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PREFACE

Since D. W. Johnson’s book on Shore Processes and Shoreline
Development was published in 1919 much work has been done on the
processes at work on the coast and on the evolution of different coastal
areas. A number of books have appeared, such as Shepard’s Submarine
Geology, Steers’ Coastline of England and Wales and Guilcher’s Mor-
phologie Littorale et Sous-marine, which deal with coastal features. This
work approaches the subject from a rather different aspect, and is an
attempt to gather together some of the recent work on coastal problems,
especially those associated with the character of the beach.

For most people the seashore is an area for relaxation, but some, such
as Civil Engineers concerned with coastal processes, must look more
critically at the forces at work on the coast. It is hoped that this book
may contain information of use to them and to other workers engaged in
research or planning on the beach and coast. Of the forces acting upon
the shore, waves are the most important in the development of the
beach and coast, but they are also one of the most difficult to analyse,
especially near the coast.

My thanks are due to all who have assisted in many ways. I would like
to acknowledge gratefully, the help and advice kindly given by Dr.
G. E. R. Deacon, F.R.S. and other members of the staff of the National
Institute of Oceanography, particularly Mr. Darbyshire, in the prepara-
tion of the chapter on waves. However, any errors in this and other
chapters are solely my responsibility. Acknowledgement is also made to
all who have kindly permitted figures from their published work to be
reproduced and especially to the Beach Erosion Board, Washington,
whose Technical Memoranda provide a valuable source of data on
current research.

The Geography Department,
Nottingham University.

April 1959.
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CHAPTER 1

THE MAIN FACTORS ON WHICH THE CHARACTER
OF THE BEACH DEPENDS

A BEACH is one of the most variable of land forms; it can be there one
day and gone the next. This variability provides both opportunity and
difficulty for those engaged in a study of beach problems. Opportunity,
because beach changes can be measured over an interval of relatively
short duration, unlike many other geomorphological processes. The
difficulty arises because the observations, under the conditions in which
the changes are most rapid, are by no means easy to make. The com-
plexity of the forces causing the beach changes is another major diffi-
culty; it is this that makes the mechanism of the detailed processes
causing beach movement so little understood. Knowledge of these forces
and their effect on the beach is, however, growing steadily.

A beach is an accumulation of loose material around the limit of wave
action. For this book the beach may be taken to extend from the extreme
upper limit of wave action to the zone where the waves, approaching
from deep water, first cause appreciable movement of the bottom
material. The first factor on which the character of the beach depends
is the nature of the material of which it is composed; its size, sorting
and quantity are all significant factors determining in part its final form.
The character of the foundation on which this incoherent beach material
rests is also relevant to the study of the beach. Its gradient, height in
relation to mean sea level and its permeability are important, while its
resistance to erosion is significant in the general rate of development of
the coastline. The beach foundation normally has the character of a
wave-cut bench; the formation of which has yet to be fully explained,
although they occur frequently round the coastline of rocky land
masses.

In considering the material of which the beach is formed it is impor-
tant to differentiate between sand and shingle as the response of the
material is different in some very significant respects. The character of
the material affects the form of the beach and the way in which the waves
break on it, there is, therefore, a somewhat complex inter-relationship
between the beach material and the waves working on it.

The waves are the fundamental force operative on the beach. They
themselves depend on the winds that generate them in the ocean.
The character of wind waves has been studied theoretically by

B.C.-B I



2 The Character of the Beach

mathematicians, experimentally in model tanks and by direct observation
and measurement in the sea; as a result the data on this topic are now
numerous. Waves at sea are always complex owing to the variation of
the wind and the superposition of numerous wave trains; an analysis
of their effect on the beach is inevitably not straightforward. It has,
however, been established that particular characteristics of the dominant
waves are of great significance in their effect on the beach material. The
size of the waves is partly determined by the distance of water over
which the wind can blow, known as the fetch of the waves. This factor
is closely related to the exposure of the beach; an exposed beach will
differ from an otherwise similar one in a sheltered area.

The wind is also important in explaining beach changes; it can work
with or against the wave action to produce very different results. The
height of the water level can be vitally affected at times by variations in
wind and pressure, with which the wind is intimately connected. One
of the main causes of the disastrous North Sea flooding in 1953 was the
exceptional height to which the water level was raised. Where there is
a considerable rise and fall of tide, pressure and wind may cause con-
siderable differences between predicted and actual water levels.

The tide is another important factor affecting beaches, although in the
past the importance of tidal currents has tended to be exaggerated; the
tide must nevertheless not be ignored. It seems likely that variations in
typical beach profiles can be related in some instances to the variations
in tidal régime. One beach profile appears to be typical of a tideless sea
while another is only found on tidal beaches. Tidal currents may be
significant in some areas but their influence in others is doubtful. A good
example of this is seen on the north coast of Norfolk where the flood tide
current flows east while the direction of movement of beach material is
to the west. This is the result of coastal alignment in relation to the
direction of approach of the dominant waves and wind from a northerly
point.

The main factors affecting the beach may now be summarized; they
are:

1. The beach material
2. The waves

3. The wind

4. The tide

Secular changes of sea-level are of significance in the long term, but in
the relatively short-term changes they can usually be ignored. Human
interference can also have a marked affect on the beach; the building of
structures, sea-walls, groynes, harbours and piers all disturb the natural
movement of beach material and may cause profound changes in the
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immediate vicinity and adjoining areas. These may be starved of material
or receive an unusually large supply, causing problems of siltation.
Bunbury harbour, Western Australia, provides an example of this.!

1. BEACH MATERIAL

(a) Character of material

Three aspects of the beach material are important. The first is the
grading of the material which is concerned with the distribution of
particle size in any one sample. The second is the sorting which con-
siders the variation of particle size from place to place on the beach and
the third is the quantity of material. The loose material forming the
beach may range from clay-sized particles to large blocks of rock. It is
necessary to define the exact limits of the various categories of beach
sediment. There are several definitions of beach sediment size, but only
three will be mentioned; the one that will be used is that proposed by
the British Standard Code of Practice,? 1947, issued on behalf of the
committee by the British Standards Institution. Table 1 gives the size
range of the various groups of sediment in millimetres. Another com-
monly used classification is based on a geometrical division of the
millimetre scale as devised by Wentworth and called after him. This
can easily be converted into the third classification as the same divisions
are used. Both these are shown on table 2. The third classification was
proposed by Inman (1952),% it uses ¢ units instead of millimetres,
where ¢ is —log, of the diameter in millimetres. Although there are
minor differences in the ranges covered by the different materials in the
first and the last two classifications the range covered by sand is almost
the same in each, the differences increase at the extremities of the scales.

TABLE 1
Types Predominant Field identification
particle size mm.

boulders more than 200 Larger than 8 in.
Stostes cobbles 60-200 Mostly between 3 and 8 in.
Gravel { ;?:5?3 m zg:gg } Mostly between 77 B.S. sieve and

fine 26 3m.

coarse 0'6—2 Mostly between 7 and 235 B.S.
Sand { medium 0:2-06 } Mostly between 25 and 72z B.S.

fine 0'06—0°2 Mostly between 72 and 200 B.S.

medium 0006—0-02 barely visible to the naked
fine 0°002—0"006 eye. Some plasticity and ex-
hibits dilatancy.
Clay less than o-002 Smooth to touch, plasticity but
more than 30% no dilatancy.

S {coarse 0°02—0-06 } Particles mostly invisible or
ilt
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TABLE 2

Type ¢ units mm. Wentworth
Boulder more than —8-0 more than 256
Cobble —80to —6-0 25664
Pebble —60to —20 64— 4
Granule —20to —1I°0 4- 2
Very coarse sand —10to © 2— 1
Coarse sand o to 10 1- o5
Medium sand 1'°0to 20 0'5-0°25
Fine sand 2'0to 30 0'25— 0'I25
Very fine sand 3oto 40 0'125— 0°0625
Coarse silt 40to 50 0'0625 — 00312
Medium silt 5:0to 60 0'0312 — 0°0156
Fine silt 6c0to 70 00156 — 00078
Very fine silt 70to 8o 0:0078 — 0-0039
Coarse clay 8o0to 9o 0°0039 — 0-00IQ5
Medium clay 90 to 100 0'00195— 0°00098

The Inman and Wentworth classifications are rather more detailed,
having fifteen types of material. ‘The one using ¢ units is being increas-
ingly used in American work on beach problems, it is, therefore, neces-
sary to be able to compare the two systems. The advantages of the
logarithmic scale will be considered when the methods of expressing
size characteristics of beach samples are discussed in chapter 4, pp. 158-
161.

Sediments in the different size groups possess important and dis-
tinctive properties which will be mentioned briefly. The types of
material can be divided broadly into two groups; the coarser material,
sand and gravel, are non-cohesive especially when they are dry, but the
finer materials are cohesive. The non-cohesive materials can be dis-
tinguished by the negligible capillary forces in gravel while sand may
have appreciable capillarity. Although sand is non-cohesive when dry,
when it is damp it can stand at any angle up to vertical (see chapter g,
p- 281 and fig. g—2); this is not possible in gravel.

The finer materials, silt and clay, possess cohesion; the silts can, how-
ever, easily be reduced to powder when they are dry. Clays on the other
hand shrink on drying and although they can be broken into lumps when
dry they cannot be powdered and are highly cohesive. The term
‘dilatancy’ is applied to sediments which, when wet and shaken in this
state, will exude water. For example, if a pat of silt is shaken and then
pressed this water retreats into the silt, leaving a shiny surface because
of an increase in volume of pore space. In its dilatant state the deposit
is hardened and rendered more resistant to shear. This is the result of
the closer packing of the grains rendering the material more resistant but
at the same time increasing its capacity to hold water as the volume of
the pore spaces increases.

Experiments* designed to demonstrate the state of dilatancy in beach
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material showed that although the physical state was apparently present
it did not affect the resistance of the sand under the conditions of the
experiment. The material used consisted of very fine sand with 1 -3
per cent silt and clay, 8o per cent of the material passed a sieve with
apertures of 0-12 mm. (100 B.S.). These tests did, however, demonstrate
the state of thixotropy which is present in some finer grain beach sedi-
ments. This is a state which shows a decrease in viscosity upon agitation
or a decreased resistance to shear when the rate of shear increases.
Unlike dilatancy, thixotropy in the sediment results in a reduction in
resistance with increased rate of shear. The decrease in viscosity ceases
as soon as agitation is discontinued. The semi-quicksand character
which can be induced in some beach materials is the result of their
thixotropic property; this property becomes more effective as the sedi-
ment approaches saturation.

The sorting of beach material gives rise to several points of interest,
for instance, the sorting of shingle to the top of a beach or the deposition
of silt or clay in sheltered runnels on some beaches. There is also the
remarkable lateral sorting shown on some shingle beaches of which
Chesil beach in Dorset is one of the best known examples. The material
ranges in size from pea-sized pebbles at Bridport in the west to cobbles
2-3 in. in diameter at Portland. The sorting is very gradual and uniform
and does not show abrupt discontinuities which occur when sand is
suddenly replaced by shingle at the top of the beach. Because it is a
lateral rather than a perpendicular sorting it is due to a different cause,
which will be discussed in chapter 4.

The total thickness of material on the beach is an important factor;
the frequency with which the sea can attack the solid rocks of the coast
depends to a large extent on this. If the supply of beach material is
restricted storm waves can move it entirely from the beach to deeper
water, exposing the platform and cliffs to the attack of the waves. If, on
the other hand, there is a considerable thickness of beach material it is
unlikely that storms will sweep the platform clear and the beach will
therefore be an efficient protection to the coast from wave attack. This
point is considered in detail in chapter g.

(b) Source of material

The material on the beach can come from one or more of four sources,
the cliffs behind the beach, from the land via the rivers or to a lesser
degree as a rule by the wind, from offshore and finally alongshore. The
material moving alongshore must itself have been derived originally
from one of the first three sources. The relative proportion of material
from these sources will vary in different areas. A beach backed by cliffs
of glacial sand and gravel, for example parts of Holderness or Norfolk
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and Suffolk, will derive much material from this source as the cliffs can
be easily attacked by the sea. However, not all the material eroded from
the cliffs goes to replenish the beaches; Valentin (1954)® has shown that
only 3 per cent of the material worn from the boulder clay cliffs of
Holderness reaches the sandy spit of Spurn Head to the south. On the
other hand beaches backed by cliffs of hard rock, as in Cornwall, receive
little each year from this source. The evidence of inter-glacial features
on such coasts indicates that this source is negligible over a considerable
period of time. Clearly, for this source of material to be available the sea
must be able to attack the cliffs at intervals at least; it will not be a
source of material on those beaches which are so thick and high that
they are an effective protection to the cliffs.

Naturally the supply of material reaching the beaches from inland
will depend on the nature of the hinterland; its type of rock, stage of
erosion, vegetation and climate are all relevant factors in determining
the amount and calibre of the load which the rivers carry down to the
sea. Observations reported by the Royal Commission on Coast Erosion
(1911)% show that at the mouth of the Humber the water is much less
charged with sediment in suspension than farther up the river, indicating
that in this area the finer sediment is derived largely from inland. In
areas where there is not drainage to the coast, the wind may be more
important in carrying sediment to the sea. In other places material may
be brought to the sea by glaciers or fluvio-glacial streams as in south-
east Iceland.

The heavy mineral analysis of river sediment has been carried out by
Trask (1952)7 in California to enable its movement along the shore to be
traced. The technique of heavy mineral analysis has been used in some
areas to trace the source and distribution of marine sediment. A very
detailed study of the sediments of the southern North Sea has been
made by Baak (1936).% He divides the area into different parts each of
which has its own characteristic assemblage of heavy minerals. On the
eastern side the H group includes the mixed allochthonous sand of the
Dutch group, the A group is related to fluvio-glacial and glacial material
from Scandinavia. On the English coast an E group rich in garnet and
augite is recognized, while the sediment brought down by the Rhine
makes up the final North Hinder group. The sand along the coast of
north France, Belgium and Holland, from Dielette near Cherbourg in
Normandy eastwards, is very similar due to-the resorting by waves of
vast quantities of glacial detritus brought into the North Sea and washed
through the Straits of Dover. This largely belongs to the H group, with
some admixture of the North Hinder group. Detailed work on the
mineralogy of the sands of the coasts of Picardy and the Flemish coast
has been done by Pugh (1953)° which also includes some study of the
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English coast in the neighbourhood of Worthing and Folkestone. This
shows that there is a distinctive sand which is called the Sussex group.

Material from offshore can reach the beach under the influence of
wave action, but the depth from which it can be moved is limited. Work
done on the beaches of California by Trask (1955)" shows that this
movement can only take place to an appreciable extent in water which is
less than 60 ft. deep, movement in large quantities is probably confined
to depths of about 30 ft. or less. The exposure of the beach is one of
the limiting factors in this case; where the beach is open to the full effect
of ocean waves the depth at which material can be moved on the bottom
will be greater than in sheltered areas.

Summary

The character of the beach depends mainly on the beach material,
the waves which are associated with the exposure of the beach, the wind
and tide. Human interference can also have profound effects.

Beach material can be differentiated according to size; the different
size groups have significant variation in their properties. Gravel is non-
cohesive in all states while sand has this property when it is dry, but
when damp the grains cohere. Silts and clays possess cohesion. The finer
sediments can also have thixotropic and dilatant properties. Three
schemes for the classification of material include the British Standard
Code of Practise, the Wentworth geometrical scale and the log type ¢
unit scale, they vary slightly in the grade divisions, particularly at the
limits of the scales. Sorting and volume of beach material are important
factors. i

Beach material is derived from the cliffs behind the beach, from inland
via the rivers or wind, from offshore and alongshore. The latter material
must initially have been derived from one of the first sources. Heavy
mineral analysis can give valuable information concerning the source of
beach material.

2. WAVES

In this section an attempt will be made to enumerate the character-
istics of waves which are significant in their effect on the beach and
coast. A more detailed discussion of the theoretical, experimental and
observational data which is relevant to the topics discussed later will be
given in chapter 3. Oscillatory wind waves in the open ocean are formed
by the transference of energy from the wind blowing over the ocean to
the water itself. The waves and formulae relating to them discussed in
this section are the ideal waves of classical hydrodynamic theory. Waves
in the open ocean are more complex and will not be considered in detail
in this chapter.
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(a) Length, velocity and period

The three properties of wave length, velocity and period are closely
associated. In deep water the relationship between the three properties
is given by L=C T, where L is the wave length C is the wave velocity
and T is the wave period. The length is the distance between two
successive crests, C is the speed of movement of the wave form and the
period is the time taken for the wave form to move on the distance of
one wave length. The water may be defined as deep when the depth is
greater than the wave length. For any one velocity in deep water there
is only one appropriate wave length and period. If the period, therefore,
is measured in deep water, which can be done relatively easily, the wave
length and velocity can be obtained from it. The latter two cannot be
measured with ease in the open sea. The relationship between the wave
length and period may be given by the formula L=5-12 7%, where L
is the length in feet and 7 is the period in seconds. The velocity and

length are related by the formula C= gL which is derived from the
2

formula C= \/ tanh —where g is the force of gravity and d the

depth of water. In deep water d/L is large and tanh 2nd approaches 1,

giving the first formula. If d/L is o5 tanh —Z— is 0-9963, for most

purposes, therefore, the water may be considered to be deep if the
ratio d to L is more than o-5. The above formulae apply strictly only to
waves of very low amplitude, but can in fact be used for waves of
finite height without too much error. To a closer order of accuracy

27 2
than the flat waves, but at the maximum steepness H/L of 1/7 the
increase is only about 10 per cent according to Stokes’ theory.

ol 2fJ2
C= gL I i showing that the steeper waves travel rather faster
+ 5

(b) Height

The height of the wave, measured vertically from trough to crest is
an equally important wave characteristic. It is on the relationship be-
tween the two fundamental dimensions of the waves, the length and
height, that their effect on the beach ultimately depends.

(c) Steepness

The steepness relationship may be stated in the form of a ratio, H/L,
the height over the length, which gives the steepness. It has been known
for some time that this factor is fundamental in the constructive and
destructive effect of the waves on the foreshore. The steepness cannot
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exceed 1/7 or the wave becomes unstable and breaks, but this value is
rarely reached in nature. Another limiting dimension is that the angle
at the crest of the wave must not exceed 120 deg. or the wave will become
unstable. Waves in the open ocean are often below o0-02 steepness
although they may exceptionally attain steepness value of 0-055, which
corresponds to a wave 10 ft. high and 6-sec. period and 184 ft. long.
The other wave could have a height of 10 ft. and a length of 512 ft. with
a 10-sec. period.

(d) Form

Waves in the open sea are more complex in form than the ideal waves
which can be treated theoretically. In the open ocean there are nearly
always a large number of waves superimposed on each other giving the
water surface a confused appearance. This is more marked in the area
where the wind is actively generating waves at the time; here there are
waves of different lengths superimposed on one another and variations
in the direction of the wind cause still greater confusion. The waves in
the area in which they are being generated are known as ‘sea’, but as
they move out of this area into one of calm or light winds they become
‘swell’. It is here that the wave pattern and form assumes some measure
of order; the shorter, slower travelling waves are left behind and the
longer ones dominate the system. Where there is only one major set of
waves travelling as a swell they are usually long crested. Their crests
are continuous over a considerable distance at right-angles to their
direction of movement. These waves may be contrasted with the short-
crested waves which occur if two wave trains are travelling in different
directions so that their respective crests only occasionally coincide to
make a particularly high wave, neither set of waves has continuous
crests, owing to the interference of the other set. This interaction of the
two sets is shown in fig. 1-1.

According to different theories which will be mentioned later (chapter
3, P- 54), the form of an ideal low wave is sinusoidal or trochoidal, a
trochoid being the curve swept out by a point within a circle which is
rolled along a straight line. The trochoidal wave has a flatter trough and
sharper crest than the smooth profile of a sinusoidal wave whose trough
and crest are symmetrical. The asymmetry of the trochoidal wave in-
creases and the crest becomes sharper as the wave steepness increases.
Waves in the generating area are even more irregular owing to the effect
of the wind.

(e) Energy
The energy of the wave is another important characteristic which
depends again on its length and height. The energy determines the
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amount of work that any wave can do on the beach but it does not deter-
mine whether the work done will be destructive or constructive, which
depends primarily on the wave steepness. Waves of great energy can do
very much more work in a given time than low energy waves, hence the
importance of this characteristic. The energy in a wave in deep water
is half potential, due to the height of the wave crest above the still water
level, and half kinetic, due to the velocity of the water particles within
the wave form. The kinetic energy remains stationary but the potential
energy moves at the wave velocity, thus the total energy of a wave train
moves at half the velocity of the wave form. A train of waves of limited
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F1c. 1-1. The interference of two wave trains from different directions, giving a short
crested wave pattern.

number travelling through still water appears to move at half the speed
of the individual waves; these appear tq travel through the whole train,
forming in the rear and dying out in the front.

The actual amount of energy, E, in ft.-lb. per foot of wave crest per

w L H?,

wave length is given by E= where w is the weight of 1 cubic

ft. of sea-water (64 1b.). It is clear that the energy depends on the square
of the wave height and one power of the wave length, it increases
rapidly, therefore, as the wave height increases. The formula may be
expressed as E=0-64 w H? T2 or E=41 H? T? where T is the wave
period, this enables the wave energy to be calculated from the wave
height and period. These formulae apply strictly only to waves of low
amplitude and sinusoidal form but can in fact be applied to waves of
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finite height within the accuracy of observation. The formula for waves

of finite height is E=" IéH’ 1—4'93 g;

(f) Orbital velocity and mass transport

Although the wave form advances with a speed dependent on the
length of the wave the actual particles of water normally move at a much
lower velocity. At the surface their velocity depends on the wave period
and height. They must complete one orbit, whose diameter is equal to
the height of the wave during the wave period. Therefore water in high
short waves will move more rapidly than that in low, long waves; it is
only in breaking waves that the water at the crest of the wave moves
more rapidly than the wave form. The movement of the particles on the
surface is in very nearly circular orbits, but each time the particle ad-
vances slightly in the direction of wave advance, the circles are therefore
called open; this slight forward movement of the water is known as the
mass transport. The velocity of mass transport is very small compared
to the wave velocity and to the orbital velocity of the water especially
when the waves are low, it is then almost negligible. It is, however,
significant in considering the water movement close inshore, as it in-
volves the movement of considerable volumes of water and affects the
velocity of bottom flow.

Beneath the surface the orbits of the particles remain almost circular
but they decrease very rapidly in diameter. For every 1/9 of the wave
length in depth the orbit is approximately halved; at a depth equal to the
wave length the orbit is 1/535 of its surface value and at 1-5 L it is
1/12,400 of its surface value. For most purposes the water can be con-
sidered to be still at a depth equal to about one wave length.

(g) Growth

The size of wind waves depends on three factors; these are the wind
speed, the wind duration and the fetch. Any one of the three can set a
limit to the size of the waves. Thus, however long the wind blew at
great speed it could not generate large waves if the fetch, or stretch of
open water over which it was blowing, were limited. This limit could be
imposed either by the meteorological situation, which determines the
distance over which a wind is blowing in a constant direction, or by the
configuration of the land which determines the water available for wave
generation in some areas. In this way the exposure of a coast is a very
significant factor in its characteristic type of beach because it has an
effect on the normal size of wave reaching the beach. For example, in a
sheltered area, where the fetch is limited long waves will never be
generated. The generation of waves is treated more fully in chapter 3.
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(h) Decay

When the waves move out of the generating area into an area of calm
they change from sea to swell. They cease to grow in size and to gain
energy, and may be said to decay. In this process they slowly change
form and lose energy. The loss of energy is, however, very slow and
swells can be traced for thousands of miles from their generating area.
For example waves generated during storms off Cape Horn have been
recorded on the Cornish coast after travelling 6,000 miles.

Swells also tend to modify their form slightly as they move through
the decay zone. The sharp crests typical of the storm area become
rounded and the swell becomes almost sinusoidal. The crests become
longer and more uniform. Owing to their great length they may not be
very conspicuous especially if smaller local waves are superimposed on
them. Such long swells, however, become rejuvenated as they approach
a shore and will become the dominant waves on the beach as a result of
their great energy due to their considerable length and moderate height.

(i) Changes in shallow water

The rejuvenation of swell as it approaches the coast is due to the
changes which the waves undergo as they enter shallow water. All the
characteristics of the wave change as they begin to feel the bottom,
except the period and initially the energy.

i. LENGTH, PERIOD AND VELOCITY. The velocity of an ideal wave
ceases to depend entirely on the wave length; application of the formula
C2=gL tanh 2nd

2w L
This leads to a gradual decrease of wave velocity as the water becomes

shallow. When the depth of water is less than o5 d/L, tanh iz_d

shows that the depth now affects the wave velocity.

becomes almost Z%d; the formula now becomes C?=gd. In very shallow

water, therefore, the wave velocity depends only on the depth of water
and solitary waves may occur. As the wave velocity decreases so the
wave length decreases in proportion. A set of curves shown in fig. 1-2
gives the relationship between wave length, water depth and wave
period. From it the length can be read off from the measured period for
any required water depth. This technique was used during the 1939—45
war to arrive at a value of the gradient of enemy-held beaches when
landings were being planned in Normandy and the Mediterranean

(Williams, 1947*) (see chapter 5, pp. 194, 195).
ii. HEIGHT. Wave height does not vary with such regularity when
the waves enter shallow water. According to Bigelow and Edmonson
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(1947)'2 when the ratio d/L falls below o-5 there is a slight decrease in
wave height, which amounts to less than o0-g H/H,, the original height
is regained when d/L is 0-06 and thereafter there is a rapid increase in
height till the break-point is reached, as shown in fig. 1-3. The increase

F1G. 1—2. The relationship between water depth, wave period and wave length.
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is greater for longer waves than for shorter waves of the same height.
Thus a very flat wave may double its deep water height before it breaks,
while a very steep wave will only show a small increase.

I'6F
H
1-4 |- WAVE HEIGHT IN SHALLOW WATER-
s{ |2 - —t
10
¢ o8l
H 06}
A,
0-4 |
02 WAVE LENGTH IN SHALLOW WATER_
11 4 L a3 14 1 1 1 111
‘00601 0703 08 I 2 34568
D/ D WATER DEPTH
o REFERS TO DEEP WATER VALUE

F1G. 1—3. The change of wave length and wave height in relation to the ratio of depth to
wave length. (After Russell and Macmillan.)

iii. STEEPNESS. Naturally with the changing wave length and height
there is a change in wave steepness; the increase is small at first, because
although the waves are becoming shorter their height is not yet increas-
ing. In depths less than d/L=0-06, however, the increase is very rapid as
the wave length is decreasing while the height is increasing. This increase
is rarely sufficient to cause the waves to reach an unstable degree of
steepness.

With the change in steepness there is also a change in the form of the
wave. The crest of the wave becomes narrower and sharper while the
trough becomes longer and flatter. This change in the wave form is
most noticeable in long, low swell, in which the smooth sinusoidal crests
become sharp and conspicuous.

iv. ENERGY. While the wave length is decreasing and the wave height
is increasing the wave energy remains more or less constant, although
some energy is lost by contact of the wave with the bottom. The energy,
which is uniform along the wave crest in deep water, does not neces-
sarily remain so as the wave enters shallow water. The convergence or
divergence of energy in waves in shallow water is the result of wave
refraction which will be considered in part 3 of chapter 3, pp. 93-100.
It plays an important part in explaining the concentration of wave
attack along the coast.
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v. ORBITAL VELOCITY. The orbital paths of the water particles within
the wave are also modified as the wave enters shallow water. They change
from being open circles to become open ellipses, with the longer axis
horizontal. The orbital speed of movement no longer remains constant,
but as the wave form changes so the orbital velocities change; under the
sharp crest of the wave there is a short but rapid landward acceleration,
while under the long flat trough there is a much slower seaward move-
ment of water.

The movement along the bottom is particularly significant in shallow
water as this exerts a very large influence on the movement of material
on the sea bed. Here the water is moving to and fro along the bed
approximately horizontally with the acceleration landward under the
crest already mentioned and a longer, slower seaward flow under the
trough. The increase of wave height with the constant wave period leads
to an increase in the orbital velocity of the particles. When the wave gets
into shallower water the elliptical orbit is larger than the deep water
circular one which also causes an increase in the orbital velocity.

vi. TYPE OF BREAKERS. This increase of the orbital velocity is signifi-
cant when the breaking of the waves in shallow water is considered. A
wave will break when the increasing velocity of the water at the wave
crest excecds the decreasing velocity of the wave form. The water then
overtakes the wave form and the wave falls over and breaks. Another
factor affecting the breaking of waves rclates to the decrease in volume
of water within the wave form. As the particle orbits increase in size the
water in the wave is reduced by the decrease in wave length so that
insufficient water remains to complete the orbit causing the front of the
wave to become unsupported. The crest, therefore, collapses into the
trough and the wave breaks. Breaking will occur when the depth of
water is about 4/3 of the wave height at break-point. A flat wave may
break in water which is twice as deep as its deep water height owing to
the increase in height from deep water to the break-point.

There are two types of breakers depending largely on the beach
gradient and the wave steepness; these are plunging and spilling breakers
(see fig. 1—4). The former type, in which the crest of the wave falls into
the trough enclosing a pocket of air, normally occurs when a fairly low
wave approaches a steep beach; this type of breaker is therefore common
on steep shingle beaches. The form of the wave is lost in the process of
breaking. A spilling breaker, on the other hand, advances at the correct
speed for the depth with a foaming crest; the wave does not loose its
identity, but gradually decreases in height until it becomes swash on
the beach. Such waves are often fairly steep in deep water and advance
over a gently sloping, usually sandy beach. It is these waves that produce
several rows of breakers advancing shoreward simultaneously and they
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may be called surf waves. The two types of breakers grade into each
other. In all plunging breakers some part of the front face of the wave
must be vertical as they break, which is not necessarily so in spilling
breakers.

/\4_"“"“%

2
PLUNGING BREAKER
T~ — ™

I 3

2
SPILLING BREAKER

F1G. 1—4. Plunging and spilling breakers.

vil. BREAKING ON WALLS, CLIFFS, ETC. Whenever a wave approaches
a beach it almost always breaks but this does not necessarily happen
when a wave approaches a vertical cliff or sea-wall extending into rela-
tively deep water. In this case the wave may be reflected without
breaking. When this occurs an equal and opposite wave travels seawards
from the vertical structure. This, however, is rarely truly vertical and
smooth with a sufficient depth of water below it to allow a perfect
reflection for which the waves must also approach parallel to the shore.
Where a vertical barrier does descend into deep water the reflected wave
interacts with the primary wave to form a standing wave or deep water
clapotis, as shown in fig. 1-5 (A). The wave crests do not advance under
these conditions but the wave troughs and crests rise and fall as shown
in the diagram, with nodes occurring every half-wave length. If the
incoming wave is not parallel to the structure, they will be reflected at
an angle equal to their angle of incidence, a diagonal crest pattern
resulting. Such a pattern can rarely be seen well developed in nature
but can be generated in a model wave-tank.

A more likely result of waves approaching a sea-wall or cliff is the
formation of a shallow water clapotis, which occurs when the depth of
water is not sufficient for a perfect reflection (see fig. 1-5 (B)). The
reflected wave is not now perfectly formed owing to the loss of energy
of the advancing wave over the relatively shallow bed. The retreating
wave, of smaller amplitude, can be seen passing through the advancing
wave. In both these types the pressures exerted on the cliff or wall is
approximately equal to the hydrostatic pressure of the water, if it were
still.

If the water is even shallower the returning wave will not be formed
as the energy of the wave will be destroyed by breaking. If the wave
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breaks against the wall, this will
be subjected to the force of the DEEP WATER CLAPOTIS
moving particles, which will be |, N N\ L
approximately equal to the wave
velocity at that point, but shock
pressures will not result (see fig.
1-5 (C)). When, however, the
water is sufficiently shallow to
allow the breaking wave to trap
a pocket of air between the wall SHOCK PRESSURES
and the water as it breaks then
shock pressures are likely to be
set up leading to damage to the
structure or erosion of the cliff. D
High pressures are set up due to
the compression of the air as the
wave breaks (see fig. 1—5 (D)). If
the water is so sha!low that the WAVE UNS&A%ECLI '{,OR E%?% REUSCE
wave breaks before it reaches the
base of the wall, noshock pressures
will be experienced and the wave
form will be lost (see ﬁg_ 1I-5 (E)) F1G. 1-5. The effect of waves on vertical

Viii. REFRACTION. While reflec- structures in relation to the dep.th of water.

. (After Russell and Macmillan.)

tion only occurs when waves actu-
ally reach a steep coast, refraction takes place as soon as the wave begins to
feel the bottom. It results from the change of wave length and velocity
as the wave enters shallow water. The result is to turn the wave crest to
approach the shore more nearly parallel. That part of the wave which is
in deeper water moves more rapidly than the part in shallower water
which causes the crest to swing round parallel to the bottom contours.
As the crests swing round so the distribution of energy along them
ceases to be uniformly spaced, as shown by the orthogonals, which are
lines drawn everywhere at right angles to the wave crests. There is a
concentration of energy on the headlands and a dissipation in the bays
if the waves approach the coast at right-angles as shown in the diagram,
fig. 1-6. Less obvious, perhaps, but equally significant, is the conver-
gence of orthogonals and wave energy over submarine ridges and the
divergence over submarine valleys. This can occur even if the coastline
itself is straight. It leads to a variation in the height of the waves along
the coast, which reflects the variation of wave energy distribution. The
method of construction of wave refraction diagrams will be considered
in chapter 3, pp. 93—96

ix. LONGSHORE CURRENTS. Very significant in the action of the waves

B.C.—C

WAVE LIKELY TO PRODUCE
SHOCK PRESSURES
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Fic. 1-6. Diagrammatic wave refraction patterns.

on the shore is the effect of wave generated currents. Some of these are
directly due to wave refraction which, as has been shown, causes zones
of convergence and divergence. These wave currents flow from the
zones of energy concentration and high waves to areas of divergence and
low wave energy values. They have been studied in some detail on the
coast of California in the neighbourhood of the Scripps Institute of
Oceanography where submarine canyons approach very close to the
shore and the waves are long, thus giving favourable conditions for the
generation of such currents. Longshore currents due to wave action can
also be generated close inshore when waves approach the coast
obliquely. These currents, unlike the former type, are more pronounced
in shorter waves which suffer less refraction before they reach the coast
and therefore lie at a greater angle to it and can generate relatively rapid
longshore currents.

Another type of wave-induced current which may or may not be
related to the first type is the rip current. It may be the result of the
landward transport of water by mass movement. The water moving
shorewards must escape to the sea in some way and this may be achieved
by the formation of localized seaward directed currents (see fig. 1-7).
Their speed may attain 2 knots where they are concentrated in the surf
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zone, but once through the surf zone they tend to spread out and lose
their velocity. More detailed references are given to these topics in
chapter three in which they are treated more fully.

777777

—

Fi1c. 1~7. Diagram to show rip currents.

Summary

Ideal waves are defined by their height, length, period and velocity;
the last three properties are connected by L=C T and L (feet) is 5-12 T*
(seconds) when waves are in water deeper than half the wave length.
Height and length are related to give the steepness ratio H/L. Waves in
the generating area are known as ‘sea’, outside it they are called ‘swell’,
Where two or more sets of waves, coming from different directions, are
present they interact to become short crested, some swells may be long
crested. Ideal waves are approximately sinusoidal in form. The energy
of waves is given by E=41 H? T?in ft. Ib./ft. of wave crest/wave length.
The water particles move in open circles whose diameter decreases at
the rate of } for every 1/9L downwards about. A slight mass transport
of water occurs in the direction of wave motion. Waves grow by the
transference of energy from the air and depend on the fetch, velocity
and duration of the wind. They are propagated from the generating area
and as they proceed lose energy by decrease of height but can be traced
for thousands of miles.

In shallow water all their dimensions change except the period. The
length and velocity decrease; the height, after an initial small decrease,
increases rapidly near the break-point. Steepness increases rapidly near
the break-point. Energy remains more or less uniform except on very
flat coasts but may be concentrated or dissipated by refraction at different
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places along the shore. The particle orbits now become open ellipses and
accelerations develop in the to and fro movement on the bottom. A
wave breaks when dy/Hy is about 4/3 and breakers are of two types;
a spilling breaker is more characteristic of a flat beach while plunging
breakers occur often on steeper beaches. Where waves approach a
vertical structure or cliff reflection occurs if the water is deep, but when
it is such that the wave can trap air as it breaks on the structure shock
pressures may be set up. Refraction occurs as the waves feel bottom and
turns the wave crest more nearly parallel to the bottom contours. The
orthogonals illustrate the distribution of energy along the coast. Con-
centration of wave energy may set up longshore currents and rip currents
may represent the escape seaward of water carried landward by mass
transport. Longshore currents may also be set up by short oblique
waves.

3. TIDES

In contrast to the variable and unpredictable nature of the waves, the
rise and fall of the tide is normally both regular and predictable; it
exerts a considerable influence on the function of beach processes never-
theless. In this section the significance of the tide to beach problems is
considered and a short account of the main factors on which its type and
range depend is given.

The tide affects beach processes in two ways. Firstly, because of the
rise and fall of the water level and, secondly, because it gives rise to
currents. On a tideless coast the area of beach coming under any parti-
cular part of the wave action is small in dimensions and is limited by the
size of the waves themselves, and as long as these remain constant the
position of the break-point and extent of the swash will remain constant.
This has an important bearing on the beach profile as will be fully
explained in chapter 10, Where, on the other hand, the tidal range is
considerable the break-point of the waves is never fixed in position for
long periods and the effect of the swash can be exerted over a wide
stretch of beach. This has an important bearing on the formation of
certain types of beach profile and on the cutting of such features as
wave-cut platforms.

The exceptionally high water levels which occasionally occur might
be mentioned as they are often responsible for spectacular changes
or damage to the coast and coastal structures. They are not tidal in
origin but may appear to be related to the normal tidal rise and fall. The
cause of such surges is usually due to abnormal meteorological circum-
stances. In extreme cases the height of the high water may be raised by
up to 10 ft. above the predicted level, as occurred on the coast of Holland
during the storm-floods of January—February 1953, with disastrous con-
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sequences to the sea defences. The height above the predicted level on
the Lincolnshire coast was 7-8 ft., which was sufficient to cause con-
siderable damage; but had the crest of the surge coincided with the
normal high water the height of the tide would have been at least 2 ft.
higher at high water, which would have greatly intensified the damage.
Fig. 1-8 shows the actual and predicted tide curves.

FEET ABOVE )
Czl-I4ART DATUM /[

YACTUAL TIDE

JAN3I "7 FEB.1 1953
12 1 L 18 1 1 24 1 1

Fi1c. 1-8. The actual and predicted tide curve for Immingham on Jan. 31 and Feb. 1,
1953.

The variation of water level during the tidal cycle is probably of
greater significance on many parts of the coast than the tidal currents.
At one time many coastal features were explained by reference to tidal
currents but they are now thought to be of less significance than wave
action in the formation of many coastal land-forms. The fact that tidal
currents are reversed at each change of tide reduces their capacity to
move beach material. The flood current usually flows in one direction
while the ebb current often flows with almost equal strength in the
opposite direction. It must, however, be remembered that these two
opposing currents will probably be acting at different levels on the
beach, thus material on the upper beach may be carried in one direction
by the flood tide at high water, while at low water this part of the beach
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will be exposed to the air and the lower part will be under the influence
of reversed currents.

On the open coast tidal currents are rarely of sufficient velocity to
enable them to pick material off the sea-bed and transport it alongshore,
but even if they are weak they can move material that has first been
thrown into suspension by the waves. In river mouths and estuaries,
however, the currents may attain sufficient velocity to enable them to
carry considerable quantities of material; for example, the strength of
the tidal currents at the southern extremity of Orford Ness in Suffolk
reaches 8 or 9 knots when the flood and ebb streams reach their
maximum.

(a) Tide producing forces

The general principles of modern tidal theory which explain the type
and range of the tide will be briefly discussed to enable the cause of this
factor to be more fully appreciated. Before attempting to consider the
tides as they occur in the oceans and seas the tide producing forces will
be briefly mentioned. These forces are caused by the gravitational
attraction of the Sun and Moon on the Earth and are, therefore, closely
related to the movement of these three bodies. Their movements are
somewhat complex as neither the Earth in its orbit round the Sun nor
the Moon in its orbit follow circular paths; also the Earth’s orbit or
ecliptic lies at an angle of 23} deg. to the equator, while the Moon’s orbit
lies at an angle of 5-9 deg. to the ecliptic. The result is that the value of
the tidal forces at any one place vary with the change in declination of
the Sun and Moon, giving a complex pattern of tidal forces. These are,
however, susceptible to harmonic analysis by which method the com-
plex curves may be simplified. Before considering this analysis it should
be remembered that owing to its greater distance away the forces due to
the Sun are only 0-46 those of the Moon. The cube of the distances more
than balances the one power of the masses of the Sun and Moon as both
quantities enter into the formula which gives the tractive force of the

bodies. T=3% EM e: sin 2C. T is the tractive force, g is gravity, M and
2 r

E the mass of the Moon and Earth respectively, e the Earth’s radius and
r the Moon’s distance and C the angular distance of the point measured
at the centre of the Earth from the line of centres. It is important to
make it clear that it is the tractive force exerted by the Moon or Sun
which is important rather than the direct attractive force; this latter
force acts only in a direction perpendicular to the Earth’s surface while
the tsactive force acts horizontally along the surface. The tractive force
has a maximum value of 0-:000,000,084 ¢ when the Moon is at its mean
distance.
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When the Moon is overhead at the equator (zero declination) the
tractive forces are symmetrical, producing two maxima and two minima
during one lunar day (248 solar hours) and the actual value of the force
varies with the latitude. This is called the semi-diurnal tide-producing
force. If, however, the declination of the Moon is not zero the forces no
longer remain symmetrical. Their value can most easily be appreciated,
for a lunar declination of 15°N, by considering fig. 1—9. From the stereo-
graphic projection the direction and value of the tractive force at latitude
30°N can be found for every hour, giving the complex curve shown in
fig. 1-9 (b). This curve can be simplified by splitting it up into its
northerly and easterly components as shown in fig. 1—9 (c). It is apparent
that even these curves are not symmetrical. The process must be carried
one stage farther and these curves again split up into their component
symmetrical curves. Fig. 1—9 (d) shows the northerly component. The
resulting curves clearly differ in that one has two maxima and the other
only one. The tide producing force has now been split up into its semi-
diurnal and diurnal components. The diurnal component is, therefore,
a function of the declination of the moon; it is nil when the declination
of the Moon is zero and a maximum when the Moon’s declination is
greatest. The semi-diurnal force on the other hand will be reduced at
times of high declination. The forces due to the Sun will be similar to
those of the Moon but smaller and their period will be that of solar time
not lunar.

(b) Types of wave motion in tides

So far only the actual forces have been mentioned but the oceans will
react to these forces in a way that can be related to them and analysed in
a similar way, although the relationship is not always very apparent.
This is because the actual oceans are very different from an ideal ocean
covering the whole world with very deep water. In order to appreciate
the reaction of the oceans to these forces the types of wave motion and
the effect of the rotation of the earth of these types of movement must be
mentioned.

One type of wave motion is the progressive wave, whose main char-
acteristics are that the maximum flow occurs at the crest of the wave in
the direction of propagation and at the trough in the opposite direction;
its velocity, ¢, is given by ¢=+/gd, where d is the depth of the water.
The wave velocity depends, therefore, only on the depth of water. If a
progressive wave advances against a vertical barrier it will be reflected
from it to form the second type of wave, the standing or stationary wave.
When a perfect reflection takes place in this way an equal wave moyes in
the opposite direction to the primary one and reacts with it in such a
way that at the maximum and minimum elevations there are now no
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currents, while when the surface is flat the streams reach their maximum
velocity as shown in fig. 1-10.

This type of wave may also be formed in an enclosed basin by oscil-
lating the water within it. In a standing wave of this type the water will
oscillate about a nodal line so that when the water reaches its maximum
slope the streams will be nil but when the surface is flat they will reach
their maximum velocity. The period of oscillation of such a basin, having

one central nodal line, is given by T= \z/—L_"iwhere L is the length of

the basin and d is its depth. Thus the period of the stationary wave or
standing oscillation is equal to that of a progressive wave whose length is
twice that of the basin. The natural period of oscillation of any body of
water will, therefore, depend largely on its dimensions, its length and
depth. This is very important as it is now thought that the tides in the
ocean are mainly of the standing oscillation type.

The tides cannot, however, be closely related to the simple standing
oscillation as another important modifying factor must be taken into
account. This is the rotation of the earth or the gyratory force. This
movement has the effect of deflecting moving particles to the right of
their path in the northern hemisphere and to the left in the southern
hemisphere. The force may also cause a transverse gradient to build up
making the water on the right of the current at a higher elevation than
that on the left in the northern hemisphere. The adjustment may take
place either by transverse streams or by developing a transverse gradient
or by a combination of both.

(c) Effect of the earth’s gyration (amphidromic systems)

The application of the gyratory force to a standing oscillation may
now be considered. In a rectangular basin as shown in fig. 1-11 it will,
in the absence of gyration, be high water at one end and low water at
the other with no currents at hour o. At hour 3 the surface will be flat
but a current will be flowing west across the nodal line, hour 6 is a
reverse of hour o and hour g of hour 3, completing the sequence. Adding
the effects of gyration the subsidiary elevations and currents shown in
the figure will occur. When the current is flowing strongly west at hour 3
it will build up a gradient giving high water at the north of the basin at
this time; at hour 9, when the current is flowing east, this secondary
elevation will be at the south end of the basin; in between subsidiary cur-
rents will be directed southwards at hour 6 and north at hour o. These
two sets of movement combined are called an amphidromic system
because the tide, instead of oscillating about a nodal line, now mgwes
round a nodal point. It will be seen that high water now progresses
round the basin in an anticlockwise direction in the northern hemisphere.
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If the currents are now considered it will be apparent that they are also
moving anticlockwise round the basin, at high water the current, there-
fore, is moving in the same direction as the wave crest, while at low
water it is moving in the opposite direction. Now this is a characteristic
of the progressive wave, the type of motion is now like that of a pro-
gressive wave moving round a point, anticlockwise in the northern
hemisphere and clockwise in the southern hemisphere. The range of the
tide will be greatest round the coast and least in the centre near the
amphidromic point where it is nil.
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F1c. 1-11. Standing oscillation modiﬁe}c\i lt\’/{ %yration. (After Doodson and Warburg.)

(d) Oceanic tides

To a greater or lesser degree it appears that the tides in the oceans as
well as the adjacent seas are based on the operation of a series of amphi-
dromic systems. The response of the different water bodies to the tide-
producing forces depends to a large extent on the principle of resonance.
It has been shown that any body of water has a natural period of oscilla-
tion dependent on its dimensions; if this natural period of oscillation
approximates to the period of one of the tide-producing forces it will
naturally react to that period and a state of resonance will be set up.
Harris, at the end of the last century, was one of the first to emphasize
the importance of resonance; he drew a co-tidal chart of the oceans
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divided into oscillating areas, but because he ignored the rotation of the
earth his map lacks reality. The co-tidal chart constructed by Sterneck
in 1920 shows a pattern of amphidromic systems in the Atlantic Ocean.

Most of the coasts of the Atlantic Ocean have tides which are pre-
dominantly semi-diurnal in type, the diurnal inequality of the tide is
therefore small. This is because the Atlantic Ocean is of dimensions
which respond most readily to the period of the semi-diurnal tide
producing forces. On the Pacific coasts, in British Columbia and
California, for example, there is a marked diurnal inequality of the tide,
one high water being much higher than the other. This is probably due
to the fact that the Pacific Ocean is large enough to react to the diurnal
as well as the semi-diurnal tide-producing forces. In tides of this type
there is a variation of the tide as the moon progresses through its cycle
of declination, the inequality being greatest at times of high declination
and, therefore, the diurnal factor is greatest also. In some parts of the
Pacific Ocean the tides appear to follow the sun instead of the moon, as
for example in Indo-China and Tahiti, this can be explained if the area
is near the amphidromic point of the lunar tidal system but far away
from that of the solar tidal system.

The same principle of resonance can be applied to gulfs and seas as
has been applied to the main ocean basins. The Bay of Fundy, with its
very high tidal range, has a natural period of oscillation of between 11-6
and 13 hours, which corresponds closely to the tidal semi-diurnal period.
This area is also interesting in that it does not appear to respond so much
to the normal spring and neap tidal periods, related to the co-operation
or otherwise of the Sun and Moon, as to the variation in distance of the
Moon from the Earth; this is called an anamolistic tide or perigee/apogee
tide.

(e) Tides around the British Isles

The North Sea also demonstrates the point of resonance. Its dimen-
sions are such that it responds to the tidal movements in the open
Atlantic to produce three amphidromic points as shown in fig. 1-12.
The position of the points as shown on the Admiralty Chart No. 301
(5058) (see fig. 1~13) demonstrate the effect of friction, which has not
yet been mentioned. Friction, in a shallow sea like the North Sea, has
the effect of moving the amphidromic points eastwards away from the
source of tidal energy which approaches from the north and moves anti-
clockwise round the basin.

The tidal chart of the English Channel shows a further stage in this
process. Here the amphidromic point has moved inland and is said to
have become degenerate. This has the result of greatly decreasing the
tidal range on the English coast in the neighbourhood of the Isle of
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FiG. 1-12. Tides in the North Sea. The figures in the lower map refer to times of high
water. (After Doodson and Warburg.) A.M.T.



30 The Character of the Beach

—— CO-TIDAL LINE
TIME IN HOURS

// —~—= RANGE IN FEET

Fi16. 1-13. Co-tidal and range lines for the North Sea tides. (Based on Admiralty Chart
No. 5058 with the permission of Hl\;l1 ?\tIationery Office and the Hydrographer of
the Navy.)
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Wight in relation to the range on the French coast, which is very great
in the region around St. Malo. Again this is probably due to friction
influencing the position of an amphidromic point which should have
been in the centre of the channel in the absence of friction, with the tide
moving anticlockwise round it, that is eastwards along the French coast
and westwards along the English coast. This same feature is also apparent
in the southern Irish Sea where there is a degenerate amphidromic point
off south-east Ireland south of Dublin.
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(f) Shallow water effects

The presence of an area of low tidal range off the south coast of
England is one of the factors which helps to explain the interesting
double tidal phenomena which occur around the Solent. This feature is
probably due to a shallow water effect. It can best be appreciated by
considering the deformation which a progressive wave undergoes as it
enters shallow water as shown in fig. 1-14 (a). The smooth sine form

GRS

L+” 1\ "OBSERVED SHALLOW WATER TIDE

; >-HARMONIC SEMI- DIURNAL TIDE

RESULTANT QUARTER-DIURNAL TIDE

FI1G. 1—-14. Shallow water tidal modification of a progressive wave. (After Doodson and
Warburg.) AM.T.

of the wave is modified because at the crest of the wave the water is
deeper. As the speed depends on the depth of water this results in an
acceleration of the wave crest and a retardation of the trough causing the
form of the wave to become asymmetrical, with a steep front and gentle
back slope. This asymmetrical curve can be split into its component
parts in the same way as before, the two curves consist of a large sine
curve and a smaller asymmetrical curve having two maxima to the one
of the main curve. Because the curve of small amplitude has two crests
it is called a quarter-diurnal tide as the original was a semi-diurnal tide
curve. It can itself be split into its component sixth, eighth and higher
species of tide, by the same technique of harmonic analysis. These
curves have a phase lag of about go deg. so that they can never com-
bine to give double high or low water.

When a standing oscillation enters shallow water it appears that the
deformation is such that when the tidal curve is analysed harmonically
the phase lag is often about o deg. or 180 deg. as shown in fig. 1-15 (2
and b). This means that the semi-diurnal tide is high when the quarter-
diurnal tide is high or low respectively. Thus with a phase relationship
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of o deg. the two curves combine to give a double low water if their
amplitudes are suitable, while if the phase relationship is 180 deg. a
double high water should result.

In order to form a double high or low tide most simply the amplitude
of the quarter-diurnal tide must be more than } of the semi-
diurnal tide, or the sixth-diurnal tide must be more than 1/g9 of the
semi-diurnal tide. This is most likely to occur with respect to the
quarter-diurnal tide near the node of the semi-diurnal tide. Fig. 1-15
(c) shows that this is also likely to be near the maximum of the quarter-
diurnal tide if they occur in a closed channel as shown. These conditions

A B
NODE OF
SEMI-DIURNAL oscuurIV
C NODE OF
QUARTER-DIURNAL OSCILLATION

F1c. 1-15. Shallow water tides. A. Double high water. B. Double low water. C. Rela-
tion of 4 and $ diurnal nodes. (After Doodson and Warburg.) A.M.T.

are well fulfilled in the Solent area, which is near the node of the
degenerate amphidromic system in the English Channel. Freshwater,
Isle of Wight, illustrates the formation of a double low water by the
simplest means. The phase relation is +176 deg., the semi-diurnal tide
has an amplitude of 2-02, the quarter-diurnal tide has an amplitude of
053, giving 4 X 0-53=2-12. The conditions at Portland are favourable
for the formation of a double high water, with a phase relation of —oo02
deg. but the amplitude relationship is not quite suitable, four times the
quarter-diurnal tide is not quite equal to the semi-diurnal tide. However,
the sixth and higher species of tides fulfil the necessary conditions to
produce a double high water.

(g) Tidal streams

So far little has been said about the pattern of the tidal currents on
the open coast. Their reversing nature in the immediate vicinity of the
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beach has been mentioned, but in this environment their movement is
necessarily restricted to one dimension. A little farther offshore, how-
ever, it can be observed that tidal currents are usually rotatory in char-
acter. A combination of the streams shown for different hours on fig.
1-11 is shown in fig. 1-16 for an ideal amphidromic system. Everywhere
the pattern is one of anti-clockwise rotatory currents in the northern
hemisphere. These become more asymmetrical towards the edge of the
basin.
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F1c. 1-16. Tidal streams in an ideal amphidromic system. (After Doodson and
Warburg.) AM T.

Another type of rotatory tidal currents may be set up by the effect
of the gyration of the earth on a progressive wave in a fairly narrow
channel where the compensation is achieved by the development of
transverse currents rather than by the setting up of subsidiary gradients.
The streams in this instance will rotate clockwise in the northern hemi-
sphere.

Much of the material for this section has been based on the Admiralty
Manual of Tides (1941) by Doodson and Warburg,'® which provides one
of the best accounts of modern tidal theory and observation.

Summary

The tidal rise and fall has an important effect on beach processes and
the occasional exceptionally high tides may be catastrophic; tidal cur-
rents may be significant locally.

Tides are produced by the gravitational attraction of the Moon and
Sun and the tractive force, which is the significant one, can be split up
into its harmonic semi-diurnal and diurnal components for both lunar
and solar periods. The diurnal forces are due to the declination of the
Moon. Progressive and stationary waves are important in tidal theory,
the former move with a velocity dependent only on the depth, c=14/gd;
areflected progressive wave has all the properties of a standing oscillation
or stationary wave. In this type no currents exist at high water but they
reach their maximum when the water surface is flat. The period of a

B.C.-D
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standing oscillation depends on the length and depth of the water body,
_ 2L.
Vdg
ponds to the period of the tidal forces. The effect of the rotation of the
earth on a standing oscillation is to produce an amphidromic system.
High water appears to move anticlockwise round an amphidromic point
of no tidal change with the maximum streams at high water in the direc-
tion of movement.

Oceanic tides are based on a series of amphidromic systems, whose
dimensions are such that a state of resonance can be set up. Observations
of tides round the British Isles show that three amphidromic systems
exist in the North Sea; the amphidromic points have moved east due to
friction, giving a greater range on the English coast than the Continental
coast. One degenerate amphidromic point is found inland of the Isle of
Wight in the English Channel. Near the Isle of Wight, where the semi-
diurnal tide is reduced in amplitude, shallow water effects produce a
relatively large quarter-diurnal tide, this causes the occurrence of double
high and low waters at some places. Tidal streams are usually rotatory
a little distance offshore, in amphidromic systems this rotation is anti-
clockwise in the northern hemisphere.

A state of resonance will be set up when the period corres-

4. WINDS

The last factor to be considered is that of the wind. This is an im-
portant factor in its own right as well as being the cause of the waves in
the ocean, and exerting a considerable influence on the height of the tide.
In considering the effect of wind on a coast it is important to differentiate
between the prevalent, or most common wind direction, and the
dominant, or most effective wind direction. Where the two directions
coincide as, for example, on the west coast of Britain, the coast is known
as a windward coast; where the two directions differ, as on the east coast
of England the area is a lec shore. Here, although westerly winds still
predominate, it is the northerly or easterly winds which exert the most
marked cffect on the coast processes. The winds may perhaps most
usefully be differentiated as onshore, alongshore and offshore winds, as
it is their relation to the direction of the coast-line which is most im-
portant. An onshore wind, while helping to produce local seas, will also
generate currents within the water. These currents are not normally very
strong but they can be very effective in moving material first thrown into
suspension by the waves. Strong onshore winds also help to raise the
water level abnormally high, thus enabling the waves to reach parts of
the coast usually beyond their reach. Alongshore winds, which are
often accompanied by oblique waves, are very important in a considera-
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tion of the movement of material laterally along the coast. This is a very
significant factor in the study of many areas of coastal erosion.

Offshore winds, on the other hand, will tend to reduce the energy
of waves advancing on to the coast, especially those of local origin, while
giving fuller play to the swells derived from a distant storm area. At the
same time the water level will be somewhat lower than normal and a
wind-generated current directed onshore on the bottom will probably
be developed. Observations made at Les Karantes, on the south coast
of France, showed that there was a correlation between the strength of
the wind and the height of the water level. This relationship is shown in
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F1G6. 1-17. The effect of an offshore wind on the water level at Les Karantes, in the
Mediterranean Sea.

fig. 1-17, in which the water level has been corrected for the very small
tidal range of the area (o-6 ft. at spring tide and o-2 ft. at neap tide). The
total variation was more than 1.2 ft.

The wind is also significant on a sandy beach, particularly one with a
large tidal range as a very considerable quantity of sand can be blown
from the beach; with an onshore wind it will be blown inland, to form
coastal dunes where the conditions are favourable, but with an offshore
wind it will be blown into the shallow water immediately offshore. Sand-
trap observations of the amount of sand being blown across the beach by
a Beaufort Force 6 wind were made on the Lincolnshire coast. These
showed that the wind carried 22 grams/min. /cm. width of sand.

Summary

Prevalent and dominant winds must be distinguished; the two
directions coincide on the west coast of the British Isles, but differ on
the east coast, where the dominant winds come from the north. Onshore
winds help to generate local seas and produce currents which have an
important effect on the movement of material. They also tend to raise
the water level above normal. Alongshore winds can be important in the
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movement of ‘material along the coast, while offshore winds tend to
reduce the part played by local waves and allow far travelled swells to
affect the beach. They also cause a lowering of the water level normally.
The wind is also important in the formation of coastal dunes.
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CHAPTER 2

METHODS OF RESEARCH

1. THEORETICAL

IN the first chapter some of the main factors on which the character of
the beach depends were discussed briefly. From the discussion it will be
apparent that waves play the major part in shaping the beach and coast,
it is natural, therefore, that a considerable part of the research into beach
processes and coastal development should be based on a study of waves
and their effect on the beach. It is also in this field that theoretical work
is perhaps most satisfactory; waves arc amenable to mathematical
analysis in an ideal form, which, even if it does not bear much relation
to the waves of the sea, provides fundamental concepts of wave motion
and character. The generation of waves in deep water has been con-
sidered from the theoretical point of view by Jeffreys (1925),* Sverdrup
and Munk (1947),2 Phillips (1957)% and others, and will be considered
in more detail in chapter 3, pp. 55-60. The need for precise data con-
cerning the character of sea and swell during the planning and carrying
out of amphibious operations during the Second World War has led to
a great increase in the knowledge and theory concerning all aspects of
wave data. This has been actively promoted since the war by the
National Institute of Oceanography in Great Britain.

The character and properties of ideal waves in deep water are now
tairly well known from the theoretical point of view, but problems still
remain in forecasting the complex wave characteristics in the ocean
which are partly related to the limitations of the meteorological data on
which they must be based. When waves enter shallow water, where they
break and eventually loose themselves on the shore, they become subject
to an increasing number of variables; mathematical treatment must
necessarily become more complex. Other techniques can be used to
supplement mathematical analysis.

It is partly the large number of variables involved in beach problems
which make their solution difficult. One mathematical technique which
has been used to deal with the numerous variables is dimensional
analysis. A complex series of variables can be reduced to dimensionless
ratios, which are functions on which the particular feature under con-
sideration depends. Take, for example, the beach slope and the factors
on which it depends, which may be given in the following symbols:
thlpvdusEg.
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. beach slope, dimensionless

.. wave height, L feet

. wave length, L feet

. wave period, 7" seconds

. sand settling velocity, LT-! ft. sec.

. density ML-31b./cubic ft.

. viscosity ML-*T-*1b./ft./sec.

.. sand medium diameter L ft.

.. wave energy ML2*T-2ft.-b.

g .. acceleration of gravity LT-2 ft. [sec. [sec.

l’ﬁh * &eﬁ ~ xS

Taking E, / and v as three variables which include all three quantities,

mass, time and length, and solving dimensionless equations for all the

other variables in turn the following six dimensionless ratios are arrived

at: i=f (}-l vp v*lPd Pou {l‘_g) The beach slope is a function of these
Il E E ]l

dimensionless ratios. Thus it becomes apparent that the beach gradient

depends on the wave steepness k//; the sand size, which is itself a

function of the settling velocity, is also a significant factor as shown by

the second ratio,%p, as p and / are dependent on each other. The wave
length as shown by the ratio; is also an important factor. It will be

shown in chapter 10, pp. 321—329, that these variables are in fact those
which determine the gradient of the beach.

2. EXPERIMENTAL
(a) Scale problems

Because of the large number of variables involved both theoretical
analysis and full-scale-observations of beach processes are frought with
difficulty. For this reason the experimental approach to the problems is
all the more attractive because the variables can be brought under con-
trol and isolated in the controlled conditions of the model wave tank.
Observations of beach changes and measurement of wave characteristics
are also greatly facilitated. The range of problems which can be investi-
gated by means of models is large; they can be used to study how closely
waves follow the theoretical pattern and motion, calculated mathe-
matically, both in deep water and as they move into shallow water and
break. The movement of beach material and the form of the beach
profiles may be studied in profile and in plan, while the effect of different
waves and the wind on a variety of beach types can be measured. But
unless these experimental results can be applied to their full-scale
counterparts they are of relatively little value, specially from a practical
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point of view. Therefore, it is relevant to consider the problem of scale
in the application of the results of model experiments to beaches in nature.

Various aspects of ideal waves in deep water, including wave form,
velocity, orbital radii and mass transport can be reproduced in a model
wave tank with a very good correlation with the theoretical values. As
the waves move into shallow water the degree of correlation with
theoretical values often decreases considerably, although this does not
necessarily mean that the model behaves differently to the natural
counterpart. Some studies, however, such as that by Johnson (1949)*
shows a close correlation with empirical relationships derived from
observations on a particular beach. A 1 : 40 model of the Scripps beach
in California shows that model values of the relationship between wave
steepness and depth of breaking agree closely with the empirical curve.
(Ho/Lo v. dy/Lo) Model results indicate that there may be some dis-
crepancy between the theoretical figures and the actual ones. So far
model experiments have not contributed substantially to the solving of
the problem of wave generation.

Models can be used to study the movement of beach material and the
character of beach profiles in general, or to study particular problems
on a model of a specific area. In both these instances the material forming
the beach is a vital factor in the analysis. The conversion of the size of
beach material from model to nature and vice versa is difficult and has
led to considerable difference of opinion. One argument is put forward
by Bagnold (1940)® and is based on the requirements of geometrical
similarity which will be discussed on pp. 42—43. He considers that
the beach profile should be similar if the ratio, R,=H/d, where H is the
wave height and d is the diameter of the material, is constant for the
model and prototype. The ratio R increases as the material becomes finer
and as the waves increase in height, for a fine sand beach, where the
median diameter of the sand is 0:20 mm., R would be 6000 for a wave
only 1-2 m. in height. In order to imitate these conditions in a model
wave tank if the wave height was 12 cm. the diameter of the material
would have to be 0.02 mm.; this value is below the limit of fine sand. T'o
imitate high storm waves the material would have to be even finer in
grade. When sand is used in the model tank it would simulate shingle
on a natural beach if the scale were considered in this way. There are,
however, many respects in which sand and shingle beaches differ in
nature; their profiles are different and they affect and are affected
differently by the waves. It would appear unlikely, therefore, that sand
in a model tank would give reliable data concerning a shingle beach in
nature. On the other hand sand in nature is no more likely to be simulated
by silt or clay in the tank as geometrical similarity would suggestitshould.

One relevant factor in this discussion is the velocity required to initiate
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movement of material onthe bottom. It has been shown by Hjulstrem
(1935)® and others that this velocity for a bed of uniform material
depends on the size of the particles. The most easily eroded particles
are those with a diameter between o'1 and o-5 mm.; particles both
smaller and larger than this size require a considerably higher velocity
to initiate movement. Thus if silt or clay grade material were used in a
model tank to simulate sand in nature it would require a higher velocity
to move it from the bed than the natural counterpart, the force available,
however, would only be the model waves instead of the full size waves
with their higher velocities. Once the material is in suspension, however,
different laws come into force; the finer material in the tank would not
be deposited until the velocities were very much lower than those which
would allow the coarser material to settle on the bed. The ratio between
the material size and the erosion velocity will differ from the ratio
between the material size and the settling velocity in the tank and in
nature. Other properties of the sediments are also important, the cohe-
sion of the finer particles will effect their movement while the different
rates of percolation through sediments of different size is very significant
as will be discussed in detail when the gradients of the beach are con-
sidered (see pp. 321-329).

The factors mentioned above have led some workers, notably Meyers
(1933),7 to go to the opposite extreme. He considers that, if the gradient
of the beach is an important factor in the experimental work, the same
material should be used in the tank as on the natural beach, if compar-
able gradients are to be obtained. At the steeper limits of the experi-
mental and natural gradients the results agreed well but for the flatter
natural slopes the differences became considerable. The flatter natural
gradients were about 1 : 100 for fine sand while the comparable experi-
mental slopes were only 1 : 11-6. These results indicate that this solution
to the problem is also not entirely satisfactory.

The value of model results would be greatly increased if it were
possible to formulate exact laws connecting the model beach results to
their natural counterparts. An attempt to assess the reliability of model
results has been made by the Beach Erosion Board (1933).% They com-
pared the results obtained in a large wave tank with those obtained in a
smaller one. All the dimensions including the sand size were reduced to
scale for the models in the ratio 1 : 2; for the larger model the sand size
was 0-56 mm. and for the smaller 0-28 mm. It was found that there was
a close agreement in the resultant beach profiles for the three wave
lengths used for this experiment. The gradients on the swash slope did
not agree exactly and the reason for this discrepancy will be discussed
in chapter 1o. For the linear scales smaller than 1 : 2 the sand diameter
was kept at 0.28 mm. But even so a good agreement with the larger
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model was maintained up to a scale of 1 : 3-5. When the scale between
the models was 1: 45 there was still a general similarity of profile
although the smaller model reacted less quickly to the waves than the
larger model. Johnson (1949)* mentions a similar set of experiments
made by the U.S. Waterways Experimental Station (1940) when wave
tanks on the scale 1 : 2 : 3 were used for the tests. Using a beach slope
of 1 : 5 similar waves produced very similar results and there was a close
agreement of the stable slopes.

These results suggest that there is a reasonable correlation between
the results of model experiments and the behaviour of natural beaches
under similar conditions. One type of wave will produce a storm profile
in both model and natural beach while the opposite type will build up
a normal profile. On the other hand the critical wave characteristic which
will determine which type of beach will be formed appears to differ
slightly from model to counterpart and indeed from one natural beach
to another, as will be discussed in chapters 4 and 8 (see pp. 126, 250).
The similarity noted by Lewis (1943)° between features formed in a small
lake in Iceland, whose greatest fetch was less than 500 yds., shows that
the same processes can produce similar results on widely differing scales.
One of the features formed in this small lake in some respects closely
resembled the great shingle structure of Chesil beach in Dorset; both on
their very different scales turn to face the dominant waves.

Another scale problem associated with wave action in a model tank
has been discussed by Bagnold (1946).2° He notes that the ripples which
form in the sandy bed of the model are very much greater in proportion
to other features than their full-scale counterparts. These relatively large
ripples exert too great a drag between the water and the bed thereby
exhausting the waves too soon. In order to overcome some of the scale
difficulties concerning the character and behaviour of the bed material
Bagnold (1947)"* has carried out experiments with material of much
smaller density than normal quartz sand in the hope that it might react
to the smaller tank waves in a way more similar to natural sand and full-
size waves. The material he used was ground perspex with a density of
1-18. His conclusions, however, suggest that the low density material
does not give useful results in the study of beach profiles, although it is
useful in studying the action of waves in deeper water where the velo-
cities are lower. It can also be used with advantage in experiments with
wind in a2 model tank as will be mentioned in chapter 6 (see pp. 208, 209),
when the currents generated are too slow to move quartz sand.

(b) Model laws

Model laws have been developed by Froude to enable different para-
meters to be converted to scale. His derivation of the model laws has
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shown that the model must be undistorted, that geometrical, kinematic
and dynamic similarity must be maintained between model and nature.
Fig. 2-1 shows the relations between model and prototype in an undis-
torted model. The co-ordinates of point C in the prototype are @ and b
while those of the model point C’ are a’ and b’. Therefore b/b’'=ala’
=A, where A4 is a constant defined as the length ratio, assuming geo-
metrical similarity between model and prototype.

(o] o
PROTOTYPE MODEL

F1G. 2—1. Diagram to illustrate the derivation of model laws.

In discussing the kinematic similarity between model and prototype
the time ratio must be fixed. From the figure the time taken for a point
to travel from B to C is equal to ¢, and from B’ to C’ is equal to ¢’. This
gives the ratio of velocities C'as V[V ’=CTB//Bt—,C= At'[t,nowift[t'=B
(where V is the velocity in the prototype and V"’ is the velocity in the
model and B is a constant and is defined as the time ratio.) V/V" is now
equal to 4/B. The acceleration ratio is similarly 4/B2

In discussing dynamic similarity a ratio of forces must be considered.
The forces of inertia and gravity only will be considered. The inertia in
nature on a particle of volume Q is Qra (where 7 is the density and a the
acceleration). The inertia on a model particle is Q'7’a’. Therefore the
ratio of forces Fiis Qra/Q’r'a’, Q[|Q'=A4?® and a/a’=A|B*. If the ratio
of densities is R then FizR_A;?A=%§_4 R is 1 if the same fluids are
used in the model as those in nature. The ratio of the gravity forces Fg
are Qra/Q'r’'a’ and Fg=RA3 X 1 as gravity is the same in nature and the
model. The same ratio of forces must hold for gravity and inertia there-
fore Fi=Fg, therefore if Ris 1, A*/B*=A43, A|B*=1, A=B*. Consider-
ing the ratio of velocity C=A4/B, therefore C=B. From this Froude’s
law follows, 4= B2?=C? which states that the time and velocity scale are
equal to the square-root of the linear scale. Froude has also shown that
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it is impossible to use a geometrically distorted model in the study of
gravity waves.

For any model in which wave action is an important aspect the model
must not be distorted. However, it has been found that when con-
structing models of particular areas to study some specific problems that
good results are obtained by using a vertical exaggeration of scale. This
applies particularly to models of harbours and river mouths in which
tides and currents are of prime importance. For most areas the range of
tide in the model would be negligible without vertical exaggeration.

(c) Description of model apparatus

There are two different types of model apparatus which serve different
functions. One type is designed for a specific area and which usually
aims to solve a particular engineering problem. This type of model is
usually associated with such features as harbours and breakwaters and
problems of coastal defence or the tidal stretch of rivers. As this type of
model is associated largely with specific engineering problems and has
been described in detail by Allen (1947)'? it is not necessary to consider
it further here. It might be pointed out that in this type of model, such
as that of the Severn estuary, there is nearly always a vertical exaggera-
tion of scale which is chosen so that the behaviour of the model can be
made to simulate known changes in the prototype and from this future
changes can be extrapolated and the effect of structures on the régime
examined.

The second type of model is one designed to establish fundamental
relationships between the different factors which affect the character of
beaches under wave action. Such models can provide empirical data
which can then be checked against full-scale phenomena or they can be
used to check theoretical data. Many examples of the use of models for
both these purposes will be considered in the following chapters. The
apparatus used by workers for different problems vary but they can be
divided into two main groups. One type is three dimensional; in it
studies of movement both normal to the shore and parallel to it can be
made. Others are narrow and are used to study the processes which
operate normal to the shore in two dimensions. The latter type is rather
simpler as the variables introduced by three dimensional movement are
eliminated, this type will be considered first.

As an example of a long narrow wave tank the one in the Geography
Department at Cambridge may be described. The lay-out of the wave
tank is shown in fig. 22, it was 30 ft. long but only 9} in. wide and about
2 ft. deep. The waves were generated by a curved paddle which was
fitted to a 0-25 h.p. engine. The wave heights could be adjusted by
varying the eccentricity of the arm attaching the paddle to the motor,
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giving a range in deep water from 2 to 10 cm. The wave length was
varied by use of a system of gears which gave periods of 0-75 sec., 1°5
sec. and 2-2 sec. Variations between these values could be obtained by
use of electric resistance. Wave heights were measured with a point and
hook gauge at the required depth and the period of the waves was timed
by stop-watch, using the average of 10, from this figure the wave length
in deep water could easily be calculated. Owing to the limited depth
available true deep water waves could not be generated so that direct
measurements of length would have been of limited value. As shown in
fig. 1-3 the wave height does not begin to increase rapidly till d/L is
about 0-05; for most purposes, therefore, the wave height measured in
the deeper part of the tank gives an adequate value for the deep water
wave height.

In addition to the paddle for generating waves a fan, to simulate the
effect of an onshore wind, was set up over the wave generator as shown
in the figure. This fan produced winds of up to 35 m.p.h. but the wind
could be varied to give the required velocity. The wind velocity was
measured with a small anemometer over the beach area or where re-
quired. The results of experiments with the fan in operation are dis-
cussed in chapter 6 (see pp. 207-213).

A baffle was placed behind the wave paddle to absorb any effect of
disturbance in the water behind the paddle. At the other end of the tank
a sand beach on a smooth wood floor was built. The profile could be
recorded easily by reference to a grid of strings stretched across the glass
window in the tank at 2 cm. intervals. The beach extended over a dis-
tance of about 3 m. from the top of the tank and was built of quartz sand
of fairly uniform size, which had been passed through a sieve of twenty
meshes to the inch to give a median diameter of 0-41 mm.

Many of the experiments made in this tank were concerned with the
measurement of the volume of material moved along the beach under
varying conditions. Some of these are described in chapter 4 (see pp.
121-127). The experiments were made by trapping sand in a trap de-
signed to measure the sand moving both onshore and offshore. The trap,
which extended across the full width of the tank, was divided into two
portions by a central division running the length of the trap as shown in
the inset in fig. 2—2. Sand travelling onshore fell into the portion nearest
the sea while sand moving offshore would fall into the other half. The
difference between the two amounts gives the net quantity of sand moved
and the direction in which it is moving. It appeared from tests that the
width of the half trap which was 2-5 cm. was enough to prevent sand
from by-passing the trap nearest to it, except, perhaps, under the largest
waves near their break-point where the turbulence was greatest. Up to
400 grams of sand was caught in the traps during the normal run of five
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minutes. This type of tank can be used for studies of the transport of
sand and for experiments on the formation of beach profiles such as
those discussed in chapter 5.
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Fic. 2-2. The wave tank in the Geography Department of Cambridge University.
The trap used to determine the direction and amount of sand transport is shown.

An example of the larger type of three dimensional tank is that used
by Saville (1950)® to study the character of longshore currents and the
transport of material alongshore. The results of his studies are con-
sidered in chapter 3 (pp. 111-112) and 4 (pp. 144-147). The lay-out of
the tank is shown in fig. 2—3, which gives the dimensions of the tank and
the alignment of the beach at an angle to the wave generating flap.
Various precautions were taken to ensure that the movement of sand
along the beach simulated the conditions on an infinitely long beach in
nature.

A considerably larger three-dimensional model reproducing the shore
in the neighbourhood of Dunwich, Suffolk, on a horizontal scale of 1 : 30
has been built up by the Hydraulics Research Board, it is described in
the report for 1956.1 The model reproduces 3,000 ft. width of beach
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Fi1G. 2—-3. Plan of wave tank used to study longshore transport. (After Saville.)

extending 1,800 ft. offshore, there is a slight vertical exaggeration giving
the vertical scale the ratio of 1 : 20. This enables the natural tides and
waves to be reproduced on the model. The waves were made with a new
type of pneumatic wave generator. The aim of the experiments was
partly to test the effectiveness of various types of groynes in stabilizing
the beach under the action of oblique wave, these approached the shore
at 30 deg. to normal, the wave height being 2 ft. on the prototype in
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deep water. The sand used in the model was o-15 mm. compared to
o0-45 mm. in the prototype, the results of the experiments are mentioned
in chapter 4 (see p. 147).

For studying some problems, such as the formation of ripples, experi-
ments have been done by oscillating a carrier containing sand through
still water. In this way the longer accelerations associated with wave
action in nature can be more easily simulated than in a normal wave
tank where the waves must of necessity be much smaller than natural
ones. Experiments of this type, carried out by Bagnold (1946)*, are de-
scribed in chapter 4 (pp. 128-130). The application of this technique is
restricted to a rather small range of problems and cannot be used to
study the actual beach. The use of models does in general, however,
provide a very useful method of tackling some of the very complex
problems associated with beach development and wave characteristics.

Summary

Models can be used for the study of waves in deep water and shallow
water, the character of beach profiles built by the waves, and the move-
ment of sediment on the bottom. The problem of scale is important in
the latter problems particularly; two possibilities are suggested, either
the ratio, R, of wave height to sand size may be kept constant, or similar
material may be used in tank and nature. Neither produces exactly com-
parable results but probably the latter is in general more satisfactory.
On the whole model beaches simulate with reasonable accuracy the
character of known changes on natural beaches in response to differing
waves.

Model laws state that a model used to study waves and their cffect
must be undistorted both geometrically, kinematically and dynamically.
The time and velocity scales must equal the square-root of the linear
scale. Models of harbours, river estuaries and other areas in which tidal
forces are significant, however, must usually use a vertical exaggeration.

Models can be designed to study engineering and other problems in
specific areas or they can be used to establish fundamental relationships
between the beach and waves, wind and other forces. The latter type can
be divided into two groups; the model which studies processes acting
normal to the shore and which is long and narrow, and the three dimen-
sional model where processes acting both normal to and along the shore
can be studied.

3. FIELD OBSERVATIONS

Although much useful information both on the general nature of wave
action on the beach and on specific problems of coastal engineering can
be gained from models, the final aim of coastal studies is to understand
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the forces at work on the beaches in nature. For this purpose it is essen-
tial to make full-scale observations of many different processes and
features. These vary from the generation of waves in the open ocean to
the movement and character of the beach material at and near the water
line and must also include a study of the backshore zone.

(a) Nomenclature

The nomenclature used throughout this book when referring to the
beach zone will be given. The term ‘beach’ will be used to include the
backshore, foreshore and offshore zones as defined in fig. 2-4. The term
‘backshore’ is used for the zone above the limit of the swash of normal
high spring tide and is, therefore, only exceptionally under the direct
influence of the waves. On a rocky coast it will include the cliffs and on
a low coast it may consist of sand dunes or mature salt marsh. The ‘fore-
shore’ zone includes all that part of the beach which is regularly covered
and uncovered by the tide. On a tideless beach this zone will be very
narrow, only extending the distance between the limit of the swash and
the backwash of the larger waves. The ‘offshore’ zone extends from the
uppermost point always covered by water to a depth at which substantial
movement of beach material ceases, under normal circumstances, or be-
comes very small. Ripple formation and minor changes of level will take
place to much greater depths. The limit of this zone is discussed in more
detail in chapter 4 (pp. 132-138).

Fig. 2-4showsadiagrammaticcompositesand and shinglebeach profile.
The ‘berm’ is a terrace formed in the backshore zone above the limit of
the swash at high tide to form a flat terrace or sometimes a ridge with a
reverse slope. The berm is sometimes double. Ridges are sometimes
found exposed on a tidal sand beach at low water. The term ‘ridge’ is
used only for features which are, for part of the time at least, above the
water level. Below low water the positive features on the sandy floor in
the offshore zone are called ‘submarine bars’. The term ‘bar’ implying
that the feature is never exposed above the water level, a property which
is emphasized by the term ‘submarine’. Such features have in the past
been referred to by other names such as ‘offshore bars’ and ‘low and
ball’. The Jatter term is ambiguous, it has been used both for sand ridges
and submarine bars by different authors. The features described by
Cornish (1898)'5 seem to be sand ridges, while those discussed by
Evans (1940)'® under the title ‘low and ball’ are found in Lake Michigan
which is tideless and these features must, therefore, be submarine
bars.

.The hollows found on the landward side of the ridges and submarine
bars of sandy beaches are termed respectively ‘runnels’ and ‘troughs’.
The runnel in a tidal beach carries the water draining off the beach as



Field Observations 49

A THE BEACH IN PROFILE ACKSHORE ZONE TO INCLUDE
{chF OR DUNES, ETC.
ER PART COVERED sv
'EXCEPTI ONAL
ITIDES
|
1 28 ZONE' |
| LEVELS, TO LIMIT !
HIGH WATER | OF H,VI'."SWASH
OFFSHORE ZONE EXTENDING TO
LIMIT OF SUSTANTIAL MOVEMENT
OF MATERIAL
LOW WATER
B COMPOSITE SAND BEACH PROFILE
- CLIFF
HIGH WATER
LOW WATER
s?aMAmNE BAR CREST
I TR%UGH
BEACH RIDGES
[ hY
] \,
c COMPOSITE SHINGLE BEACH PROFILE
HIGH WATER
—_ FORESHORE STEP
BREAK-POINT
1OW WATER

BREAK-POINT STEP

F1G. 2—4. Beach Nomenclature: A. The Beach in profile. B. Composite sand beach
profile. C. Composite shingle beach profile.

the tide falls and is flooded first by the rising tide. The trough of a sub-
marine bar is always under water.
A larger feature which is built permanently above the limit of high
tide, but which is separated from the shore by a lagoon or channel will
B.C.—E
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be referred to as a ‘barrier beach’ or ‘island’, following Shepard (1952).17
Such features have often in the past been referred to as offshore bars,
but the term barrier appears appropriate as the feature separates the land
from the open sea and is thus a barrier to movement on and offshore.

The features typical of a shingle beach differ from those found on a
sand beach, confusion is therefore avoided if they are referred to by
different terms. The features which are built considerably above the
limit of the storm waves may be called ‘backshore’ or ‘shingle’ ‘beach
ridges’, while the term ‘swale’ is suitable for the gencrally shallow de-
pressions which separate such ridges. The smaller features built up
between the tide marks may be called ‘foreshore steps’ which indicates
the part of the beach where they are found. Another step is often found
at the break-point of the waves and to differentiate this from the former
it may be referred to as a ‘break-point step’.

The terms used for the constructional features of the beach zone in
plan are illustrated and discussed in chapter 12, figure 12-6 shows them
diagrammatically, they need not, therefore, be mentioned here. The
terms ‘down-wave’ and ‘up-wave’ will be used when discussing the
longshore movement of material to indicate the dominant direction
towards which and from which beach material is moved respectively.

Table 2-1 gives, as far as possible, the equivalent terms in other
languages.

TABLE 2-1
Nomenclature
Terms used French German Dutch Swedish
Beach Plage Strand Strand
Berm Terrase de plage Strandterrasen
Beach ridge Levces de plage, Strandwalle Strandrug Strandvellar
(shingle) bancs de galet
Barrier beach or Cordon hittoral Kustendammwall, Shoorwall vrije or
island Nerhung Lido losse strandwall
Lagoon Lagune, étangs Lagune Haff Laguner
(littoraux)
Ridge (sand exposed Crétes pre-’ Schwellen Aangroeiinsrug
at Jow water) littoraux
Runnel (exposed at Sillons pre- Zwin
low water) littoraux
Submarine bar Barre Sandriff, Barre Strandbank Revel
(never exposed)
Submarine bar Creux Rufftalen Trag
trough

(b) Problems considered

sITUATION. The beaches themselves may be considered first. Ob-
servations on the beach should include information concerning their
position with relation to fetch and the wind régime of the area, the
lateral extent of the beach along the coast which is intimately linked
with the general form of the coast. The nature of the hinterland is of
importance as the beach sediment is often partly derived from inshore.
The offshore zone is also very important as the character of this zone



Field Observations 51

has a marked effect on the waves which reach the coast and on the supply
of material from offshore sources.

BEACH MATERIAL AND ENVIRONMENT. On the beach the character
of the backshore area must be examined; the type of artificial defences
must be included, where these are present. The material of which the
beach is composed must be studied in detail ; both its lateral and perpen-
dicular arrangement is important. The form of the beach profile must
be considered and its changes from time to time require investigation.
The profile should, if possible, be continued downwards from the low
water line to a depth equal to the limit of wave action under normal
circumstances. A study of the material in deeper water is also of interest
in assessing the movement of material alongshore in deeper water. This
latter problem is not one which it is easy to solve; it is nevertheless one
of great importance in a study of the beach and coast development.

wAVES. The factors responsible for the movement of the material on
the beach and the resultant form of the beach profile must be taken into
account. The waves are the most important of these factors, it is neces-
sary, therefore, to observe or compute from available data, such as
synoptic meteorological charts, the nature of the wave attack on the
coast. This requires a knowledge of the significant wave height, wave
length and direction of approach throughout the period under considera-
tion. Precise measurements of these quantities along the entire coast is
clearly impossible with present equipment, various techniques have been
devised to enable these wave characteristics to be deduced from meteoro-
logical data which are more readily available. These techniques can then
be checked at those localities where the necessary wave recording ap-
paratus is available. As well as the wave dimensions and direction the
detailed movement of the water within the wave must be considered, as
it is this which moves the material and determines the beach character.
Different techniques are required for this type of observation.

TIDES, WIND. The tidal régime and tidal currents must also be taken
into consideration at any particular place, such data are often available
from tide tables but sometimes they must be measured. Wind observa-
tions for the immediate locality are also necessary for a full study of any
particular beach.

TIME FACTOR. The observation of all the relevant data must be con-
tinued over a considerable period of time to enable the effect of as many
as possible combinations of waves, wind and tide to be observed. It is
not possible to isolate the many variables in nature, the observations
must, therefore, continue long enough to provide samples of many types.
It may then be possible to explain the character of that particular beach
and to arrive at relationships which can be applied to other areas of
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similar type; the results of model experiments can also be checked. Such
work requires frequent surveys of the beach so that the observed changes
can be correlated with the measured changes in the waves; the more
frequent are the surveys the more likely that the changes in the beach
profile can be related to the measured variation in the waves. The
frequency of the surveys required will naturally depend on the variability
of the waves and to a certain extent on the character of the beach as some
beaches react more rapidly than others. Shingle, for example, reacts to
a change in wave type very much more rapidly than fine sand and hourly
surveys may show considerable changes. On the other hand occasional
surveys are also of value as they may show whether that beach undergoes
seasonal or tidal cycles, as has been shown to occur on some beaches, or
whether the beach is undergoing more or less continuous erosion or
accretion. Beach cycles of this type can take place over a considerable
number of years, of the order of twenty, in some areas. The fluctuations
of the beach at Sumner, near Christchurch, New Zealand, discussed by
Scott (1955),8 illustrates this point.

SURVEYS. The actual methods of survey will be discussed in the
appropriate chapters, where they are referred to in more detail. Some
interesting new techniques, such as the use of radio-active isotopes, have
been developed fairly recently to study the movement of pebbles and
sand on the shore. These experiments are discussed in chapter 4 (see

Pp- 154-158).
Summary

The nomenclature used is discussed. Observations on a natural beach
should include a consideration of their situation and exposure. The
beach material must be studied in detail over all the beach zones.
Measurement or estimate of wave size is essential and the tidal régime
must be ascertained. Observations of the changes on the beach must be
carried out over a considerable period of time as well as over short
periods when the changes can more easily be correlated with changes in
the wave characteristics.

4. HISTORICAL DATA

The use of historical material can often add much of interest to the
study of a particular coastal area. This material is more relevant to the
development of the coast than the beach, although there can be interest-
ing implications as far as the beach is concerned. Naturally such studies
can only be carried out where the historical material goes back a reason-
able time and the nature of the evidence will vary considerably from
place to place. In chapter 11 two areas are considered in detail from this
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point of view; the Lincolnshire coast has been a coast of erosion since
the thirteenth century, while the Dungeness and Romney Marsh area
of Kent is an area of deposition, where the historical data goes back to
the invasion of Julius Caesar.

The use of maps to establish changes in coastal outline can also be
valuable, although it is rare to get sufficiently accurate maps to make
precise measurements of the rate of change before the first edition of
the Ordnance Survey, published during the nineteenth century, in
Britain. Hydrographic surveys probably provide an exception to this
generalization, but they are normally restricted to areas of importance
to navigation such as harbours. The data they give of the offshore zone
is, however, often of considerable value.
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CHAPTER 3

WAVES

1. WAVES IN DEEP WATER
Ideal waves

THE fundamental dimensions and character of waves in deep water
have already been mentioned in chapter 1, including the formulae
which relate the wave velocity, length and period. These formulae
were developed by Airy! in 1842. A few years later Stokes? in 1847
extended the theory to waves of finite height; his solution required
that the velocity should depend to some extent on the wave height and
that the orbital movement was in the form of open circles, indicating the
existence of mass transport. Stokes did not obtain a rigorous solution
although he worked out the formulae to a fifth approximation. Levi-
Civita,®> however, in 1925 proved that the series was convergent for
deep-water waves, while Struik? in the following year obtained an
exact solution for finite depths. The form of the waves in Airy’s analysis
is sinusoidal, but for waves of finite height the form approximates to a
trochoid.

Another theory of wave motion has been developed on the assumption
that the waves are exactly trochoidal. This theory was developed inde-
pendently by Gerstner® and Rankine,® in 1802 and 1863 respectively. It
shows that the orbits of the particles are exactly circular and hence does
not allow for mass transport; this has been shown to exist, for example
by Mitchim (1940).7 The results of this theory are very similar to those of
Airy for low waves in deep water, it also has the advantage that the
formulae are much simpler than those of Stokes’ theory and provides
exact solutions for the motion of particles, the wave form, energy and
velocity. The theory was extended for shallow water conditions by
Gaillard (1904).%

The two wave theories which have just been mentioned require
different forms of motion in the water. The Airy-Stokes theory demands
that the flow be irrotational. It appears that the theory of Stokes which
requires both irrotational flow and mass transport is closer to reality than
the simpler theory of Gerstner and Rankine, where the flow is rotational
and no mass transport is allowed.

One of the most important properties of the irrotational theory of
Stokes is the mass transport; its velocity at the surface, which is pro-
portional to the square of the wave steepness, is very small compared

54
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to the wave velocity, this value becomes very small for low waves and is
negligible for very low waves. The volume of mass transport is given by

Hz\/ % per unit width of wave crest, this value has been checked

experimentally by Mitchim, H is the wave height and L the wave length.

The trochoidal wave of Gerstner’s theory of wave motion requires
rotational water movement and can be defined fairly simply. The wave
form in deep water is given by x=R0 —7 sin 8 and y=R —r cos 0 where

L is 2R and H is 27, the height of the crest above still water is given by
H H?
~2~+o-7854 i and the depth of the trough below still water level is

H H?
given by 2—0-7854 I Thus it can be seen that the crest height is

greater than the trough depth. The energy of the wave is given by the

wLH? H? oy o .
formula E= “3 ( I1—493 Z;) which is the total kinetic and potential
energy per wave length. For flat waves it is apparent that this formula is
the same as that already given for the low sinusoidal waves. Although the
actual form of ideal waves in deep water is fairly well established when
it comes to a discussion of the generation of waves in the sea, knowledge
is much less advanced. This aspect is, however, of greater significance
from the point of view of the beach as it dctermines the type and char-
acter of the waves reaching the shore.

2. WAVE GENERATION

(a) Theory—]Jeffreys, Sverdrup and Munk, Eckart, Phillips

The generation of waves depends on the transference of energy from
the wind to the sea but the exact method whereby this is achieved is not
yet fully known. Some of the theories put forward to explain this will be
discussed briefly.

JEFFREYS. One of the theories put forward to explain the generation
of waves is the sheltering theory of Jeffreys (1925).? He assumes that the
air flow is laminar over the windward slope of the wave and turbulent
on the lee slope. It is assumed that the lee side of the wave form is
sheltered by the crest and low velocities are found here. The normal
pressure thus differs between the windward and lee faces. If the wind
velocity exceeds the wave velocity energy is transferred from the air to
the water. The tangential friction is ignored in this theory. One im-
portant factor in his analysis is the ‘sheltering co-efficient’, s, which is
related to that proportion of the windward slope of the wave which
offers resistance to the wind; from his calculations he found s to be
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about o-27. His theory accounts reasonably satisfactorily for the initial
generation of waves when their steepness is very low, but as the waves
increase in steepness his value of s appears to be too great. Experiments
by Stanton and others (1932)" showed that the sheltering coefficient
was only 1/10 of Jeffreys’ value. The conclusion is reached that drag
must be taken into account to explain the growth of waves as the
observed sheltering coefficient is much smaller than the theoretical one.

SVERDRUP AND MUNK. The rough turbulent theory developed by
Sverdrup and Munk (1947)™ is based on rough turbulent flow which
applies when the wind speed is over 7 m./sec. (Force 4 Beaufort scale).
Above this velocity ripples of small dimensions are formed on the wave
surface and these alter the type of surface from hydrodynamically smooth
to hydrodynamically rough. This concept of a critical speed has since
been criticized by Munk (1957)!2 who originally put it forward. It now
appears that there is no critical wind speed (see p. 58). The air flow
is considered to be similar to that suggested by Jeffreys, an eddy forming
on the lee side of the wave. The sheltering coefficient used for this
theory is about 1/20 of Jeffreys, s being 0-013. It is suggested that the
tangential stress of the wind, which is an important factor in this theory,
varies with the square of the wind velocity above a certain figure. The
waves acquire energy from the wind by tangential stress when the water
particles move in the same direction as the wind, and energy is lost when
the particles move against the wind, but because of mass transport there
is a net gain of energy. Because the wave velocity is much greater than
the velocity of the particles within the wave it is possible for the wave
velocity to exceed the generating wind velocity; the limit would be
reached when the particle velocity equalled the wind speed. When the
waves are moving faster than the generating wind the energy transfer
is in two directions; the waves are gaining energy by tangential stress
but are losing it by the pressure of the wave form on the wind. Energy is
also converted into heat by turbulence. The wave will continue to grow
until the loss of energy equals the gain. The whole energy of the tan-
gential and normal stress of the wind goes into the wave, and causes an
increase of height and length; the increase in height is more important
when the wave is moving slower than the wind, but when the wave speed
exceeds the wind velocity most of the energy goes to increase the wave
velocity. The proportion of energy increasing the height and length is
determined by the relation between the wave steepness and wave age.
Observation fits fairly well with the theoretical curve and provides a
basis for the forecasting of wave height.

ECKART. Eckart’s theory (1953)!® of wave generation applies to the
open ocean with fully turbulent flow. Normal pressure in the form of
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gusts are assumed to be distributed at random, independent of the waves
already formed. One disadvantage of the theory is that sheltering is
ignored. The gusts producing the waves are assumed to be similar,
moving over the water with the speed of the wind which is constant.
Owing to the lack of observations of the wind pressure it is not possible
to check the results of calculations using the theory; it does, however,
appear that the simplest model, without taking sheltering into account,
and considering only the normal pressure, is not sufficiently accurate.

PHILLIPS. One of the most recent and promising theories of wave
generation is that put forward by Phillips (1957).1* He assumes that a
turbulent wind at a given moment starts to blow over a surface previ-
ously at rest. The pressure on the surface fluctuates in a distribution
which is a stationary random function of position and time. The study
aims to discover the properties of the surface displacement at subsequent
periods. Eckart has already attempted to solve a similar problem, but it
appears that his assumption of the pressure distribution was not suffi-
ciently random to give accurate results, his predicted wave heights being
too small. The random distribution assumed by Phillips is an important
part of his analysis, which involves a type of resonance. The turbulent
nature of the wind is an essential factor in the growth of waves and
causes random stresses on the water surface; these include both normal
stress or pressure and tangential shear stress. Eddies, in the air stream,
are carried by the wind, and change as they move, so that the stress
distribution moves across the surface with a certain velocity dependent
on the wind speed; this convection velocity of the stress fluctuations is
defined as the velocity of the frame of reference, U,, in which their
frequency scale is least, or their time scale is greatest. This velocity is
very nearly equal to the wind velocity as measured from a ship.

The fluctuating pressure upon the water surface is held responsible
for the birth and early growth of waves. An analysis of the surface would
show a wide variety of wave numbers and frequencies in both two
dimensional space and time. The components of the pressure fluctua-
tions acting on the surface generate small forced oscillations. These
fluctuations affect the amplitude components on the surface. If the pres-
sure distribution includes components whose wave numbers and fre-
quencies coincide with possible dimensions of free surface waves a type
of resonance is set up and the continued presence of these particular
frequencies in the pressure distribution will generate surface waves
whose amplitude will increase. Thus, if it is assumed that the frame of
reference is not changing in character but is moving with the convection
velocity, and one of the wave frequencies generated is moving with the
same velocity, then the two move together and there is no differential
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movement and growth can continue. This, however, ignores the evolu-
tion of the stress pattern so is an over-simplification; if the pressure
pattern is changing slowly the growth of the wavelets is reduced.

At first the surface may be assumed to have no effect on the pressure
distribution but this will not last for long as small ripples will soon form
which have a considerable effect on the velocity distribution in height or
the mean velocity profile. In considering the long gravity waves it
appears that these do not affect the pressure distribution. The viscosity
of the water is ignored, which is probably justified for all but the
shortest waves. The motion is then irrotational. These results apply
when the mean square slope is small so that the surface boundary con-
dition can be considered linear. At later stages of growth the non-linear
effects may become important.

In the initial generation of waves the minimum velocity is given by
C,in=(48Ts/p)}, p is the water density, Ts the surface tension at the
inter-face, C,;, is the minimum velocity. The wave length of the
critical waves is about L =2n(Ts/pg)t; for water p=1 gm. cm.~3
Ts is 73 gm.sec.?, g is 980 cm.sec.”?, then C,,, is 23 cm.sec.”* and the
critical wave length L ,=2n[n, is 177 cm. n is the wave number. The
initial waves generated may travel at directions almost perpendicular to
that of the generating wind as this increases in force. Some observa-
tional evidence supports this view. The minimum wind velocity which
may generatc resonance waves is 23 cm.sec.~* but a smaller wind velocity
will disturb the surface although waves will not continue to grow. The
most probable value for U, appears to be o, although values up to
79o cm.[sec. have been proposed by different workers. The wave
generated with very low winds may not be visible to the naked eye.
That U,,;, is probably o is made more likely owing to the demonstrated
impossibility of laminar flow except under artificial conditions.

Considering the development of waves after the initial stage of growth
it can be shown that the mean square wave height is directly proportional
to time. The wave spectrum is independent of time until the mean
square slope increases beyond a certain point when non-linear factors
become significant. This is reached first for the shorter waves; it appears,
therefore, that the direct proportionality of wave height to time does not
change till the largest waves reach the limiting value of mean square
slope. It is shown that for light winds the spectrum is narrower, and
therefore the waves appear more regular. The wave spectrum can be

Pt
2v2p*Uyg
square surface displacement, p? is the mean square turbulent pressure
on the water surface, ¢ the time elapsed, U, the convection speed of
the surface pressure fluctuations and p the water density. These terms

defined by the following formula €2~ where £2 is the mean
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cannot be directly applied to observations made in the oceans but the
formula can be expressed in different terms with reasonable accuracy;
the relationship between the mean square turbulent pressure and the
recorded wind velocity is one of the more difficult to define; Longuet-
Higgins (1952)'® has shown that the significant height H is related to 2
by the formula H2=8¢2 approximately. The formula can now be given

T
as %{i~ 6x 104 {%}%, the accuracy of the constant is quite low as the

value of p? is not certain. This formula gives results which agree well
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F1G. 3—-1. The relationship between wav}? ]height and wind speed and duration. (After
Phillips.)

with observations given by Sverdrup and Munk over a relatively re-
stricted range of duration. The wave heights observed are close to the
computed values (see fig. 3-1).

It has been shown that although waves can exist with a velocity equal
to or greater than the wind velocity they will be relatively inconspicu-
ous.'® The predominant waves are those whose velocity is about three-
quarters the wind velocity. This was early recognized in the empirical
rule suggested by Cornish (1934)'7 that the ‘average’ storm sea travels
with a velocity about 8o per cent of the wind velocity. This brings out a
very important point in the study of the generation of waves; there is
never one period and one height of waves generated. A storm at sea pro-
duces a spectrum of waves!® which range in size from small ripples to
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waves travelling faster than the generating wind. This greatly compli-
cates the analysis of the sea and the calculation of the wave pattern from
the observed wind characteristics of force direction and duration.

Summary

Various theories have been put forward to explain the way in which
energy is transferred from the wind to the waves. Jeffreys sheltering
hypothesis is based on variation of normal pressure on the windward
and lee side, but owing to too high a value of the sheltering coefficient
it cannot account for the continued growth of waves. Sverdrup and
Munk base their theory on turbulent flow and tangential stress, whereby
energy is transferred from wind to water when these move in the same
direction. Eckart’s and the more successful theory of Phillips are based
on the movement of pressure fluctuations due to the gustiness of the
wind, the former theory does not allow sufficiently random pattern to
account for the development of the waves and also does not allow for
sheltering. A type of resonance is set up according to Phillips which
assists the transference of energy from the air to the water. None of the
earlier theories explained adequately the growth of the waves. Waves
generated by the wind are of many lengths and heights so forming a
spectrum of waves, in the generating area energy can be transferred from
the short to the longer waves as the dominant length increases and the
maximum length corresponds to the greatest wind velocity.

(b) Wave propagation and decay

The discussion so far has been largely concerned with the generation
of waves within the area where they are growing under the influence of
the wind. Many of the waves reaching the shore, however, have been
generated by winds a great distance away and may have travelled for
thousands of miles across the oceans. A useful technique whereby wave
records could be analysed and used to study the propagation of swell has
been recorded by Barber and Ursell (1948).° The basic assumption of
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their analysis is that the wave trains travel at a speed equal to half the
wave velocity.

One problem was to obtain reliable wave data in a form suitable for
analysis. Wave records were analysed in a special instrument to provide
a Fourier amplitude spectrum of the wave period which gives a series
of peaks depending on the period of the components of the mixed wave
trains. A measure of the period and height of the different groups in the
spectrum is thus obtained. A typical wave record and spectrum is shown
in fig. 3—2: (a) shows the wave record as obtained from the measuring
instrument on the ocean floor, as well as the spectrum, (b) shows a series
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F1G. 3—-3. Maximum and minimum periods limiting the frequency band from the
tropical storm of 26 to 28 June, 1945, in the wave spectra of 1 and 2 July. (After Barber
and Ursell.)

of spectra for a 2}-day period; the height of the waves is indicated by the
pressure in inches while the peaks in the curve indicate the most im-
portant frequency bands. As an example of the analysis of wave spectra
the period from 30 June to 2 July, 1945, may be taken. During this
period the swell from a small intense depression reached the coast of
Cornwall, where the wave recorder was situated. The tropical hurricane
could be followed on the synoptic charts as it moved northwards along
the east coast of the United States of America, reaching its greatest
intensity on 26-27 June off the coast between Cape Hatteras in North
Carolina and Nantucket, Mass. which is about 2,700 to 3,000 nautical
miles from the Cornish coast. The spectra shown in the figure indicate
that the first effects of the storm were apparent at 19goo on 30 June;
the waves concerned had a period of about 18 sec. Subsequently the
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.wave period band increased in width as the periods became shorter;
they decreased to 13-15 sec. by 2 July. There is some irregularity in this
decrease, indicated on fig. 3-3, due to the interference effect of tidal
streams near the wave recorder. From the time of arrival and period of
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F1G. 3—4. Propagation diagram for waves reaching Pendeen between 24 June and 2 July,
1945. (After Barber and Ursell.)

the waves a propagation diagram can be drawn as shown in fig. 3—4, the
time is plotted against the distance from Cornwall. On the diagram the
position of the storm centre is shown at different times, the full straight
lines refer to the minimum period and the dashed to the maximum at
any one time of arrival. The lines indicate that the shortest waves are
generated first and the longest when the wind reaches its maximum.
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The crossing of the lines shows that the shorter waves are nearly all
overtaken by the longer waves before they reach the coast. The conclu-
sions drawn from this study strongly suggest that wave trains of different
periods can be propagated independently with a speed equal to half the
wave velocity. It also appears that there is an upper limit to the wave
period which can be generated by a given wind but that this limit
increases with increasing wind strength.

Summary

Barber and Ursell have shown that waves can travel for long distances
from the generating area at the group velocity of the wave train; this is
half the wave speed. All the waves forming the complex wave spectrum
travel at their own appropriate group velocity, depending on their length.

(c) Empirical formulae and wave forecasting

SVERDRUP AND MUNK (1947)!! collected many wave observations in
order to establish empirical relationships between the variables affecting
the growth and character of waves. A later analysis of the same data with
all available subsequent material was made by BRETSCHNEIDER™ in 1952.
The curves he has drawn use the same dimensionless parameters as
Sverdrup and Munk, these are C,/U v. gF|U? and gH|U? v. gF|U?,
where C, is the deep water wave velocity in ft.[sec., U is the average
surface wind speed in ft./sec. and knots, F is the fetch length in feet or
nautical miles and H is the significant deep water wave height in feet.
"These curves are shown in fig. 3—-5. The figures refer to the significant
wave; this is a wave whose height is defined as the average of the highest
% of the waves, the significant period is the average period of the
high groups of waves. This period is divided into the period of observa-
tion to obtain a wave number, and this is used to calculate the %
highest waves. The curves shown in the figure give all the necessary
wave characteristics, including their velocity and their height, the steep-
ness ratio and a term related to the duration of the generating wind
tU|F, where t is the duration of the wind in seconds. This curve gives
the time required for the generation of waves of maximum energy for
that particular fetch and wind velocity, indicating that after this time
has elapsed there will be no further increase of height and length.

WAVE ATTENUATION. When the generating wind dies down or the
waves move out of the generating area they cease to grow and gradually
attentuate with time and distance. It has already been shown that their
velocity does not vary but their height is modified. It is the modification
of wave height as the waves decay in moving across the ocean that is
most important from the point of view of the beach. The attenuation of
swell with time and distance from the generating area is the main cause
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