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Significant wave height (Hs) is a basic parameter in wave characterization, important for different problems in
marine activities such as the design andmanagement of vessels, marine structures, and wave energy converters.
Hs is usually estimated using in-situ sensors, mainly buoys, that record time series of wave elevation information.
In this paper we propose a method for Hs estimation based on a Support Vector Regression algorithm over non-
coherent X-bandmarine radar images. Results for three different platforms (Fino 1, Ekofisk andGlas Dowr) at dif-
ferent locations of theNorth Sea and South Africa are presented, showing that the SVR obtains a better result than
the existing standard method in Hs prediction, within different sea states observed at each location.
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1. Introduction

The availability and accuracy of wave data play a crucial role in the
better understanding of numerical (The WAMDI group, 1988; Tolman,
2009) and statistical wave models (Casas-Prat et al., 2014; Durrant
et al., 2013), wave forecasting for safe ship navigation, design and
operation ofwave energy converters (López et al., 2013), and the design
of vessels and marine structures: oil platforms, breakwaters (Comola
et al., 2014; Kim and Suh, 2014), wave overtopping volumes
(Nørgaard et al., 2014), ports and harbors, etc. Thus, the topic has a
clear impact on human safety, economics and clean energy production.
One of the most important parameters to define the severity of a given
oceanwave field is the significantwave height,Hs.Hs is usually estimat-
ed using in-situ sensors, such as buoys, recording time series of wave
elevation information. Buoys provide reliable sea state information that
characterizeswave field in a fixed position (i.e. themooring point). In ad-
dition, as buoys are anchored in a hostilemedia (the ocean), the probabil-
ity that measuring problems (and therefore missing data) that occur in
situations of severe weather is very high (Rao and Mandal, 2005).

Complementary to the punctual information that buoys' measure-
ments represent, an alternativeway to estimateHs (and therefore a use-
ful tool to reconstruct missing data from ocean buoys) consists of using
remote sensing imagingmethods, such as air and space borne Synthetic
Aperture Radar (SAR) images (Alpers and Hasselmann, 1982), on- and

off-shore coherent radars (Nwogu and Lyzenga, 2005; Plant et al.,
2008; Seemann et al., 2013) or conventional X-band marine radars
(Hessner et al., 2001; Izquierdo et al., 2005; Reichert et al., 2005),
which are broadly installed in every moving ship, and off- and on-
shore platforms.

The analysis of the marine radar images of the sea surface is capable
of estimatingwave field and surface current information in real time for
oceanographic monitoring purposes (Chen et al., 2012; Izquierdo et al.,
2005; Nieto-Borge andGuedes-Soares, 2000; Reichert et al., 2005; Senet
et al., 2001; Young et al., 1985). Radar images of the ocean surface
are produced by thebackscatteringphenomenon of the electromagnetic
waves due to the roughness of the sea surface (Alpers and Hasselmann,
1982; Plant et al., 2008). These radar images are then analyzed to obtain
estimations of wave spectra in different spectral domains (Izquierdo
et al., 2005; Reichert et al., 2005), which allow calculating typical
sea state parameters, such as characteristic wave periods, wave lengths,
and wave propagation directions (Hessner et al., 2001; Hessner et al.,
2014). Estimating Hs from the wave spectrum derived from the
X-band marine radar analysis is not straightforward, since the physics
of the imagingmechanisms has complex dependencies on environmen-
tal conditions, including bothwave conditions and other environmental
factors such as wind. The wave spectral estimations derived from the
radar images are not properly scaled in the sense that their integral can-
not provide values of the standard deviation of thewave elevation field,
and therefore, a direct estimation of Hs is not possible.

Some approaches to estimate Hs from marine radars take into
account the geometrical shadowing effect of the lower waves by the
higher waves to the radar antenna illumination (Buckley and Aler,
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1998; Buckley et al., 1994; Salcedo-Sanz et al., 2015). An alternative ap-
proach to estimate Hs from X-band marine radar considers that Hs de-
pends linearly with the squared root of the signal-to-noise ratio SNR,
where the signal is the spectral energy of the un-scaled wave spectrum,
and the noise is related to the spectral energy of the speckle noise with-
in the radar image (Nieto-Borge et al., 2008). This technique is an exten-
sion of the methodology initially proposed by (Alpers and Hasselmann,
1982) to deriveHs from synthetic aperture radar (SAR) images of the sea
surface. The SNR-based method is more robust, from the operational
point of view, than the shadowing-based method and it is widely used
for the standard applications of wave monitoring activities using con-
ventional X-band marine radars (Chen et al., 2012; Hessner et al.,
2001). Thus, the SNR-based method is used as a standard technique
for Hs estimation. Note that the SNR-based method needs a calibration
campaign with an in-situ sensor, such as a buoy, to calibrate themarine
radar. This calibration is not necessary in the method that analyzes the
shadowing effect (Salcedo-Sanz et al., 2015). Although the SNR-based
method to estimate Hs is used all over the world, there are some limita-
tionswhere this techniquedoes not provide reliable values forHs, giving
some indications that the Hs estimation depends on more parameters
than only SNR (Vicen-Bueno et al., 2012).

In this paper an extension to the SNR-based method is proposed.
This proposed extension uses Support Vector Regression (SVR) to esti-
mate Hs. Themethod takes into account additional sea state parameters
than only SNR. All those parameters are derived from the standard anal-
ysis of wave fields by using X-band marine radars. The work analyzes
the relevant sea state parameters to estimate Hs and compare the ob-
tained results with the results derived from the Standard Method
(SM), based only on the estimation of SNR. For that purpose, a set of
marine radar data in combination with Hs values measured by buoys
have been used. The data were recorded in three different geographical
locations under different oceanographic conditions: the German basin
and the Norwegian sector, both in the North Sea, and the Sable Field
in South Africa.

The rest of the paper is structured as follows: Section 2 deals with
the basics of the wave field analysis by using X-band marine radar
data sets, including the Hs estimation by the standard method (SM),
and its limitations. Section 3 describes the geographical locations and
the oceanographic conditions of the X-band radar and buoy data used
in this work. The following Section 4 introduces the SVR algorithms
used to improve the Hs estimation by SM. Section 5 shows the achieved
results after applying the SVR algorithms to the used data. Finally,
Section 6 summarizes the conclusions of the work.

2. Analysis of the sea surface from X-band radar

As mentioned before, the analysis of wave fields from X-band ma-
rine radars is based on the acquisition of consecutive radar images of
the sea surface. Hence, the data sets are time series of radar images
where the spatio-temporal (x,y, t) evolution of the sea surface can be
analyzed. From these data sets, applying a three-dimensional Fourier
decomposition the so-called image spectrum Iðk;ωÞ is obtained,
where k=(kx,ky) is the wave number vector and ω is the angular fre-
quency. In practice, Iðk;ωÞ is estimated by using a three-dimensional
FFT-based algorithm, therefore the (k,ω) values are defined in a discrete
domain, where the sampling wave numbers (Δkx,Δky) depend on the
spatial size of the radar images and their spatial resolutions given by
the range and azimuthal resolutions of the radar system. The angular
frequency resolution Δω depends on the number of images in the
radar image time series and its sampling time (i.e. the radar antenna
rotation period). Hence, the spectral components are located within
the spectra domain Ωk ,ω defined as

Ωk;ω ¼def½−kxc ; kxc Þ � ½−kyc ; kyc Þ � 0;ωc½ �; ð1Þ

where kxc, kyc, andωc are the respective Nyquist limits in wave numbers
and angular frequency given by the spatio-temporal resolution of
the radar image time series. For the estimation of Hs, the relevant
spectral components (k,ω)∈Ωk ,ω of the three-dimensional image
spectrum Iðk;ωÞ are classified in the following contributions (see the
example illustrated in Fig. 1):

– Static patterns caused by the long range dependence of the radar
backscatter intensity due to the radar equation (Skolnik, 2002). As
this dependence is not on the time domain, the spectral components
of this contribution of the image spectrum Iðk;ωÞ correspond to
those wave numbers k, where ω≈0 (Young et al., 1985). To avoid
the static pattern components, the spectral domain Ωk,ω defined
in Expression (1) includes only those frequencies higher than a
threshold value, ω≥ωth (Nieto-Borge et al., 2004). For practical ap-
plications (Nieto-Borge et al., 2008), typical value of the threshold
frequency is fth=0.04 Hz (i.e. ωth=2πfth).

– Wave components that hold the dispersion relation of linear gravity
waves. These spectral (k,ω)-components are located in the surface
Λω(k)⊂Ωk ,ω defined by the dispersion relation

Λωk ¼def k;ωð Þ∈Ωk;ω j ω ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gk tanh kdð Þ

q
þ k � U

� �
; ð2Þ

where k=‖k‖, g is the acceleration of the gravity, d is the water
depth and U=(Ux,Uy) is the so-called current of encounter (Senet
et al., 2001) responsible of the Doppler shift in frequency given by
the dot product k ⋅U. As in the case of the domain Ωk,ω, Λω(k) in-
cludes the frequencies that hold the condition ω≥ωth. In practice,
the domain Λω(k) is sampled with the spectral resolutions
(Δkx,Δky,Δω) given by the FFT algorithm. This sampled Λω(k) do-
main is commonly known in the analysis of ocean waves by using
marine radars as dispersion shell (Young et al., 1985).

– Background noise: This spectral noise is caused by speckle noise due
to the roughness of the sea surface induce by the local wind. The
spectral noise appears in the image spectra of different radar sys-
tems under different polarization and incidence conditions, such as
Synthetic Aperture Radar (SAR) (Alpers and Hasselmann, 1982),
or, like in this case, in X-band marine radar images acquired at graz-
ing incidence conditions (Nieto-Borge et al., 2008).
Taking into account these different spectral contributions to Iðk;ωÞ,
it is possible to retrieve sea state information by applying inversion
modeling techniques (Nieto-Borge and Guedes-Soares, 2000;
Nieto-Borge et al., 2004; Seemann et al., 1997; Young et al., 1985).
The sea state information provided by the inversion modeling tech-
niques are the current of encounter U (Hessner et al., 2014; Senet

Fig. 1. Estimation of the image spectrum Iðk;ωÞ of a radar image time series. The plot
corresponds to a transect in the spectral domain Ωk ,ω along the peak wave direction,
k∥kp, where kp denotes the peak wave wave number vector.
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