintenance work on the platform. 

 
Figure 3. Normalized moment ratios as functions of the fractional 
area of whitecaps, for S-band HH-polarization. Each data point 
corresponds to a 1-minute measurement. Dots, crosses and circles 
denote incidence angles of 35°, 45° and 55°, respectively. 

 



ratios, and vice versa. During October 2012, wind speeds 
were roughly, between 5 m/s and 20 m/s, with only a few 
exceptions, when the wind speed was well below 5 m/s. At 
two of those dates, on late October 20 and on October 28, 
low westerly winds were recorded at FINO-2 and 
correspondingly, the normalized moment ratios derived 
from S-band HH data are below the given threshold, 
manifesting in red circles (without blue asterisks) at the 
respective dates in Figure 4.  

Measurements at different incidence angles (not shown 
herein) yield almost the same results. This is in accordance 
with Figure 3, where no clear separation between the blue 
dots, crosses, and circles can be seen. We found similar 
results when we used HH-polarization data measured at 
other radar bands (L, C, and X; not shown herein). 
However, different results were obtained when VV-
polarization data were used with the same threshold value 
(not shown herein), which can be explained by the different 
effect long-wave breaking has on the radar backscattering at 
HH and VV polarization (Figure 1). 
 

4. CONCLUSIONS 
 
A ratio of two spectral moments was used to relate radar 
backscatter measurements to the fractional area of 
whitecaps. In general, high normalized moment ratios occur 
at instances of large fractional whitecap areas, suggesting 
this ratio might be used as indicator for wave breaking. Our 
analyses indicate that S-band measurements at horizontal 
(HH) polarization are best suited to serve as input for such 
an indicator. Other radar bands seem less suitable. We note, 
however, that this analysis is very preliminary. To what 
extend results can be used as a universal algorithm and to 
what extend results can be improved through a combination 
of radar frequencies has yet to be investigated. Additional 
statistical indicators for the identification of wave-breaking 
events, as suggested in [3], might be required to generate 
wave-breaking statistics from surface backscatter signals. 
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