MEASUREMENT AND ANALYSIS OF SEA WAVES
NEAR A REFLECTIVE STRUCTURE

by

PAUL ANDREW DELVES BIRD

A thesis submitted to the University of Plymouth
in partial fulfilment for the degree of

DOCTOR OF PHILOSOPHY

L3
- oy po e A o, g YT AT e oty

ot o 0 0N

School of Civil'and Structural’Engineering
Faculty of Technology

June 1993

© Paul A. D. Bird 1993



The author and student divers with the wave recorder, Plymouth Sound.

‘Remember, when discoursing about water, to induce first
experience, then reason'

- Leonardo da Vinci, quoted by Le Mehaute.

111



AUTHOR'S DECLARATION

This work is the result of my own investigation. All other sources have been
acknowledged. At no time during the registration for the degree of Doctor
of Philosophy was I registered for any other award.

I attended the International Conference on Measuring Techniques of
Hydraulic Phenomena in London, 1986, and the couSe Design Criteria in
Maritime Engineering at Plymouth Polytechnic in 1986.

I have made presentions on this work as part of the programmes of research
seminars of the School of Civil and Structural Engineering and of the
Institute of Marine Studies at the University of Plymouth, to the Single
Layer Armouring Research Club, to members of the Science and

Engineering Research Council, and to the Southern Branch of the Institute
of Water and Environmental Management at Littlehampton, West Sussex.

In 1991 I presented the paper 'Field measurements of the wave climate' at

the Symposium on Developments in Coastal Engineering at the University
of Bristol. Other papers are in preparation.

NOTICE

This thesis contains material that is commercially confidential. It has been
registered as such with the University's Academic Registry, and is supplied
to the reader in confidence. The thesis is not to be passed on to any third
party, nor copied, without the author's permission until 1 July 1995.

From that date the thesis will be made available for consultation in the
library of the University of Plymouth, and may be photocopied or lent to
other libraries for study purposes subject to the normal conditions of
acknowledgement. Copyright will remain with the author and no quotation

from the thesis nor information derived from it may be published without
the author's prior written consent.

1V



MEASUREMENT AND ANALYSIS OF SEA WAVES
NEAR A REFLECTIVE STRUCTURE

by

Paul Andrew Delves Bird

ABSTRACT

Methods and equipment for the measurement of ocean waves were reviewed
and their suitability assessed for the aim of this project: field measurement
of sea waves near a reflective coastal structure such as a breakwater. None
was found to be suitable. The functional and performance objectives are set
out for a new system. The evolution of the final design, based on an array
of pressure sensors, is described. The whole system is intended to be
deployed on the sea-bed. It is fully self contained and independent of shore

based services. Located away from the surf zone it is well placed to survive
storm conditions and unauthorised interference.

Theoretical methods for the re-construction of surface elevation records

from measured sub-surface pressures, and the experimental findings of other
workers, are presented. Available methods of estimating the wave

directional spectrum from a spatial array of surface elevation records are
reviewed, and the most appropriate one implemented.

The system has given extensive service at a number of coastal defence sites.
The results of subsequent analysis of selected data sets are presented in
detail. They show the pronounced nodal structure in amplitude expected in
the presence of wave reflection, clearly demonstrating that a single point
measurement is likely to give misleading estimates of incident wave height.
For near-calm to moderate, shore-normal incident wave conditions the
results were found to agree with theoretical predictions both of wave height
as a function of distance offshore, and of the structure's
frequency-dependent reflection coefficient. For rougher conditions, in

which both theoretical and physical models are less applicable, the results
agreed with visual observations.
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CHAPTER 1
INTRODUCTION

1.1 SCOPE OF THE WORK

The aim of the project was to develop a new instrumentation system to

measure, at full scale, the complex wave conditions near a reflecting
structure. The system was to be capable of operating unattended for long

periods, and to be robust enough to survive storms conditions.

Specifications of the form which the instrument was to take, and its

performance, were to be set after a review of previous work, the equipment

available on the market, and in the light of the current state of electronics

technology. Sophisticated analysis methods were to be developed and

implemented in a series of software routines. These would derive from the
measured quantities the required information on wave conditions: the

directional wave spectrum. The wave recording system would be capable of

acquiring long-term wave statistics at a coastal site, and also (of more

interest 1nitially) capable of providing information on the performance of

coastal structures - particularly their wave reflection properties.

The work was started in 1986. After design, development and initial trials a

full-performance wave recording system was first deployed 1in 1988. A
second system was made in 1992, and at the time of writing (1993) the two

system have delivered a total of nearly one year's wave data from four

different sites.

The work falls into two main parts: the instrumentation itself, and the
analysis of the measured data. Chapter 1 sets out the information required
of the new system, and contains a review of wave measurement techniques
and instrumentation available for purchase. Chapter 2 gives an account of
how the specification for the new instrument was arrived at, and describes
the system itself. Chapter 3 completes the instrumentation part of the

project with a description of operational considerations such as deployment



and recovery from site, together with the initial data-handling procedures

which give the files of sub-sea pressure data.

The second part of the work consisted of the analysis procedures in which
required information on the wave field was extracted from the measured
data. Chapter 4 presents a brief review of the relevant aspects of wave
theory before going into detail on how surface elevation (wave) data is

constructed from sub-surface pressure fluctuations, and how the directional
wave spectrum i1s calculated from wave records taken simultaneously from

an array of transducers. Examples of the results are given in Chapter 3,

together with discussion.

The account of the project concludes at that point. The implications of these

results for the design of coastal structures is the subject of ongoing work at

the University of Plymouth.

1.2 BACKGROUND TO THE WORK

Some 35% of the coastline of England and Wales is protected by man-made
defences from erosion or flooding, an investment valued in 1984 at four
billion pounds, and receiving maintenance work costing one hundred

million pounds per year. Many of these works were constructed before

1960 so that maintenance costs are rising. The damage caused in the UK by

the fierce storms and exceptionally high tides of January and February
1990, together with fears of a rise in mean sea level due to global warming,
all point to the need for more investment in coastal protection work. It has
been argued (Maritime Engineering Group 1985, Coastal Engineering
Research 1985, CIM 1989) that coastal protection schemes could be
considerably more cost effective if more were known about the basic

processes by which sea waves and currents affect structures, and how they

erode, transport and deposit the materials making up the shoreline.



These phenomena are studied in three ways: by constructing computer

programs to predict behaviour from basic physical laws; by constructing
scale models and making measurements in the laboratory; and by making

measurements on the sea and real shorelines and structures. This latter is In
general the most difficult because the available site is unlikely to be
idealised to reveal one desired characteristic alone. Also, interesting events
do not happen to order and must be waited for, and the equipment must be
capable of surviving storm and other damage. However the data obtained
from field work can be the most valuable of the three as it is not subject to
the assumptions implicit in numerical model and laboratory model
approaches. This field data is therefore often used to check or calibrate the

performance of the other methods. The coastal engineering research

community has assigned a high priority to the collection of comprehensive,

quality field data, both for the better understanding of basic processes, and

for the validation of models.

The present study addresses the problem of measuring sea waves near
coastal structures. It includes the development of a new instrument, since
no existing equipment could meet all the requirements. The two key features
are that it should cope with rough seas (partly as those are the conditions
for which computer and physical modelling is least useful) and that 1t can

measure both incident and reflected waves. The new instrument, and the
associated methods of analysis, will find two kinds of application in coastal
engineering. Firstly, in the monitoring of structural performance it is
necessary to relate measurements of, for example, impact loads, and internal
stresses and strains, to the waves causing them - the incident waves. Any
wave measuring device incapable of distinguishing between incoming and
reflected waves will lead to an incorrect interpretation of the structural
measurements. An example of such an application is in the design of
breakwaters with single layer armouring blocks. There is an urgent need to
obtain performance measurements for this sort of armouring to improve

breakwater designs. New design methods and guidelines are required to
avoid both the failure of inadequate structures (for example at Sines,

Portugal in 1978), and the unnecessary costs of 'over-design'. Measurements

4



of internal stresses and strains in the armour units of such a breakwater are

currently being made by collaborating organisations, and it is hoped to

deploy the wave recorder as part of that project.

Secondly, reflection 1tself is important because it causes scour that can
undermine the structure's foundations; it causes unpleasant and dangerous
seas states in nearby waterways; and it is a major mechanism by which a

structure prevents wave energy reaching the shoreline (what 1s not
transmitted is either reflected or absorbed). And in another application,
wave power devices must absorb, rather than reflect, energy. The present

system will be capable of measuring the reflection performance of

structures. Rock island breakwaters are a new type of coastal defence, and
the wave recorder is to be deployed next to some of these. It is hoped to

determine how the reflection coefficient depends on, for example, angle of

slope.

1.3 A REVIEW OF WAVE MEASUREMENT

1.3.1 Purpose

Waves have been measured in the coastal zone over the past few decades for
purposes as diverse as the interests of the organisations carrying out the
work. The armed forces, academic and research institutions, civil
engineering consultants and their local authority clients, oil companies, and
national environmental monitoring agencies are all active in the field. They
may be endeavouring to improve understanding of wave behaviour, to

determine likely wave loading on structures, or, as in the present case, to

improve the capabilities of wave measuring instruments themselves.

Wave recording with instruments began seriously in the Second World War
to help ensure the safe landing of troops on foreign shores. From a more
theoretical point of view, observing the behaviour of real waves is an

important input to the development of more accurate analytical descriptions



of waves, including the effects of non-linearities. The interaction between

waves and currents, sea bed features, and structures is at present

imperfectly understood and in need of further refinement.

The engineer planning a new coastal structure needs to know as much as
possible about the wave climate to which it will be exposed in order to
avold inadequate performance, or excessive cost. In particular, the

expected return periods of waves of a given height should be known with
some confidence, and these can only be obtained from data covering at least
one year, and preferably longer. An estimated 55 million observations of

wave height and wind speed have been collated by the UK Meteorological

Office Marine Data Bank. That data is made available in printed form
(BMT 1986, Draper 1991) and more comprehensively as a personal
computer database (BMT 1990). The British Oceanographic Data Centre at

the Proudman Oceanographic Laboratory, Bidston, also maintains a national

bank of wave data, and can give sources of data for other areas.

Having estimated the design wave conditions, the engineer then needs
guidelines and procedures to design the structure (eg CERC 1984). These
incorporate the experience from past structures and the outcome of a large

body of research into the interaction between waves and structures.

The subject of electrical power generation from sea waves has undergone
several changes in political fortune in the last twenty years. Although a
commercially viable device, competitive with mainland fossil fuel stations,
has not yet been built, there may well be a brighter future for combined
power-generating and coastal defence structures. Much wave data, with

direction an important parameter, has been collected for the wave power
programme (Crabb 1984).

The need for better instrumentation to measure waves more
comprehensively and cheaply is recognised (Dean 1981). The characteristic
least well provided for is direction of wave propagation. Work 1s

proceeding to develop methods of measuring the directional spectra of



waves routinely and continuously, both remotely from satellites and

aircraft, and locally at a particular site.

1.3.2 Methods

The many and various ways of detecting waves are either 'direct' methods,
in that they measure the actual height of the water surface above a datum

(eg sea bed or mean sea level), or 'indirect', measuring a quantity that is
related to wave height, such as pressure below the surface. Perhaps the

easiest way to classify the methods is by location of the sensor: above the

water surface, on or piercing the surface, and below the surface. The

diagram in Figure 1.1 provides a graphical summary. The measurement of

wave direction is discussed separately. All the systems described,
particularly the remote sensing systems, have benefited from advances 1n
technology. The improvements in sensors, analog integrated circuits and
batteries have enabled greater accuracy, longer periods of unattended
operation, and greater functionality (Bird and Bullock 1991). For example,
the problem of measuring wave direction implies greater complexity in both
accelerometer buoys (pitch and roll as well as heave), and also in
subsurface sensors (synchronised reading of several channels). But perhaps
the most significant advances have been made in the way measured data 1s
accessed by the user. The old methods of data storage - rolls of paper
charts and pens requiring frequent replacement - have given way to
magnetic tape, and to semiconductor memory. The digital format of the

later methods 1s necessary for any subsequent analysis by computer.

1.3.2.1 Sensor above the surface

This includes radar, the radio altimeter, laser, ultrasonic rangefinder, and
still and video photography. The equipment may be mounted locally on a

structure such as a pier (or possibly on a nearby shoreline), or remotely on

an aircraft or satellite. In favourable conditions with the sensor on a stable
platform near the sea surface very good resolution and accuracy are

obtainable. In rough conditions the spray and aerated water of breaking
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wave crests introduce uncertainty in fixing water surface level. Marex (Isle

of Wight, UK) and TSK America produce downward-looking radar wave

height instruments, and Thorn EMI a similar system using pulses of

infra-red radiation.

Measurement of wave height by ground-based radar from a greater distance
is less reliable, although a good picture of direction of propagation may be
gained. The image is obtained by the back-scattering of electro-magnetic
radiation by capillary waves whose length is similar to that of the radio
wave. Tucker (1991) describes the principles of operation. For a typical

microwave frequency in the X band - 8 to 12 GHz - the wavelength 1s about

3 cm. The larger, gravity, waves distort the ruffled surface, and cause
shadowing, so that an image of the gravity waves is obtained. A wind of at

least 2.5 m/s is needed to create the scattering capillary waves. Range of
operation depends on strength of the return signal, which itself depends on

transmitted power, grazing angle (the small angle between direction of the

radio wave and sea surface), surface slope and wind speed.

Heathershaw et al (1980) used X band radar mounted on a breakwater to
measure wave direction characteristics in coastal waters, and to observe
refraction and diffraction. Wave periods were estimated, though longer
period swell of less than 1 m height was not seen by the radar due to
inadequate slope of the wave fronts. At the University of Birmingham a
shore-based, ground-wave hf radar wave measuring system has been
developed (Wyatt et al 1986a). It can cover a large area - up to 200 km in
radius by 90 degrees in azimuth. Two shore stations are needed to remove
directional ambiguity. The system was assessed in the Netherlands/UK
Radar and Wavebuoy Experimental Comparison (NURWEC) exercise (Wyatt

et al 1986b). Miros A/S (Norway) manufacture a microwave radar system

for use over shorter ranges.

Remote sensing with radar has the potential to offer routine and reliable
collection of data over a wide area (Carter et al 1988). The synthetic

aperture radar (SAR) technique yields images of the high resolution



required for wave observation. An aircraft or satellite flies in a straight

path, emitting pulses continuously at a precisely controlled frequency so
that the transmitted power is coherent. The return signals are processed
such that an antenna of aperture as long as the flight path is simulated,
thereby giving the high resolution. Frequencies in the L band (1 to 2 GHz,
with a wavelength of 15 to 30 cm) are normally used; small waves are again
necessary for scattering. Clouds and rain do not attenuate signals at that

frequency (Rayleigh scattering by water drops becomes serious at
wavelengths of 3 cm or less) so that data can be collected during storms.

Although it is possible to derive wave height from the data, techniques are
still being refined (Jain 1977).

A system developed by NASA in the USA (Walsh et al 1981) consists of a
computer controlled radar that produces in real time a topographical map of
the surface beneath the aircraft carrying it. Later off-line processing gives
the directional wave spectra. In another NASA program, a radar for use on
either aircraft or satellite was developed (Jackson et al 1981). When

satellite mounted, spectra are produced for locations at typically every 100

nautical miles along the satellite's track.

The Seasat satellite launched in 1978 was equipped with a synthetic
aperture radar (SAR) which produced images of 100 km wide strips of the

ocean's surface. It provided information on wave direction and length, as

well as ocean currents (Mattie ef al 1980).

However, more work is needed to bring the full potential of remote sensing
- accurate wave measurements over large areas at reasonable cost. A

comprehensive review of the remote sensing of waves is given by Huang
(1982).

In some circumstances photographic methods of recording waves are a

possibility. For a ground-based installation there must be a support
structure for equipment, a graduated staff, adequate lighting and a clear line

of sight. From an aircraft, wave visibility depends on surface slope, and on
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the alignment of the wave fronts relative to the source of illumination. In

principle surface heights can be obtained by analysis of stereo photographs,
although in practice 1n requires much analysis (Stillwell 1969). The Stereo
Wave Observation Project (SWOP) (Cote et al 1960) was a major trial of
this method. With these limitations, and the high cost of operating aircraft,
aerial photography is limited to examining the spatial behaviour of waves

(such as refraction) at a particular location, and to checking other systems

more suited to routine measurement.
1.3.2.2 Sensor at or piercing the surface.

A graduated staff fixed in the sea bed or on some supporting structure, and

observed by eye or camera, must be the simplest and most direct way of

measuring waves., But difficulties in defining the actual water surface in a

storm, or even 1n seeing the scale at all, as well as in availability of

manpower will render this method unsuitable in many cases.

There are electrical equivalents, widely used in the laboratory, which pick
up the resistive or capacitive linkage between two vertical wires that pass
through the surface. Signals from these can be logged with conventional
equipment. In practice it is difficult to engineer a system strong enough to
survive storms in exposed locations although a system for deployment on
beaches has been developed by Chadwick (1989). Aeration and spray can
complicate the interpretation, while splashing with water well above the

true surface produces a spurious pulse that may be misleading.

Floating buoys, located by compliant moorings and fitted with
accelerometers (such as the 'Waverider' buoy from Datawell by,
Netherlands, shown in Figure 1.2) have been used extensively for many
years. An accelerometer on a stabilised platform within the buoy's
waterproof housing gives an electrical output proportional to vertical
acceleration. This 1s integrated twice to give vertical displacement, or
heave. The buoy is fitted with circuitry for modulating a carrier at between

27 and 30 MHz, and sends the signal via a whip aerial to the shore station

11
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platform or ship up to 50 km away. Recent advances in data

communications technology have enabled manufacturers (such as Datawell,
Nereides, Bergen Ocean Data Systems and Seatex) to produce buoys that
record all the data and transmit a subset of processed parameters via the
ARGOS system of polar orbiting satellites, yet they still contain enough
battery capacity for 6 to 12 months' operation. Larger buoys can be fitted
with battery packs big enough to power transmission via the geostationary

Inmarsat or Meteosat systems. The Institute of Oceanographic Sciences
(I0S) developed a system combining the well proven wave-following
performance of one of its small accelerometer buoys (the Wavec from

Datawell bv.) with the communications capability of a large buoy (Clayson

1989). The Wavec telemetered directional data to a nearby 'mother buoy’

containing batteries and equipment to transmit all processed parameters, 1n

near real time, to Meteosat and thence to the I0S. The Wavec 1s a

development of the Waverider, having two more accelerometers to give

pitch and roll information as well as heave. This enables an estimate of

wave direction to be made.

In general, wave-measuring buoys can be vulnerable to vandalism and theft,
and since a large scope is required for the mooring cable they range over an
area rather than remaining fixed at a point. The mooring must be carefully
designed so that the buoy is effectively free of any frictional, inertial or
elastic restraints. A typical arrangement is shown in Figure 1-3. Similarly,
the shape and dynamics of the buoy's hull must be such that it follows the
waves reasonably accurately over the frequency range of interest.

Under-damped resonances have to be avoided and the data corrected for any

remaining emphasis in the dynamic response.

The Institute of Oceanographic Sciences (IOS) used a Waverider buoy in a
long term measurement exercise off the Eddystone Rocks, south of

Plymouth from September 1978 until August 1981 (Fortnum 1982). The
buoy was deployed in a depth of 40 m, and relayed its data by radio link to

a shore station at Wembury, east of Plymouth. There the demodulated

signal was digitised and stored on magnetic cartridge for later analysis at
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the I0S in Taunton. As a backup the analog signal was recorded directly on
to magnetic tape. The data was received, processed and recorded for
periods of 17 minutes every three hours, using a sampling frequency of 2
Hz. To indicate the difficulty of working in these conditions, nearly 30% of
the records over the three years were missing or invalid, although some of
those were captured by the tape backup. The buoys were calibrated
on-shore before and after deployment by rotating them in a large frame and
examining the received radio signal. Sensitivity of the Waverider, radio

link and demodulation equipment was stable to within +/- 3% over the

period of deployment.

The measurements taken during the Joint North Sea Wave Project

(JONSWAP) in September 1973 (Hasselmann et al 1980) attempted, unlike

the work at the Eddystone, to obtain wave direction information as well as
surface height records. Two buoys were used: a heave, pitch and roll buoy
from the 10S, and a 'meteorological buoy' from the University of Hamburg.

The latter was a comprehensively instrumented conical shaped buoy,

containing three accelerometers, a gyroscope, two inclinometers, a compass

and two pressure transducers.

In January 1980 the Norwegian Continental Shelf Institute deployed a
heave, pitch and roll buoy off the coast of Norway (Andensen et al 1983) to
measure wave height and direction. It was developed by that organisation
in conjunction with the Christian Michelsen Institute and manufactured by
Bergen Ocean Data. The hull was a discus shape with a subsurface leg and
ballast weight, and on top was a mast for supporting meteorological
instrumentation and an Argos satellite transmitting aerial, Figure 1-3.
Inside were the accelerometers, a sea temperature sensor, and a Sea Data
digital tape recorder. As in the previously mentioned examples the mooring
was designed for minimum effect on the motion of the buoy. Data was
recorded over several years, with a 10 to 20 % loss rate. Winds of up to 35
m/s, and waves up to 19 m were experienced, resulting in the mooring
breaking twice; here the Argos tracking system assisted swift recovery.

Calibration was performed on shore with a vertically rotating carousel with
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six degrees of freedom, and the heave component further checked at sea by

comparison with a Waverider buoy.

The shipborne wave recorder (Tucker 1956, Haine 1980) consisting of
accelerometers and pressure sensors fitted to the hull of a ship, has also
been extensively used. The accelerometers measure vertical displacement
or heave of the ship, while the pressure transducers measure depth of

immersion. Combining data from the two yields the actual water surface
record. Measurements are normally made when the ship is stationary, and
the transducers are carefully sited to minimise the effects due to the ship's
pitch and roll; wave direction 1s not measured. These systems are more

accurate for longer period waves than for short. They have provided a cost

effective way of obtaining large amounts of wave data.

The manual equivalent of the shipborne wave recorder - simple visual
observation by mariners - has yielded an enormous quantity of wave data
(Hogben and Lumb 1967); for many parts of the world this is the only
source. A formal procedure for making these observations and interpreting

the results was made in 1944 (Munk), and subsequently work has been done

to assess their reliability (Jardine 1979).

1.3.2.3 Sensor below the surface

Instruments mounted below the sea surface usually have improved chances

of survival as they are less visible, and so less at risk from vandalism and
theft, and may be less vulnerable to storm damage. Measuring water
pressure variations at the sea bed, or at some intermediate depth, was the
principle used by some of the first wave recording instruments and remains
in use today. The major disadvantage is the reduction, at depth, of the
pressure fluctuation due to the waves. Thus a sensor near the surface would
experience a fluctuation in pressure similar to the hydrostatic value that
would arise from the equivalent water level changes. But at greater depth
the pressure changes are only a small proportion of this. The effect is more

marked with higher frequency waves, and is discussed more in Chapter 4.
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Sub-surface pressure sensing is therefore used only if the transducer can be

mounted at a depth of less than about 20 m.

The pressure sensor itself may operate on a number of principles. Normally
the pressure causes (either directly or through an interposed fluid) a
diaphragm to flex. The amount of movement is picked up by strain gauges,
or by capacitive or inductive changes in linked circuits. Wave measurement
by pressure sensing at the sea bed was chosen for this project, so a more

detailed discussion of practical considerations appears later.

Carmel, Inman and Golik (1985) describe a measurement made from
February 1979 to August 1981 off the coast of Israel near Haifa in which

they used two pressure sensors in a 6m depth of water, connected by

armoured cable to a shore based data recording system. Recordings were
made twice daily for 25 minutes, sampling each channel at 4 Hz, on to hi-fi
cassette tapes that were later sent to the Scripps Institute for Oceanography
in California for analysis. The ambiguity inherent in inferring wave
direction from just two sensors was resolved with additional information.
Data for the first 10 months was intermittent and unreliable, but improved

in the remaining period after modifications were made.

Motion of water due to waves can be measured with current meters. These
Instruments are of a number of types, based on the effect of moving water
on a spinning impeller, or on voltages induced in electromagnetic coils, or

on the travel time of acoustic impulses between fixed points, or on

drag-inducing shapes bending strain-gauged bars. Some of these measure

components of current along only one axis, others are omni-directional.

Sherman and Greenwood (1986) used two bi-directional electromagnetic
current meters and a vertical, resistive, wave staff to measure wave heights
and angles at Wendake Beach, Ontario, Canada. The measurement was of

rather short duration, from 31 May to 1 June 1980, but good accuracy and

resolution of wave direction were claimed.
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Use of ultrasonic ranging (echo-sounding) from above the water has already
been mentioned; echo sounders are also available that operate 'upside
down'. They are located on the sea bed and point upwards to measure
distance to the water surface. Temperature and salinity changes, an aerated
surface, and noise interference can cause errors, and the devices tend to

consume more electrical power than pressure sensors. Accuracy under

favourable conditions, however, can be high.

1.3.2.4 Determining wave direction

The preceding sections have indicated that only some of the measuring
techniques are capable of yielding the direction of propagation of waves, or
wave components in a complex field, others giving only time histories of
wave heights. In general if directional information is required then it is
necessary either to use one of the imaging techniques such as radar or
photography, or to measure a vector quantity such as water movement at a
point (or several quantities in the case of the pitch-roll-heave buoy), or to

measure scalar quantities simultaneously at a number of points.

Comparative studies have been done of several possible approaches. Over a

period of six days in March 1977, Mattie, Hsiao and Evans (1981)
performed an experiment to determine the applicability of four methods to
obtain wave direction. Three were remote sensing techniques: photography
from an aircraft at a height of about 18 km, a synthetic aperture radar also

on an aircraft, and a standard X band marine radar situated on shore. The

fourth method was an array of five pressure transducers fixed to a tower at a
depth of 19 m. They report good agreement in the results for wavetrains
with a single predominant direction, but poor agreement over multiple
wavetrains of similar period travelling in different directions. They point
out that results from the pressure transducer array are dependent largely on

the type of analysis used, and they used an algorithm of low directional

resolution. The pressure sensing method was the only one able to give wave
heights.
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A comprehensive study of five means of obtaining wave direction was

carried out in 1980 as part of the US Atlantic Remote Sensing Land Ocean
Experiment (ARSLOE) (Grosskopf et al 1984). The output from four
subsurface gauges and a shore based radar were compared. Two gauges
contained current meters aligned orthogonally and a pressure sensor. One
consisted of three orthogonally aligned current meters only, and the final
gauge was an array of four pressure transducers. In general the results were
well correlated, except that height estimates from the three current meter
system were significantly low; it was recommended that a non-current
means of acquiring wave height should be included. The radar could
distinguish well wavetrains of similar period travelling in different
directions, but not wavetrains of different period going the same way. The
opposite was true of the subsurface gauges, although again a relatively
simple analysis procedure for evaluating wave direction was used; more
complex 'data-adaptive' techniques were expected to resolve directions of
wavetrains of similar period. The paper contains a thorough discussion of
error sources inherent in the methods, many of which were relevant to the
present work. It is of course necessary to avoid excessive errors from all
sources 1f the final results are to be accurate, and these include not just in
the performance of sensors and electronic instrumentation but also in the
positioning of equipment, and the processing and analysis of the results.

The pressure sensor array was open to fewer error sources than the other

methods examined.

1.4 SPECIAL FEATURES OF THE MEASUREMENT

The information required was a complete description of the wave conditions
close to a structure. The description was to include the height of the waves,
periods and their directions of propagation. Linearity was assumed so that
the wave pattern could be considered made up of sinusoidal wave

components, each with its own period and direction. The wave field was
thus described by its 'directional spectrum’, the distribution of wave energy

over frequency and direction. As the layout of the test site was known,
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those components corresponding to waves travelling in towards the

structure (the incident waves) could be identified and distinguished from

the reflected waves. Comparison of the two gives the amount of reflection

of wave energy.

The general arrangement of the instrumentation system needed was
governed by operational considerations and features of the site. Firstly,

severe storms were expected; the instrument would be expected to survive
these and operate normally throughout. Previous experience of this type of
work by members of the department indicated that it was difficult to design

equipment strong enough to survive in the area of breaking waves, the 'surf

zone'. Therefore if there were to be sub-surface sensors then 1t was

desirable that any processing and recording equipment should also be

mounted underwater. Alternatively, cables could be led to a sheltered area

before leaving the water, but this could result in rather long cable runs.

Secondly, there is the danger that expensive equipment left out in the open
could be stolen or tampered with. The first test site envisaged - Plymouth
Breakwater - was in an area extensively used by divers, fishermen and

yachtsmen, so the new system had to be hidden from view as far as possible.

Thirdly, long periods of operation were needed to collect data during a wide
range of sea states without frequent attention by the operators. That

implied either a large data storage capacity, or a means of transmitting data

to an operator on shore a few kilometres away.

Radar imaging was not appropriate as accurate wave height data was
required. Optical methods placed unacceptable limits on the periods data

would be obtainable. No suitable pier or tower existed at the test site, nor
could one be built, ruling out the local above-surface methods. And as the

region of interest was very close to a structure, an instrumented buoy

ranging widely on the scope of a compliant mooring would have been
impractical. A buoy would also have been vulnerable to theft and

vandalism. Sub-surface sensors were clearly indicated, and in view of the
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reasoning above, a sub-surface processing and storage unit. Acoustic

ranging devices were expected to consume rather too much electrical power.

The choice of sensor therefore narrowed to pressure or current. The latter
has a high consumption of electrical power. In addition pressure

transducers are more robust than current meters, and less prone to errors

that are difficult to calibrate out.

In view of these results and arguments an array of sub-surface pressure

transducers, with suitable analysis, was the method chosen in this

investigation to measure wave height and direction.

1.5 A PROPRIETARY WAVE RECORDER?

The department possessed and had used at a number of sites a self-contained
sea-bed mounted wave recorder (the DNW-5 from NBA Controls Ltd.),
which used a pressure transducer and stored data on cassette tape.
Approaches to the manufacturer revealed that it would not be practical to
modify the design to enable a number of these units to be deployed in an
array for synchronised operation. In any case its accuracy, data storage
capacity, battery life and inflexibility of operation (no communication was
possible without recovery) were not really adequate. A thorough search for
a suitable proprietary instrument commenced with the aid of the specialist
technical press (eg Underwater Systems Design 1987), trade exhibitions (eg
Oceanology '86, 1986), and experts in the field (Draper and Driver 1980,

Driver 1985). A list of manufacturers approached appears in Appendix A.

The search revealed nothing that would meet the requirements.

Looking further afield at the general instrumentation market, it was also
discovered that there were no general purpose data loggers capable of
operating in such an environment without attention for long periods. A
decision was taken to design and build a new instrument, referred to here as
the 'new wave recording system'. Development of the instrument from the

general requirements set out above is described in the next Chapter.
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