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This thesis is concerned with the design of a new ocean going instrument to measure the local
sea surface profile. The motivation behind this project was the need to investigate oceanographic
features that have been observed using imaging radar aboard aircraft and satellites. The
measurements made with this instrument will further the understanding of the processes involved
in radar backscatter from the ocean surface and will enable further analysis of ocean phenomena
detected using imaging radars. With an improved understanding of these processes it will be
possible to analyse quantitatively satellite images generated from around the globe. This will
allow global environmental monitoring which could lead to improved weather forecasting,

pollution control such as oil slick monitoring and surface and subsurface operations.

It is believed that radar signals having a wavelength of 10 to 300mm are backscattered from
waves on the ocean surface of similar length. Earlier attempts to measure waves including those
designed to measure millimetric waves are critically reviewed and an account of the evolution of
the design of a new instrument to measure these small waves is presented. This new instrument
has been tested in the laboratory, which has demonstrated that a repeatable wave slope
measurement accuracy of +0.56° has been achieved in static tests. Dynamic tests made using a
wave tank have generated a wave slope profile, clearly showing 10mm wavelengths present on

the surface.

The new Digital Slopemeter is designed to measure the small-scale sea surface roughness for
wavelengths in the range 10mm to 224mm. This instrument uses two grids of wavelength
shifting fibres to digitally record the slope of a refracted laser beam. The laser beam is rapidly
scanned over the sea surface to ensure that the profile of the surface is effectively stationary over
a length of 224mm. The wave slope is sampled at 3.5mm intervals along each scan, allowing
7mm wavelengths to be resolved. This efficient measurement of the sea surface roughness
enables a real-time display of the data collected. The design of the instrument permits it to be

deployed from the bow of a research vessel in moderate seas. This instrument is therefore simple

and flexible to deploy.
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Chapter 1 - Introduction

Chapter 1

Introduction

1.1. Thesis Outline

This thesis is concerned with the development of an instrument designed to be deployed on the
bow of a research vessel to measure the sea surface roughness. The aim is to provide
information on the shape of the sea surface for wavelengths between 10 and 300mm. The
significance of this range of wavelengths will become clear during this chapter which outlines
the scientific motivation for the development of this instrument. Chapter 2 presents a critical
review of some previous attempts to measure the sea surface and discusses the limitations of
these instruments. A critical review of the Towed Laser Slopemeter, which was designed and
deployed by the University of Southampton, is present in chapter 3. The author was involved in
severl deployments of this instrument. This provided invaluable experience for the development
of the new Digital Slopemeter. The remainder of the work related to the development of this
Digital Slopemeter, with the exception of the real-time software, is original research carried out
by the author. Chapter 4 describes the problem associated with measuring a sea surface wave
spectrum and introduces a possible solution, which involves a submersed laser scanning system
design. The design of a new detector that allows the concepts developed in chapter 4 to be
implemented follows in chapter 5. The readout and control electronics required from the new
instrument are described in chapter 6, and chapter 7 describes the mechanical aspects of the
system and presents the results demonstrating the initial performance of the detector. The affect
of the wave curvature on the laser beam diameter is investigated in chapter 8 and results showing
a measured wave slope profile of the water surface in a wave tank are presented. Also presented
in this chapter are the preliminary laboratory measurements of small-scale water waves. Finally,
chapter 9 suggests further work that is required before the initial deployments of the instrument

at sea and provides a description of additional instrumentation that would be required in a field

operation.
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1.2. Motivation for Research

Measurements of ocean currents, depths, temperatures and wild life where often made by ships
on navigational voyages [McConnell, 1981]. However, it has become increasingly important to
understand the ocean surface whose energy, ships and ocean structures have to withstand. For
over 150 years, ships navigating the oceans have been reporting wave heights they have
encountered [Kinsman, 1965, P9-22]. However it is only in the past half a century that more
comprehensive studies have been made. The incentive for this has been an interest in the
predicting and understanding the nature of ocean waves, by off shore operations such as the oil
industry and the Navy [Verboom 1980, Pitt et. al. 1980, Russell 1963]. It is also important to
be able to predict waves for coastal protection. In these cases it is the larger amplitude waves
that carry the majority of the energy that are of most interest. However, the transfer of energy

from the wind to the ocean surface is via much shorter waves with millimetre wavelengths.

The roughness of the ocean surface depends primarily on the wind. When a wind starts blowing
over a completely calm sea the friction between the air and the sea generates very small capillary
waves with millimetre wavelengths that are relatively quick to react to changes in wind velocity.
The restoring force for these waves is primarily the water surface tension and they soon abate
with a decline in the wind speed. As the wind continues to blow, energy from these waves is
transferred to longer wavelengths [Kinsman, 1965, P6-22]. When the wavelengths become
greater than a few centimetres the dominant restoring force is gravity and these waves are then
known as gravity waves. Once the wind abates these waves may continue for some time and
large gravity waves can travel vast distances before breaking on a coastline or any other
structure in their path. If the wind continues to blow, more and more energy is transferred to the
sea surface and eventually the energy of the waves is dissipated through breaking. This often
occurs when the waves become too steep causing the tops of the waves to collapse which is also
aided by the wind blowing the tops of the waves off. This complex wind water interaction is not
well understood because of its non-linear nature. In an attempt to understand this process it is

imperative that these capillary waves are measured with respect to the wind speed and longer

ocean waves.

The main incentive, however, for measuring the small-scale surface roughness was the use of
remote sensing instruments to study the ocean surface. Radar uses electromagnetic waves
scattered off the sea surface to generate an image. It is generally assumed that the mechanism
involved in the backscatter of radar from the sea-surface is resonant Bragg scattering, as shown
in Figure 1. 1 [Macdonald 1963, Vesecky et. al. 1982, Robinson I. 1985]. This implies that
microwave radiation will be scattered from ocean waves of similar wavelength to that of the

light used, which is generally between 10mm and 300mm (30GHz to 1GHz). The backscatter of
2
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radiation from the sea surface was first noticed during the Second World War as it caused noise
in the radar signal. Consequently, its study was motivated by the military. Initially ground
based radars were used to retrieve information about sea surface [Macdonald 1963]. However,
when radar instruments were flown on satellites, large areas of the sea surface could be imaged
in a relatively short time. The first satellite specifically designed for oceanographic use was
SEASAT. This was launched in 1978 and was active for only 100 days but in this short time it

returned a sufficient amount of radar data to show the usefulness of satellite oceanography.

Figure 1. 1. A simplified view of Bragg scattering by the sea

surface.

From the images returned from the synthetic aperture radar (SAR) aboard SEASAT it was clear
that the waves from which the radar was being scattered where modulated by a great many ocean
processes. Features such as swell waves, internal waves (Figure 1. 2), surface slicks (Figure 1.
3), surface currents (Figure 1. 4), wind and rain (Figure 1. 5), and bottom topography (Figure I.
6) can clearly be seen. Swell waves and internal waves affect surface and subsurface operations.
Consequently, it would be useful if a quantitative measure of these waves could be provided
over a global scale. The Norwegian Pollution Control Authority used both satellite and airborne
SARs to monitor pollution off the coast of Norway [Pedersen et. al.]. At low wind speeds, false
alarms may be caused by natural oil seepage leaking from the seabed. At high wind speeds
slicks may have no additional affect on the surface because waves modulated by the slick are
already saturated in their intensity by the strong winds. So again a quantitative measure of the
surface roughness from satellite images would be useful. The identification of surface currents
has various applications, such as associating surface current eddies with regions that have a high

abundance of fish larvae [ASF]. It has also been used to track the movement of the Gulfstream,
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which may affect both fisheries and shipping, in addition to the European weather [Vesecky et.
al. 1982]. The modulation of the surface roughness by the interaction of ocean currents with the
bottom topography may allow bathymetry mapping of coastal zones by satellite SAR
[Gommenginger C. 1998]. The radar backscatter is affected by wind driven waves,
consequently, there is a correlation between the wind speed and the intensity of this backscatter.

In Figure 1. 5 gust fronts from a storm can clearly be identified [Melsheimer C. et al. 1998].

Figure 1. 2. ERS-1 SAR image of the Strait of Gibraltar
showing internal waves propagating into the Mediterranean.
These waves have been generate by the flow of water from the

Atlantic Ocean into the Mediterranean ocean.

RADARSAT
Contirmed Oil Spill
29. Sep. 1998

Spill from oil rig
in the North Sea

RADARSAT SAR image

Aircrafi SLAR image
from Norwegian Pollutior
Conirol Authorities

Copynght SLAR mage SFT, 199&
Copymoht RADARSAT data Canadian Space Agency
ence spgliale canadienne, 1938

Figure 1. 3. An oilslick observed by SAR instruments in the
North Sea. [Tromso Satellite Station AS, Tromso, Norway]

4
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Figure 1. 4. Image showing a surface current eddy in the Bering
Sea, which is a region of high abundance of walleye pollock

larvae. [ASF ERS-1 SAR: Image 20994200]

. o SR i A n‘-‘[)’-, 3 £ . )18
L ~~rn | North  Flight Look
o U [ =

Figure 1. 5. SAR image of the Gulf of Thailand during a rain
storm [Melsheimer C. et al. 1998]. (1) Gust fronts that are

caused by building cumulus nimbus cloud have caused an
increase in sea surface roughness. (2) Precipitation from these

clouds damping out the waves that are scattering the radar.
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Figure 1. 6. (Left) Seasat L-band SAR image of the ocean near

Nantucket Island, showing bathymetric signatures, upwelling,
and internal waves. (Right) Skylab photograph of the same
region made several years before, showing white shoal regions
that match the bathymetry and SAR backscatter variations very
accurately. [From NASA Technical Memorandum 4679]

There was also a scatterometer aboard SEASAT, which is an instrument specifically design to
estimate the wind speeds and directions from the radar backscatter [Jones et. al. 1982]. This
instrument is ideal for monitoring surface winds globally in order to aid weather predictions and
for monitoring wave conditions. This is useful in planning marine operations, such as fishing,
rescue operations, oil rig operations and navel exercises. An example of the data collected by
NSCAT, a scatterometer aboard the Japan's Advanced Earth Observing Satellite (ADEOS-II)
that flew in 1996, is shown in Figure 1. 7. This image shows the surface wind velocity in the
vicinity of Typhoon Violet superimposed on an infrared image of the cloud formation in the

area.

It is clear that satellite SAR images and wind measurements by the Scatterometers are of great
use and have consequently been deployed on various other satellites since SEASATSs operation.
Radar also has the advantage that it can be used day or night regardless of cloud cover. This has
provided an incentive to obtain a much greater understanding of how the radar interacts with the

sea-surface which in turn required a better understanding of the sea-surface itself. It is therefore
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imperative that detailed in-situ measurements are made, not only to increase the understanding

of radar backscatter but also to study further the ocean processes that have been observed.

Figure 1. 7. The surface wind velocity in the vicinity of

Typhoon Violet measure by NSCAT superimposed onto an

infrared cloud cover image. [Winds, Scatterometry, JPL and

NASA web site]
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Chapter 2

Techniques for Measuring Ocean Waves

2.1 Introduction

This chapter provides a brief description of techniques that have been used to measure the sea
surface roughness. It also discusses the need for further instrument developments in order to
measure wavelengths in the range 10mm to 300mm. The ocean has a complex surface
consisting of many different length waves each with different velocities and phases so that the
surface changes in both space and time. In order to measure any particular range of
wavelengths, an area large enough to include the longest waves of interest must be studied and
this area must be sampled with fine enough resolution to record the shortest waves of interest.
Alternatively, the frequency at which waves pass a point can be studied, although maintaining an
instrument stationary relative to a mass of water on which the waves are travelling is difficult.
Several different types of instrument have been designed to measure waves on a water surface.

This chapter will consider whether these techniques could be applied to the wavelength range of

interest.

2.2. Measuring Techniques

In general, instruments are designed to measure either the wave height or the wave slope of the
sea surface. Both these measurements will be considered and the techniques that have been
deployed to make them. Instruments for measuring the sea surface can be broadly separated into
two, those that disturb the surface while making a measurement and those that do not. If small
waves are to be measured, it is preferable to use a technique that does not disturb the surface in
the process. However we shall consider all the possible techniques here, starting with those that

disturb the surface while making the measurement.



Chapter 2 - Techniques for Measuring Ocean Waves

2.2.1. Invasive Techniques

Perhaps the simplest of methods that can be used to measure wave heights involves placing
electrodes at regular intervals on a staff placed vertically in the water. When each electrode is
submersed, the water completes a circuit between the electrode and a wire that runs parallel to
the staff. This will indicate the level of the water up the staff. This method was used by Russell
[1963] to investigate the forces exerted on offshore structures by ocean waves. The advantage
of this measurement technique is that is can measure very large wave heights. On certain off
shore structures the staff described by Russell [1963] was up to 18m long. The distance between
the electrodes on the staff was a few tens of centimetres, which limits the wave height
resolution. To measure smaller waves the distance between the electrodes would have to be
reduced and to ensure the waves being measured are not significantly distorted, the overall

dimensions of the staff would have to be reduced as well.

A better instrument for measuring smaller waves would be a wire wave gauge. These can
measure the position of the water continuously along their length and have a width of less than
Imm. They use the changes in the electrical characteristics of the wire when their submersed
length varies, to determine the height of the water surface. Several different circuits have been
used for this purpose, two of which are shown in Figure 2. 1. Circuit a) is a bare resistive wire
that is part of a circuit in which a constant oscillating current signal is passed. The ground of the
circuit is placed in the water so that the conductive length of the wire depends on the height of
the water level. As the water level moves up the wire its resistance length decreases and

consequently so does the amplitude of the oscillating voltage across it [Farmer 1963, Lobemeier

1981].
a) b)
Current Oscillator = Output 'Volt?ge Constant voltage — Output .Voglage
and Rectifying proportional to Oscillator and proportional to
circuit +— change resistance Rectifying circuit [ change in current
across probe through probe

@ Resistance !
wire i Conducting
1 | wire

_ Seawater Il ! Dielectric
Low resistance ground
wire connected Sea water
to ground plate

Figure 2. 1. Two types of wire wave-gauge, a) a resistive wire

probe, b) a capacitive wire probe [Kinsman 1965].

9



Chapter 2 - Techniques for Measuring Ocean Waves

The second circuit, Figure 2. 1 b), consists of a wire surrounded by a dielectric which again is
partly submerged into the sea. The seawater and the wire are isolated by the dielectric so they
act as a capacitor whose value depends on the height of the water surface. A square oscillating
constant voltage signal is passed through the circuit. As the capacitance of the probe changes
the current that flows changes. This current is then converted into a voltage using a transformer
and rectifying circuit and this voltage is proportional to the height of the water surface up the

probe [Mcgoldrick 1971].

These probes have to pass through the surface of the wave and in doing so distort the surface
being measured. This results in the probes having a minimum wavelength resolution. Sturm et
al [1973] suggested two effects that limited the frequency response of a wire wave-gauge. The
first is the wetting characteristic of the probe, which prevents the probe from responding rapidly
to changes in water level. The second effect is the meniscus that forms around the probe. This
increases the effective diameter of the probe and reduces the probes sensitivity to small
wavelengths. Sturm et al [1973] measured the wave height of sinusoidal waves generated in a
wave tank. The wave heights were also inferred from the wave slopes that were measured by a
laser slopemeter. In addition, the amplitude of this wave was accurately measured to verify that
the laser slopemeter was reading correctly. Using theses two instruments, capillary waves were
measured. The results showed that for wavelengths less than 7cm, the wave amplitudes
measured by the wire probe were less than 90% of those measured by the laser slopemeter and
they decreased further with decreasing wavelength. Lange et. al. [1982] has also shown that a
wire probe does not measure waves with the same sensitivity as a laser slopemeter. They
assumed the linear dispersion relationship for the waves in order to calculate the wave heights
from the measured wave slopes so that they could compare them with the wave heights measured

with the wire probe. Hence this was not a comparison of purely experimentally acquired data.

A comprehensive comparison was performed by Liu et al [1982]. The performance of different
diameter wire wave gauges was compared with a laboratory based optical instrument that used a
camera to measure the height of the water surface directly, as opposed to inferring it from a
measurement of the wave slope. The camera imaged the position of the laser beam spot on the
air-water interface. This instrument required calibrating so that the position of the spot could be
related to an accurately known surface height. With this instrument, Liu et al [1982], showed
that surface height was significantly distorted for wave height frequencies > 7Hz. This
corresponds to approximately a 2cm wave. Previously, Lobemeier [1981] had claimed that his
wire wave gauge could measure waves with an amplitude frequency of at least 50Hz. The waves
that were measured by Liu et al [1982] were wind driven and it has been suggested that

Lobemeier’s [1981] claim was most probably due to the idealistic conditions under which his

10
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probe was tested. Due to the presence of the meniscus that forms around the probe, it appears

there is a inherent limit to the wavelength that it is possible to measure with a wire wave gauge.

2.2.2. Non-invasive Non-optical Techniques

It is possible to measure the height of a wave by measuring the pressure fluctuation below the
water surface [Tucker 1963, Barber 1956]. As waves on the surface pass over a sensor placed
on the seabed, the pressure that is recorded will increase with increasing water height. The
pressure fluctuation caused by the wave decreases exponentially with the depth of the sensor
[Tucker 1956]. Therefore, in order to make a measurement, the heights of the waves must be
comparable to the depth of the sensor below the surface. This type of device will therefore only
generate good results in shallow water and even then the pressure changes caused by the small
wave amplitudes will be insignificant compared to those of the larger ones. Tucker [1956]
describes a pressure sensor deployed on a boat to measure wave heights in open water. This
sensor has been used by The Institute of Oceanographic Sciences to study waves around the
coast of the United Kingdom [Pitt et. al. 1980]. It was a practical, low cost instrument, although
deployments where limited to available ships such as the light ships that are permanently
moored. Waves are reflected from the boat causing this instrument to have a limited wave
height sensitivity. This effect was largely removed for large waves by placing pressure sensors
on opposite sides of the vessel. As an alternative to Tuckers method of deploying the pressure
sensors, placing the pressure sensor on a submerged vehicle might be considered. However, to
ensure that the surface is not affected significantly, the submersible would have to be at a depth

of at least 5 times it’s outer dimensions, which greatly reduces the effectiveness of the sensor

[Allmendinger E. E. 1990].

Munk suggested the use of an array of upward facing echo sounders mounted to the upper
surface of a submarine to detect the height of the sea surface above it [Macovsky et al., 1963].
The Hydrographic Office used this technique to measure the power spectra of surface waves [De
Leonibus 1963]. This technique was limited in wave amplitude resolution to the nearest 30cm
because of the finite ultrasonic pulse angle used, of 3 degrees. This generates a footprint on the
surface of approximately 160cm that effectively averages the surface height over this area.
Therefore, neither pressure sensors nor echo sounders can be used to measure small-scale

surface roughness although they are useful for larger scale wave monitoring purposes.

In fact recording the amplitude of a wave is not an ideal method of recording small amplitude
waves, because on the ocean surface these waves may be riding on much larger amplitude

waves. This consequently requires an instrument with a large amplitude range. Alternatively,

11
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the slope ofithe sea surface may be measured using light and in principle the wave slopes that are

measured from any wavelength wave would lie in a similar range.

2.2.3. Optical Reflection Techniques

As light passes the air-sea interface, the change in refractive index causes it to either reflect or
refract to a degree that depends on the wave slope at that point. Therefore, measurement

techniques may be divided into those that use reflection and those that use refraction.

The main advantage with any reflection technique is that the instrument can be kept above the
sea surface. Therefore, the reflected light can be detected without the surface being disturbed.
Although, the sea surface is a specula reflector of light, other processes also take place such as,
transmission and scattering of light within the ocean. Stilwell Photograghy probably suffers
from the most problems and is therefore the least convincing technique [Stilwell 1969]. It
demonstrates many of the problems associated with making measurements ofi the sea surface
shape using reflection. This method was first described by Stilwell in 1969, who used it to
analyse a photograph taken from a bridge across the Anacostia River in Washington. If the sea
is evenly illuminated by a homogenous extended light source then light will be reflected from all
points on the surface. The intensity of the reflected light will depend on the coefficient of
reflection that varies with the surface slope. If the surface is viewed from above it is not
possible to determine whether the wave slope is positive or negative from the intensity of the
reflected light alone. This is not the case if the sea surface is viewed from an angle, more light is
reflected in the direction of the camera if the surface is sloped towards it. However, the wave
direction still cannot completely be determined unambiguously for all directions. For example,
the intensity of light reflected towards the camera from a wave, with its crests and troughs
aligned parallel to the viewing angle, would be identical for both positive and negative wave
slopes. Waves travelling towards or away from the camera would have a coefficient of
reflection that varies continuously, although not linearly. In fact the brightness of light reflected
from slopes that fall away from the camera can be up 50 times less than from slopes that fall

towards the camera [Jahne et al. 1992].

In addition to this highly non-linear change, the reflection intensity will also depend on
variations in the sky illumination. Even on a completely overcast day there will be variation in
light levels across the sky and it is exceedingly difficult to generate an artificial extended light
source, especially when larger areas ofithe sea have to be illuminated. Both the light that has
been transmitted into the sea and scattered back towards the surface, and the light that has had

multiple reflections will increase the intensity of light emitted towards the camera. Therefore,

12
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there are several inherent sources of error in this technique of measuring the shape of the sea

surface.

Churnside et al., [1995] have suggested a method for measuring the sea surface slope using light
backscattered from particles that are suspended in the water. The transmission of light through
the air-water interface depends on the angle that the light is incident with the surface. The ratio
of light polarised in two orthogonal directions may be related to the surface slope regardless of
the intensity of the incident light. However, this method suffers from the same sort of problems
as Stilwell photography, with an added limitation. The image of the surface with the two
separate polarisations must be taken before the surface moves significantly, consequently the
speed of the CCD camera used, limits the waves that can be effectively viewed. It is, therefore,

unlikely that this technique would be used at sea where the wavelength range can not be limited.

By illuminating the sea surface with a point light source specula reflections from the sea surface
can be used to determine the wave slope at the point where the reflection occurs. Information
about the intensity of the light reflected is not required and therefore the problems associated
with this are not encountered with this technique. Provided the position of the point source and
the camera are known, the angle of each facet reflecting can be ascertained, as shown in Figure
2. 2. This technique is known a glitter photography and was first reported on by Cox and Munk
in 1954 using the sun as the point source [Cox and Munk 1954].

’ Camera aboard
’ aircraft

Negitive slope Zefo slope Positive slope
reflects reflects reflects

Figure 2. 2. The geometry used for sun glitter photography.

This technique will generate wave slope probability distributions from an area of the sea surface.

A large area of the surface must be used or alternatively several photographs of a smaller areas

13
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in order to obtain good statistics. An example of one such probability distribution generated by
Cox and Munk is shown in Figure 2. 3. This data was generated from photographs of the sun’s
reflection off a large area of the sea surface near Monterey California, taken from an aircraft.
The study conducted by Cox and Munk [1954] still remains an authoritative guide to sea surface

roughness statistics due to the lack of inherent errors in the technique.

Figure 2. 3. The typical shape of a wave-slope probability
distribution in a cross wind direction (7op) and in the same
direction as the wind (Bottom) generated using Glitter
photography by Cox and Munk [1954]. The solid line is the
measured data and the dotted line is a Gaussian fit of equal

mean squared wave slope component.

Shaw et al. [1996] deployed an instrument which measures the glitter from a small area of the
sea surface so that the finer wave structure can be studied. This instrument is similar to one used
previously in a wave tank by Wu [1971]. It measures the number of times a laser beam is
reflected back from the sea surface towards a detector. By scanning the instrument through a
range of angles, and counting the number of reflections obtained from each angle, wave slope
statistics can be built up. This instrument uses a much more direct method of measuring specula
reflection from the sea surface than that of Cox and Munk [1954]. This instrument was

deployed in 1995 from floating platform moored of the Oregon coast. It generated results that
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where similar to those of Cox and Munk [1954]. However, in order to study the sea surface in

more detail the shape of the surface must be measured, which can not be achieved with these

types of instruments.

It is possible to determine the height of a surface using stereophotography. This technique has
been used by a number of investigators to retrieve wave height information from the sea surface
using the parallax between two photographs taken simultaneously [Cote et al. 1960, Dobson
1970, Shemdin et al. 1988, Shemdin, Tran and Wu 1988, Waas et al. 1992]. The height of the
surface can be determined by viewing the sea surface from two different angles and measuring

the change in position of particular features between the two views, as shown from the geometry

in Figure 2. 4.

In order to determine the height of the sea surface, corresponding points on the two images must
be identified. However, when the sea surface is viewed from different directions, different
facets on the sea surface reflect the light towards the camera. Therefore, features on the surface
will be viewed differently in the two photographs. This has meant that stereophotography is
very difficult to use on the sea surface. In the past it was also considered difficult to resolve
waves over a large range of wavelengths [Jahne et al. 1992]. However, with modern CCD

cameras this is now less of an issue as an image can consist of thousands by thousands of pixels

as opposed to hundreds.
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Figure 2. 4. The geometry used for stereophotography of a

surface.
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More recently Waas et al. [1992] has developed an instrument that uses both stereo imaging and
glint imaging that solves the problem of identifying corresponding points. It involved the use of
two CCD cameras that viewed the surface through polarising filters. Each camera only images
light from one of two polarised point light sources that are illuminating the surface. This
allowed the relative orientation of the light source and camera to be identical for both views, so
that each camera views a particular facet of the sea surface with exactly the same illumination.
Therefore, each light source generates a glitter pattern from the same facets on the surface. By
determining the corresponding glint reflections, the height of the surface at those points can be
determined. This allowed the height of larger waves over about 10cm in length to be measured.
The glitter coverage and the resolution of the camera limited these height measurements. In
addition to this measurement, the zero slope probability can be determined by counting the
number of specula reflections occurring in the image. From this measurement the mean square
slope can be estimated for these smaller waves. Therefore, information about both long and
short waves can be obtained which allows their interactions to be studied. However, this
technique does not provide continuous coverage over the surface and misses much information
about the complete structure of the surface. It also will not record any data if the small waves

causing the specula reflection are not present.

Ideally the sea surface should be mapped to give a detailed wave profile and clearly this has not

been possible using reflection techniques.

2.2.4. Optical Refraction Techniques

Wave slopes are generally quite small and therefore the majority of the light incident
perpendicular to the mean sea surface passes straight through, refracting according to the local
surface slope. This refraction angle may be used to determine the slope of the surface. Cox
[1958] first used the refraction of light to measure waves in a wind-wave tank. The
experimental arrangement that he used is shown in Figure 2. 5. A diffuse light source was
placed beneath a glass plate window in the bottom of the wave tank. Inside the wave tank, above
the window, was placed a hollow wedge filled with inky water. The wedge was constructed so
that the intensity of light that passed through it, varied linearly from one end of the wedge where
it was virtually zero, to the other end where almost all the light passed through. A telescope was
then focused onto a point on the water surface in the tank. The intensity of the light viewed by
the telescope depended on where, on the wedge, the light had originated. This in turn
determined the degree of refraction of the light at the water surface. This technique generates a

single point measurement of the wave slope. More recently, the experiment has been adapted so
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that a 2 dimensional representation of one component of the wave slope could be recorded by

replacing the telescope with a CCD camera [Keller et al., 1983 and Jahne et al., 1990].

The main difficulty with this method is that the intensity of light is not solely dependent on its
origin on the wedge. The depth of the water can also affect the intensity and measurements
made on the crest of a long wave will be different from those made in the trough of the wave.
Cox estimated that for high wind velocities over the wave tank, there was as much as £ 20%
change in the intensity scale caused by changes in depth. In the open sea, the waves can be
considerably larger than those in the wave tank, so this method is not ideal for deployment at
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Figure 2. 5. The experimental arrangement used to measure the

wave slope of wind driven waves.

In 1969, Prettyman and Cermak [1969] reported on an instrument consisting of a laser that was
held approximately 3 meters above the sea surface so that the beam shone directly downwards.
Below the surface and directly below the laser, a detector that consisted of a ground glass screen
and a high-speed video camera was placed. The camera recorded the position that the laser was
refracted to on the glass screen. This position could then be related to the wave slope provided
that the height of the sea surface was also recorded. It was intended that the height of the
surface would be measured using a laser, by recording the time between a light pulse being
emitted and being received after reflecting from the sea surface. It was reported that this feature
was not operational and so the height was assumed to remain at a constant distance of 3m from

the laser. This caused an error of between 10% and 20% in the wave slopes measured.
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