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State-of-the-Art of Wave Measurement for Ship Motion Prediction
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Abstract: Ship motion prediction is useful for several purposes, related to navigation or to special
operations. For instance the short-term predictions, perhaps a few seconds ahead, is important to help
helicopter pilots when landing on ships. This paper reviews technologies for wave height measurement in
order to predict ship motion. Two main philosophies are distinguished: one looks to distant incoming
waves to get more prediction time, the other points downwards near the bow. Radar is a key technology,
and in particular X-band radar: new relevant developments are taking place in this direction.

1. INTRODUCTION

This paper considers wave measurement in order to predict
ship motions in response to encountered waves.

Ship motion prediction is useful for several purposes. For
example, it is interesting from the navigation point of view:
in certain situations it is convenient to avoid sea zones with
large waves. Another example is related with short-term
prediction: when a helicopter is about to land on a ship, it is
convenient to predict smaller ship motions providing good
landing opportunities. In this last case, it is pertinent to
measure the height of each incoming wave. In other cases, it
may be sufficient to get statistical information, in term of sea
state, sea spectrum, significant wave height, wave front
direction, etc.

Our main interest is short-term prediction, in order to
determine in advance quiescent periods (QP), which are time
intervals with smaller ship motions.

The measurement of sea waves can be done near the bow, or
from distance. This first observation leads to a division of
this review into two parts. It seems that the most promising
for QP prediction purposes is measurement from distance,
and so we will pay more attention to this alternative.

In general it is intended that the measurement system will be
mounted on ships. This excludes commercial systems
explicitly made for use on the shore for maritime
surveillance, tsunami alarms, etc. However, perhaps in the
future would it be possible for the ships to use external
information sources, like wave monitoring from satellites.
For this reason, the paper considers in a last section some
wave measurement alternatives that are external to the ship.

The wave measurements in which we are interested must be
useful for ship motion prediction in real time. Therefore we
should restrict the view, with less consideration to other
scientific purposes and too slow procedures.

There are several books that can serve as background for the
involved topics. For instance (Holthuijsen, 2007; Kinsman,
1984) on sea waves, and (Brooker, 2009) on sensors.

A general overview of technologies for wave and current
measurements has been offered recently in the article
(Pandian, et al., 2010).

A key technology for wave measurement is radar. The first
section of this paper is a short review of radar from the user
perspective. The second section is devoted to wave
measurement near the bow, considering also the problem of
wave measurement in towing tanks. The third section deals
with the height measurement of distant waves; this is the
more extended section. The last section covers other sources
of information external to the ship. The paper ends with a
brief section on conclusions.

2. USING RADAR FOR WAVE MEASUREMENT

The general principle of radar is well known. An important
aspect is the resolution that can be obtained, which is for the
basic radar half the pulse width. For example, if the radar
uses 1 Gz. signal that means 0.001 microseconds period and
30cm wavelength.

The size of antennas is related to the signal wavelength.
Larger frequencies require smaller antennas.

Atmospheric attenuation becomes more and more important
as signal frequency increases.

There is a set of frequency bands used by radars. HF and
VHF bands are under 300 Mz. L-band radar (1 to 2 Gz.) is
used for air traffic management and other long-range (about
400 Km) applications. S-band has higher frequency and
shorter range; C-band still more frequency and less range;
both bands are used for weather radars. The preferred band
for navigation radars is the X-band (8 to 12 Gz.); it requires
very small antennas. The X-band is also frequently used for
spaceborne or airborne Synthetic Aperture Radar (SAR).
There are higher frequency bands, like the Ka-band used in
airports for surface movement radars.



For wave measurement the radar footprint must be small in
comparison with the size of the wave. Unlike the laser beam,
the radar beam is dispersive.

There are coherent or non-coherent radars. Both radars
measure amplitude modulation, and coherent radars also
measure Doppler effect.

The transmitted signal may be either unmodulated continuous
wave, modulated or pulsed. The use of modulation or pulses
allows for better discrimination properties.

Wave radars may be used in two modes. One is near vertical,
with the radar pointing downwards. The other is the low
grazing angle mode, receiving the echo caused by Bragg
scattering. In the case of X-band radar this scattering is due to
ripples caused by wind; but in the case of HF radars the
scattering is due to the waves.

More details on wave radars are given in (Gronlie, 2004).

3. NEAR THE BOW WAVE MEASUREMENT

3.1. The Case of Towing Tanks

Seakeeping testing of scaled ships in towing tank facilities
usually have to record ship motions and the waves that cause
these ship motions. The data obtained are useful for ship
modelling purposes. Waves are measured near the bow.

The measurement of liquid level has a long tradition in the
industrial environment. Many kinds of sensors and
measurement techniques have been put into practice. Some of
them are usually employed in towing tanks for wave
measurement.

Simple, robust sensors can be built to measure liquid level by
measuring electric resistance, or by measuring capacitance. A
typical constructive solution is to employ two coaxial
metallic cylinders, letting the liquid enter in the space
between cylinders. A common way to measure capacitance is
by using an alternate current through the capacitor.

Pressure sensors can be used in several ways for liquid level
measurement. A calibration problem appears since pressure is
influenced by the ship’s speed.

Ultrasound techniques are promising for liquid level
measurement. The ultrasound beam should work in distances
less than 10m or so. The foam and surface ripple can cause
measurement errors. Ultrasound sensors can be submerged,
and so the beam reflection suffers less from foam and ripples.
Attention must be paid to mechanical noises from the ship,
which can interfere with the ultrasound.

Perhaps computer vision may be applied, mostly in the
infrared domain. This solution may require a lot of
computation effort. A simplest way is by just using infrared
beams and infrared sensors, but distances must be short. In
(Heitsenrether and Bushnell, 2008).waves are observed
during the use of microwaves for water level measurement.

In general the experimental conditions in a towing tank are
much better than environmental conditions in real scale ship
operation. For instance, the sea salt causes problems for some
of the mentioned sensors.

3.2. Shipborne Wave Measurement

One of the first practical systems for shipborne wave
measurement was implemented in the 50’s by M.J. Tucker.
The system is described in the book (Tucker and Pitt, 2001).
Two pairs of accelerometers and pressure sensors are
mounted port and starboard on the ship’s hull below the
waterline, amidships. The idea with the pairs is to eliminate
roll influence. The accelerometer signals were double
integrated to obtain ship heave. The pressure sensors a wave
height signal additional to the heave. Individual wave height
is measured with respect to the zero crossing. The system
requires calibration and adjustments for oceangoing work
The system is being offered today as Shipborne Wave
Recorder MKIV.

A shipboard ultrasonic wave sensor was introduced in (Mark,
1963). The sampling rate was 10 Hz., the height resolution
was 2 inches. Ultrasonic systems are currently used for many
marine applications, like depth measurement. In (Martinez
and Bourgeois, 2005) a wave height meter is made by re-
using a depth meter, which combines an acoustic ranger and a
heave sensor.

Sound has been used by (Taira and Takeda, 1969) for wave
height measurement. It is 7 kHz audible sound at a sampling
rate of 14 Hz. The longest sound path is 19 m (9.5 m x 2).
The diameter of the target area is about 1 m. The paper shows
experimental results not on a ship but from a fixed tower.
Later on, in (Taira, et al., 1971) the system is tested on a ship.

One of the first proposals of using shipboard near vertical
radars is (Hammond and Craig, 1984), and later on (Yasuda,
et al., 1985) with Doppler radar. Since then, the technique has
improved and now several companies, like TSK, O’Conner,
etc., offer industrial solutions with this concept. For instance,
the shipborn wave height meter offered by TSK measures +
14.5 m wave height with a resolution of 1.4 cm; the radar
frequency is 10.524 Gz. Next figure is borrowed from the
TSK brochure, and shows the system configuration.
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Fig. 1. Using radar near the bow



4. MEASURING FROM DISTANCE

The prediction of quiescent periods of ship motion can be
done on the basis of measuring the incoming waves from
enough distance. The complete motion prediction mechanism
involves three tasks: to measure the height of distant waves,
to predict the wave changes due to propagation towards the
ship, and finally to predict the ship motion response to
encountered waves.

The most used method for distant wave measurement is
radar. We want to measure waves from several hundreds of
meters. And we want to obtain wave height measurement
results in few seconds, which is equivalent to have fast result
computation.
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The classical literature on marine radars considers “sea
clutter” as a problem that must be filtered out. As mentioned
before, this is due to the Bragg effect: backscattering of
electromagnetic waves from sea surface. In the case of X-
band radars, backscattering comes from sea surface ripples in
the range of around 2 to 5 cm. The backscattering causes
signatures in radar images. These signatures are visible in the
range inside 3 nautical miles.

According with (Hessner, Nieto-Borge, and Bell, 2008), the
longer waves, like swell and wind sea become visible as they
modulate the backscatter signal. Origins of this observation
are (Alpers, Ross, and Rufenach, 1981; Plant, and Keller,
1990; Lee, etal., 1995).

The paper of (Senet, Seemann, and Ziemer, 1997) is a
definite step into using sea clutter for wave observation from
ships. This paper is linked to the origins of the industrial
WaMosS system.

Next figure shows a X-band radar image of the surrounding
sea.
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Fig. 2. X-band radar image from sea

The on-ship radar operates with small grazing angle with
respect to sea. This fact, and the presence of nonlinearities,
has important implications on wave measurement from
distance. A relevant article on this topic is (Stevens, et al.,
1999). This article includes a review of previous literature on
wave observation using radar. A specialist on the problem is
Buckley (Buckley and Aler, 1997, 1998; Buckley, 2001).
Next figure, taken from (Nieto-Borge, et al., 2004) illustrates
the problems involved in small grazing angle measurements:
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Fig. 3. Small grazing angle measurement

The ocean observation with radars may obey to several
purposes. For instance sea state, currents, bathymetry
(Hessner, Nieto-Borge, and Bell, 2008; Nieto-Borge,
Hessner, Jarabo-Amores, and Mata-Moya, 2008; Reichert, et
al., 1999, 2005; Serafin, Lugni, and Soldovieri, 2008). The
X-band nautical radar is able to scan an area with Sm x 5Sm
definition. Sequences of images can be obtained, and with the
analysis of the sequences directional wave spectra can be
obtained.

A main event was the publication of the article (Nieto-Borge,
et al., 2004) on the inversion of marine radar images. A radar
image processing procedure was described. The procedure
uses 3D direct and inverse Fourier transform, requiring a lot
of computation effort. The new methodology paves the way
for quiescent period prediction purposes.

The work of (Nieto-Borge, et al., 2004) is part of the research
funded by the European Project MaxWave. Several inversion
algorithms were developed for nautical and satellite radars
(Dankert, and Rosenthal, 2004; Schulz-Stellenfleth, and
Lehner, 2004; Dankert, Horstmann, and Rosenthal, 2005). A
recent overview of inversion methods is given by (Flampuris,
Seeman, and Ziemer, 2009).

Figure 4 shows a block diagram of the inversion procedure as
in (Serafino, Lugni, and Soldovieri, 2008).
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Fig. 4. Inversion procedure

Figure 5 shows the results of the inversion of a radar image.
Waves are clearly delimited.

Fig. 5. Example of inversion results

The significant wave height can be determined from the
signal to noise ratio (Nieto-Borge, Reichert, and Dittmer,
1999; Nieto-Borge, Hessner, and Reichert, 1999; Nieto-
Borge, et al., 2008), where the signal corresponds to the wave
energy of wind and swell waves, and the noise corresponds
mainly to sea clutter.

There are some commercial solutions for wave monitoring.
The Miros wave and current radar can be mounted on slow
motion platforms, and uses range gated pulsed Doppler
microwave radar. Navigational X-band radar is used by the
Miros WAVEX system, and by the OceanWaves WaMoS 11
system. The web page of Ocean Waves contains several
extended documents with technical and scientific details

There is a large body of literature about the WaMoS II
system and its applications (Reichert, et al., 1999; Hessner, et
al., 2001; Hessner, et al., 2006; Hessner, and Reichert, 2007;
Hessner, Nieto-Borge, and Bell, 2008; Reichert, et al., 2009).

Recently, the results of the OWME project, which are
announced on the web page of MARIN, attracted a lot of
attention. The information given is that quiescent periods are
predicted 2 minutes in advance. The more related paper is
(Dannenberg, Reichert, and van den Boom, 2009).

To complete the reference to radar, let us mention some other
interesting papers. Analysis of directional wave fields using
X-band radar (Nieto-Borge, and Guedes-Soares, 2000;
Izquierdo, and Guedes-Soares, 2005). Radar wave height
measurements (Vogelzang, Boogaard, and Hessner, 2001;
Wang, Yuan and Lu, 2007). Analysis of sea clutter structure
(Nieto-Borge, et al., 2008). Extraction of sea-state parameters
(Wu, et al., 2008). Determination of internal wave properties
(Ramos, Lund, and Graber, 2009).

The paper (Huang, et al., 2002) uses HF radar for wave and
wind measurement.

The laser can also be used for sea surface scanning. One of
the first reviews of this alternative is (Sviridov, 1993).
Interesting papers on this topic are (Shaw, and Churnside,
1997; Irish, et al., 2006). A notable paper on recent LIDAR
application is (Belmont, et al., 2007), which is related with
prediction of QP.

5. OTHER WAVE MEASUREMENT CONTEXTS

From the SeaSat launching in 1978, several satellites have
been useful for ocean wave imaging using SAR radar. For
example the TOPEX/Poseidon, Jasonl, etc. The whitepaper
(Lehner, and Ocampo-Torres, 2003) discuss results of the
SeaSat, ERS and EnviSat missions; a historic review from
SeaSat to EnviSat is made by (Alpers, 2003). The article (Li,
Lehner, and Rosenthal, 2010) focuses on TerraSAR-X
satellite, with references to previous missions. In (Sun and
Kawamura, 2008) a method for the retrieval of wave
parameters from SAR data is introduced.

Airborne SAR is also used for ocean wave imaging. See for
instance (Schulz-Stellenfleth, and Lehner, 2001). Likewise,
airborne LIDAR for ocean and coastal applications has been
introduced in (Reineman, et al., 2009).

Many of the technologies that have been mentioned in this
paper are also applied either from the coast, from the bottom
of sea, or from space, for sea monitoring, ocean topography,
oceanographic studies about currents, tides, internal waves,
climate effects, natural disasters, etc. The number of papers
on these topics is impressive, far from the limits we are
considering in this review. There are also some non
mentioned technologies that are gathering merits for future
consideration, like GPS, information coordination from
several sources, etc.



6. CONCLUSIONS

In this paper a state of the art study has been presented,
concerning wave height measurement for ship motion
prediction.

After a short section on radar, the paper distinguished two
measurement modes: near the bow, or distant waves.

In particular, the measurement from distance allows for
significant ship motion prediction time: up to 2 minutes.

The topic is alive and is getting encouraging results.
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