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PREFACE

THE present work was born of a need experienced by the author
in connection with his shoreline studies. In the course of a critical
examination of the arguments supposed by many to demonstrate
a progressive subsidence of the Atlantic coast of North America
within historic time, it developed that in respect to certain of these
arguments agreement between students of the problem could not
be reached because there was not sufficient agreement as to what
features are normally characteristic of a stable coast, and what
features are peculiar to coasts which are rising or subsiding. No
work existed which combined with an extended analysis of the
forces operating along the shore, a full and systematic discussion
of the cycle of shoreline development and such further discussion
of the modifying effects of changes of level as would enable one to
differentiate stable, rising, and subsiding coasts.

It seemed necessary, therefore, to enquire somewhat fully into
the fundamental principles of shore processes and shoreline de-
velopment; for it would not be profitable to add to the already
overburdened literature on changes of level another essay which
should merely add quantitatively to the volume of evidence pre-
viously discussed by many earlier writers, and again assert as the
correct interpretation of that evidence conclusions which some
geologists and geographers accept and others reject. Profit could
come from the study only in case the discussion of principles was
such as to bring geologists and geographers into substantial agree-
ment as to what shore features are, and what are not indicative of
changes of level. Once this measure of agreement was reached, I
could not doubt that a critical analysis of the arguments supposed
to prove the progressive subsidence within historic time of the
coast of southeastern Canada, the Atlantic coast of the United
States, and certain other marginal areas of the continents, would
demonstrate to the impartial and critical student the inadequacy
of those arguments. I therefore set myself the task of bringing
together the results of shoreline studies published in different

languages, of analyzing and criticising the conclusions reached
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where this might appear to be profitable, and of presenting a digest
of those fundamental principles which should prove to be best
established by the independent work of different students and
best supported by my own field observations. At the seme time
I purposed to develop somewhat fully certain important aspects of
the physiography of shorelines which have hitherto received little
consideration.

The magnitude of the task proved to be greater than antici-
pated, partly because of the wide divergence of expert opinion
regarding the manner in which shore processes operate, and partly
because of the great volume and scattered distribution of the
writings dealing with the subject. It was, indeed, the desire to
relieve others who might have occasion to study shore processes
and shoreline forms, of the burden of duplicating the work involved
in my undertaking which first suggested to me the desirability of
placing on record, in compact form for their use, the results of my
enquiry, even where these results did not relate to the original
problem of coastal subsidence. The present volume is the con-
crete product of this desire to render a service to my fellow
students.

The engineer will find in the chapters on waves and currents a
summary of the widely conflicting opinions and observations re-
lating to those most puzzling forces with which he has to deal.
In the later chapters he will also find, I hope, not a few discussions
of shore forms and of the method of their development which will
prove useful to him in his work on marine engincering structures.
The dynamic geologist will find in the first chapters an extended
account of two of the forces of nature with which he is much con-
cerned, and in the remaining chapters abundant illustrations of
the manner in which those forces operate near the margins of the
lands. The geographer will be mainly concerned with the last
seven chapters where the forms of the shoreline receive a syste-
matic treatment which, if not adequate, is at lecast somewhat more
detailed and complete than any hitherto attempted. Throughout
the volume the reader will note that repeatedly conclusions
reached and principles established are briefly applied to the prob-
lem of changes of level; and he will understand that this is the
thread, appearing now and then, which is to connect parts of the
present study with a later volume devoted exclusively to the much
mooted question of coastal subsidence.
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As a rule an advance summary precedes, and a brief résumé con-
cludes the text of each chapter. This will enable engineer, geolo-
gist and geographer to determine in some measure the extent to
which matters pertinent to their respective fields are discussed.
A bibliography, arranged alphabetically according to authors and
placed at the end of the volume, supplements the list of references
given at the close of each chapter. Finally, an index of authors
and an index of subjects are provided in the form which it is hoped
will prove most serviceable to the reader.

In any attempt to give proper credit for the aid rendered by
others during the preparation of this volume the writer is much
embarrassed. The work of preparation has extended over several
years, during which time a number of students, colleagues and
friends have been most generous in rendering valuable assistance.
It would be impossible to make specific acknowledgments to all of
them, so great is the measure of my indebtedness. Special thanks
are due to my cousin, Miss Laura Dale Johnson, for assuming
the labor of reading the proofs and seeing the book through the
press during my absence; to Miss Florrie Holzwasser of the De-
partment of Geology of Barnard College, and others among my
graduate studerits, for assistance in reviewing and abstracting the
literature relating to the subject in hand; and to Dr. A. K. Lobeck
for preparing the five block diagrams showing successive stages
in the development of a shoreline of submergence. Acknowledg-
ments should be made to ““The Geographical Review,” “Science,”
the ‘“Bulletin of the Geological Society of America,” and the
‘““Journal of Geology’’ for the use of certain material originally
published in their pages. Many of the observations recorded in
this volume were made in the course of a special Shaler Memorial
Investigation of the problem of coastal subsidence undertaken
with the support of the Shaler Memorial Fund of Harvard Uni-
versity; and observations on the New Jersey coast were obtained
in connection with a study in progress for the Geological Survey
of New Jersey under the direction of Dr. H. B. Kiimmel. It is a
pleasure to express special obligations to Professor W. M. Davis
for helpful criticism of the manuscript, and to acknowledge the
debt which all physiographers owe to his studies of shoreline
topography, which were the first to demonstrate the value of
applying the idea of the cycle to the history of shore forms. To
Professor Joseph Barrell, whose studies have to some extent paral-
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leled certain of my own, I am indebted for many valuable sugges-
tions and for his generous courtesy in giving to the manuscript a
careful and critical reading, from the results of which I have greatly
profited.

In conclusion it is but fair to acknowledge the author’s keen
appreciation of certain defects which the reader may discover in
his perusal of the text. The volume goes to press under circum-
stances which absolutely prevent that careful attention to details
which every work of this kind should receive. On entering the
service of his country the writer was forced to choose between
publishing his studies without the final supervision which he had
hoped to give the proofs, and postponing publication indefinitely.
In view of the uncertaintices attending service in the zones of mili-
tary operations, it has seemed wiser to allow the work to go to
press, in the hope that the indulgent reader will not find the value
of the volume materially affected by such errors in execution as
the presence of the author alone could have prevented.

DOUGLAS WILSON JOHNSON.

ON Boarp Troor SHIP,
Apri 3, 1918,
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SHORE PROCESSES AND
SHORELINE DEVELOPMENT

'CHAPTER 1
WATER WAVES

Advance Summary.— No adequate appreciation of the many
problems presented by the shoreline can be gained until one
is familiar with the work of waves and currents. The relative
importance of these two forces in shaping the shore is a much
disputed point; and the difficulties involved can best be set
forth, and an attempt at their solution can best be made, if we
review the essential characters of waves and currents with some
care, and critically examine the manner in which each operates.
We will first turn our attention to the phenomena of water waves
of different types; then we will be in a position to discuss the
work accomplished by such waves; after which currents and
their work will be considered.

In this first chapter, after a note on the general scope of the
present treatment of waves, there is presented to the reader a
brief survey of the literature on the subject, which may be
useful in showing the growth of our knowledge of waves since
the time of Leonardo da Vinci. Attention is then directed to
tHe two types of waves which are most effective in shore proc-
esses: the wave of oscillation and the wave of translation. In
each case the origin and nature of the water movement are ex-
plained and the elements of wave form are described. The
depths at which waves break on approaching a coast determine
the position of certain shore forms, and therefore receive con-
sideration. The factors affecting the height of waves are of
vital interest to the engineer employed on harbor works or
coast defenses, and to the student of shore forms produced

under varied conditions of wave attack; hence these factors
1
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are discussed with some fullness. A wave’s capacity for de-
struction depends upon both its height and its length, and the
velocities of certain waves vary with wave length according to
definitc laws. The lengths of waves and their velocities are
therefore matters of importance to engineer and geologist, and
the natural laws which govern them possess a fascinating in-
terest for the laymen interested in one of the most impressive
of Nature’s destructive forces.

Earthquakes and explosion waves are comparatively rare phe-
nomena, but their spectacular character, the popular interest
which attaches to them, and the disasters for which they are
responsible, entitle them to consideration in any treatise on
waves. The great wave known as the ‘‘tide " is of importance
to the student of shore processes only in connection with the
currents which it produces, and is accordingly given scant space
in Chapter I. A treatment of tidal currents will be found in
Chapter III. Standing waves including the seiche, and the
so-called ‘‘boundary waves ’ produced at the contact of liquids
having different densities, are of theoretical rather than prac-
tical interest in the present connection, and are discussed very
briefly.

Scope of Subject. — Water waves may be produced in a variety
of ways. The bow of a vessel pushing through the water, or a
strong wind blowing over the sea, or a rain-drop falling into it, will
each produce waves; but in each case the waves are of essentially
different character, and behave according to distinctly different
laws. One of the waves generated by a submarine displacement of
the earth’s crust is similar to the wave pushed out from the bow of
a moving ship, but is unlike those produced during a storm at sea.
Waves which form when a fine wire is drawn through the water
behave very differently from the ship’s waves, but are like the
ripples set in motion by a falling drop of water. The great wave
known as the ‘‘ tide ”’ is a compound wave, combining some of
the characteristics of the two groups of waves first mentioned.
When wind-made waves break on a shallow shore they give
rise to a new series of waves similar to those produced by the
bow of a vessel. Such facts as these are sufficient to show that
the subject of waves is an extremely complicated one. Op-
portunity for making direct observations of wave motion below
the surface of water bodies in nature is very limited, while the
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theoretical treatment of wave motion carries one into the realms
of higher mathematics.

It is not within the scope of the present report to enter into a
discussion of all the interesting series of water waves known to
science. The beautiful and complicated wave pattern developed
by a moving ship has little to do with the modelling of shore
forms, and the reader who would follow that phase of the sub-
ject further is referred to Lord Kelvin’s popular lecture ‘“ On
Ship Waves’’!, the second chapter of J. A. Fleming’s little volume
on ‘“ Waves and Ripples %, and the twelfth chapter of Vaughan
Cornish’s book entitled ‘“ Waves of the Sea and other Water
Waves ”’3, in which latter place will be found exquisite photo-
graphic illustrations of ship waves. The phenomena of ripples
are treated at some length by Fleming* and a more technical
account is given by J. Scott Russell®. Other interesting forms
of water waves are described at length by Russell® and Vaughan
Cornish’. We must confine our discussion to those types of
wave motion which have a significant effect upon the shore.

But even if we limit ourselves to a consideration of those waves
of practical importance to the engineer and physiographer, our
task is by no means an easy one. The literature of the subject is
extensive and much of it highly technical in character. Different
authorities employ different formulae in deriving some of the
elements of wave motion, and the results they obtain agree
neither with each other nor with the results obtained by experi-
mentation. Airy commends the experimental work of J. Scott
Russell as being the best ever done, but warns the reader against
accepting that author’s theoretical expressions, claiming that
his own formule express the true relations and are verified by
Russell’s results®. Russell, in turn, demonstrates the inaccu-
racy of Airy’s formule, and deplores the fact that the methods
of investigation employed by that able authority should not have
led him to better conclusions®. Hagen likewise opposes with
some vigor certain of the suppositions made by Airy, while the
experimental observations of Caligny and Russell disagree on
important points. Kriimmel has well expressed the present con-
dition of the subject in the words: * In short analysis, observa-
tion and experiment are not yet in the desired agreement 19,
Fortunately, a number of the disputed points are not of special
importance to the student of shore forms, however much he
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may be interested in the complex but beautiful laws which govern
the motions of waves.

Literature.— Some of the principal sources of information
upon which I have relied, and_to which the student of waves is
referred for elaborate discussions, may briefly be mentioned.
Of historical interest are the work of Leonardo da Vinci, who in
the latter part of the fifteenth century recognized many of the
fundamental principles of wave motion, and advanced theories
which are similar to those of modern investigators; and of
Newton, who a century later gave us the first exact mathematical
treatment of waves. Among more recent works the publications
of Franz Gerstner, which appeared in the early years of the nine-
teenth century, are especially important. I have not seen the
original papers of these authors, but their work is reviewed by
the Weber brothers, Cialdi, Wheeler and others, in réports
mentioned below.

In 1809 Bremontier’s able essay entitled ¢ Recherches sur le
Mouvement des Ondes ’’!! was published. This early report of
experimental work on the laws of wave action and of observations
on wave action in nature, contains the first effective demon-
stration of the power of waves to affect the bottom at considerable
depths. The important volume of the two Weber brothers on
‘“ Wellenlehre auf Experimente gegrundet ’ 12, based on elaborate
experimental studies and published in 1825, contains a review of
practically everything written on waves from the time of Newton
up to 1820, and adds much to the sum of previous knowledge
on the subject. Six years later Emy’s treatise ¢ Du Mouvement
des Ondes et des Travaux Hydrauliques- Maritimes ’’13 refuted
Bremontier’s conclusion that during wave movement the water
particles rose and fell in vertical paths, substituted the more
nearly correct opinion that the particles moved in vertical
ellipses, and developed at great length the theory that a special
type of ‘ bottom wave’’ (flot de fond) was the principal cause
of changes in the forms of the coast and of the destruction of
maritime engineering structures. Emy does not appear to have
been familiar with the work of the Weber brothers. J. Scott
Russell’s two reports on ‘“ Waves 4, made to the British Asso-
ciation in 1837 and 1842-1843, present the results of admirable
experimental work made under conditions more favorable than
those attending the experiments of the Weber brothers, although
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Russell directed his attention principally to the waves of trans-
lation. In reading Russell’s reports the student must guard
against misapprehension arising from the fact that the text
references to plate numbers and to the lettering of illustrations
are full of errors. The same author’s great monograph on
‘“ Naval Architecture ’** contains several valuable chapters on
waves. In 1865 there were published the results of experiments
made during the preceding decade by Bazin and Darcy!* on a
much more extensive scale than those performed by Russell.

Airy’s elaborate treatise ‘“ On Tides and Waves "’V appeared
in the Encyclopedia Metropolitana in 1845, and has since been
recognized as the standard mathematical discussion of the theory
of waves, although the validity of some of his assumptions has
been assailed. In spite of its technical character the non-
mathematical student will find in it much of value. Two papers
by Stokes'® which appeared a few years later and which have
since been included in the first volume of his ‘“ Mathematical
and Physical Papers,” are important because of their con-
tributions to the theory of oscillating waves. Rankine gave a
mathematical analysis of the ‘“ Exact Form of Waves near the
Surface of Deep Water "’ in 1863. Fourteen years later Bous-
sinesq produced his exhaustive treatise entitled “ Essai sur la
Théorie des Eaux Courantes " which includes an extended
mathematical discussion of waves. Bertin’s long “ Etude sur
la Houle et le Roulis ’2 and still more elaborate ‘“ Données
Théoriques et Expérimentales sur les Vagues et le Roulis '’2
appeared in sections during the decade 1869-1879 in the Mémoires
de la Société Nationale des Sciences Naturelles de Cherbourg, a
publication which in the same period carried articles on the same
or related subjects by de Saint-Venant®, Mottez?* and others.
All of these papers except the last mentioned are mathematical
in character, but contain matter of importance for the non-
mathematical student of wave action, the later sections of
Bertin’s second memoir including the results of experiments
made by himself and Caligny upon the effects of waves breaking
on sloping beaches, either with or without the disturbing effects
of seawalls.

In 1866 Cialdi published his important book ‘ Sul Moto
Ondoso del Mare e su le Correnti di esso’’®, in which he reviews
the works of many previous writers, particularly those of Italian
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authors, and discusses wave action from the standpoint of the
engineer. Caligny’s important work on ‘‘ Oscillations de I’Eau,’’%
published in 1883, includes the results of valuable experimental
work on waves, particular interest attaching to his contributions
to our knowledge of waves of translation. Stevenson’s treatise on
‘“ The Design and Construction of Harbours "’# contains a large
number of facts which have materially increased our familiarity
with the mechanical work of waves, and from the engineering
point of view is one of the best published treatises on wave action.
A little book on ““ Waves and Ripples in Water, Air and Aether 7’2
by Fleming, although representing a course of lectures given
before a juvenile audience, presents in simple form many laws
of wave motion which will interest the older reader. Wheeler’s
‘“ Practical Manual of Tides and Waves ’?° reviews a few of the
important works on waves, and discusses the principles of wave
action at some length. A large number of interesting facts
concerning the behavior of waves will also be found in the same
author’s volume on ‘ The Sea Coast’’®. Vaughan Cornish’s
beautifully illustrated book entitled ‘‘ Waves of the Sea and
other Water Waves "’3! does not consider the principles of wave
motion very fully, but presents a wealth of facts concerning the
height, length, and other elements of waves, and discusses the
action of waves on shore detritus.

The best general review of the principles of wave action which
has come to my notice is to be found in the second volume of
Kriimmel’s ¢ Handbuch der Ozeanographie ’%2. Gaillard’s trea-
tise on “ Wave Action in Relation to Engineering Structures %
contains a fairly extended review of the most important work
of previous writers and discusses the results of the author’s own
excellent researches. The book loses part of its value as a ref-
erence work because many of the quotations from the works of
previous writers are unaccompanied by such citations of the
original sources as would enable the reader to find them. White’s
“ Manual of Naval Architecture’® has a valuable chapter on
deep sea waves. The numerous papers by Vaughan Cornish,
published in the London Geographical Journal and elsewhere,
contain many interesting facts not stated in his book above
mentioned; and the volumes of the ‘“ Proceedings of the In-
stitution of Civil Engineers’” (London) include a number of
extended articles on the action of waves and currents upon
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shore débris, which together with the voluminous discussions
appended, present various facts and theories of interest to the
student of wave action. Many other sources on which I have
drawn are mentioned in the pages which follow.

WAVES OF OSCILLATION

Origin. — The waves produced by the action of the wind are
the most important type of sea waves. When wind acts upon a
water surface it subjects it to irregular, unequal pressure because
winds never blow with constant velocity, but always in irregular
gusts. Unequal pressures deform the water surface, giving it
an undulatory form. The wind can then act directly upon the
undulations, pressing strongly against the sides of the elevations,
but acting less effectively against the partially protected de-
pressions. The water in the elevations i1s moved forward, both
by direct pressure and by friction with the passing air. This
action causes the undulations to advance and to increase in size
until the limit of wave height for the given wind velocity is
reached, providing the breadth and depth of the water body are
sufficiently great.

If one watches the surface of a pond when a faint breeze
first springs up, he will note that the once glassy surface suddenly
becomes covered with tiny ripples, which disappear almost as
suddenly if the breeze dies down. But if the breeze continues,
it will be scen that these miniature waves increase in size pro-
gressively toward the leeward side of the pond, those on the
windward side remaining the original size. If the breeze now
ceases suddenly, the tiny ripples on the windward side quickly
vanish, but the larger waves developed where the wind blew
across a greater expanse of water continue to agitate the surface
of the pond for some time. It can be shown that the wind has
produced two distinct types of waves. The tiny ripples belong
to the class known as capillary waves, are like the ripples pro-
duced by a falling raindrop or a fine wire moved through the
water, are due to surface tension rather than to gravity, and move
the more rapidly the smaller the wave length. On the other
hand, the larger waves on the leeward side of the pond belong
to the class usually denominated by the term ‘“ waves of os-
cillation,” are due entirely to gravity, move the more rapidly
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the greater the wave length, and very large examples in the ocean
may travel for hours or days without any sensible loss of energy
due to viscosity. There is a certain length of wave, therefore,
on the border line between large ripples and small waves of
oscillation, which has the slowest rate of motion. Progressively
shorter waves travel with increasing velocities and belong to the
class of ripples. Those of progressively greater length also travel
with increasing velocities, but belong to the class of true waves of
oscillation®. A good brief summary of the principal points in
the theory of oscillatory waves will be found in a paper published
by Lyman in 1868%.

Wave Motion. — In all types of waves, the wave form moves
far over the surface of the water while the individual water
particles move but a comparatively short distance; just as
““ waves ”’ may be seen to sweep across a wheat-field with every
gust of wind, although the individual stalks of wheat merely
bend slightly and then return to their or.ginal positions. The
contrast between wave movement and water movement is
strikingly exhibited when waves advance up an estuary during the
ebbing of the tide. In typical waves of oscillation in deep water
each water particle moves through a circular orbit, the particle
-moving forward on the crest of the wave, downward on the back,
backward in the trough, and upward on the wave front. The
relation of the orbital paths of the water particles to the direction
of wave propagation is shown in Figure 1. It is important to
note with care both the direction of orbital motion, ahd the part
of the orbit in which a water particle has a given direction, as
these points frequently are incorrectly represented. For ex-
ample, one of our best known college texts on ‘ Physiography
contains a figure illustrating wave motion which erroneously
shows the direction of orbital movement at the crest of the wave
as opposite to the direction of wave propagation, while the
black dots representing the water particles are in the wrong
positions in all of the orbits except those showing the particle
at the top of wave crest and bottom of wave trough.

A cork or piece of seaweed floating on the water, and moving
with the water particles, may be seen to describe a circular orbit
when a wave form passes under it. The cork is at the top of
its orbit as the crest of a wave passes, reaches the bottom as
the trough passes, and attains the top .when the next crest
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particles being not altogether compensated by their backward
motion. According to Stokes this progressive motion, in deep
water at least, decreases rapidly as the depth of the particle
considered increases. Cialdi later discussed this progressive mo-
tion of the water particles at much length, and sought to ex-
plain it as in part a consequence of the increase in density of
the particles brought about by the cooling due to evaporation
and radiation at the crests of the waves®. It is certain that
the wind by pressing more upon the posterior parts of the waves
than upon the anterior parts, gives a distinct progressive motion
to the water involved in oscillatory waves, and that this motion
is greatest at the surface, decreasing with depth. Stokes has
developed a formula for calculating the extent to which a ship
may be drifted from her course by the progressive motion of
the water particles in waves of this class, although he does not
regard the formula as of practical importance®.

In water of limited depth the water particles move round
and round in ellipses whose major axes are horizontal, (Fig. 2),
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Fia. 2. — Diagram showing the elliptical orbits of water particles in shallow-

water waves, and the decrease in size of orbits with increasing depths.
(After Kriimmel.)

and at the bottom the ellipses are reduced to straight lines, the
water particles simply moving forward and backward®. In
somewhat deeper water the particles near the surface will move
in circles, those farther down in ellipses, and those on the bottom
in straight lines. It is this back-and-forth movement on the
bottom which Emy* was considering when he proposed his
theory of ‘‘ groundwaves ”’ or ‘ bottom waves '’ (flots de fond),
although he apparently included in addition certain phenomena
of waves of translation. This theory was assigned an undue
importance, and was greatly elaborated by Cialdi® and Cor-
naglia®, and by others of the Italian school whose works discuss
the ¢ flutto di fondo ”’ at much length. The latter author lays
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much stress on the existence of a ‘ neutral line ”’ where the land-
ward and seaward components of the groundwave are supposed
to be exactly balanced; and considered that inside this line the
motion of debris is landward, while outside it 1s seaward. Thou-
let¥ applies the termn ‘‘ lames de fond ”’ to waves of an entirely -
different type, — waves originating from seismic disturbances,
the discussion of which will be taken up on a later page. On
a level sea-bottom covered by a limited depth of water, it is
evident that oscillatory waves would cause sand to shift back
and forth, but would give to it no progressive motion, were
there no progressive motion of the water particies themselves.
If we admit the existence of the progressive motion discussed in
the preceding paragraph as characteristic of normal waves of
oscillation, it would seem to follow that this motion will still
obtain when the orbits are reduced to straight lines, and that we
should therefore expect, in the abscnce of opposing forces, a slow
but progressive transfer of sand in the direction of wave advance.

Caligny investigated a series of waves formed by raising and
lowering a cylinder in the end of a wooden trough, and found
that the water particles moved in elliptical orbits which had their
greatest diameters vertical instead of horizontal. It is possible
that the orbital motion of this type of wave is responsible for
those illustrations of sea waves appearing in certain text-books
of physical geography, in which the orbital paths are shown as
ellipses, with major axes vertical. But according to Caligny
these waves are peculiar in several respects: they belong to the
class of waves of translation, although they have an oscillatory
movement; and experiments showed that grains of sand and
other material were slowly transported along the bottom of the
trough in a direction opposile to that of the wave propagation.
It would seem inadmissible to compare these waves with those
formed by the wind in the open ocean. Bremontier* supposed
that in normal wave motion the water particles rose and fell in
vertical paths, while Emy¥ presents arguments to show that
the paths must be ellipses with the major axes vertical. In
both cases the arguments are evidently unsound, and the con-
clusions opposed by the results of more modern studies of deep-
sea waves. In short, I have not found a satisfactory basis for
those illustrations of deep-sea waves showing elliptical orbits
with major axes vertical.
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As will readily appear from Figures 2 and 3 the size of the orbits
through which the water particles move decreases rapidly with
increase in depth. At the depth of one wave length below the
surface, the water particles of an oscillatory wave are moving
in orbits whose diameters are only -L— as great as the diameter
of the orbits at the surface. We may express this relation in

S
-
-
-
-
-

Fi1c. 3. — Diagram showing theoretical form of a cycloidal wave, and the
rapid decrease in size of the orbits (through which the water particles
move) with increasing depth.

the following rule*: For each additional } of the wave length
below the mid-height of the surface wave, the diameter of the
orbit is decreased by §. Thus:

Depth below mid-height of surface wave in frac-

tionsof wavelength........................ 0 3% % 8 § etc
Proportionate diameter of orbit............... 1, §, 1, §, &, etc.

For the diameter of an orbit situated one wave length below the
surface, the rule would give a value of gtz of the surface orbit,
which is approximately correct and is the figure quoted by
Cornish® and others. If the sea is disturbed by waves having
a height of 20 feet and a length of 400 feet, the water parti-
cles at the surface move in circles having a diameter of 20 feet,
while the particles at a depth of 400 feet move in circles only
v of an inch in diameter. The importance of this principle will
appear when we come to consider the depths at which waves
may erode the sea-bottom and transport material. |
Wave Form. — The theoretical form of oscillatory waves in
the open seg is indicated by Figure 4 which represents the profiles
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of three such waves. The profiles are trochoidal curves®, or the
curves which would be described by points within a circle which is
rolled along the under side of a straight line. In the figures
this curve is produced by drawing a series of circular orbital

3o, 4 AR ) N

F1G. 4. — Theoretical profiles of three trochoidal waves having different
sized orbits (solid-line profile and broken-line profile), or different spacing
of orbits (broken-line profile and dotted-line profile). Modified after
Grabau.

paths, indicating the proper position of the water particle in
each orbit, and connecting these positions by a curved line. As
will appear from the figures, the sharpness of the wave crests
varies according as the series of orbits having water particles
in the same given positions, is closely or widely spaced. From
the mathematical standpoint, the curve will be sharp crested or
not according as the point within the rolling circle is at or near
the circumference, or near its center. If at the circumference,
the curve developed will be the very sharp crested form called
the cyclovd (Fig. 3). This is the shortest and steepest form
which a true wave theoretically can have’?. As a matter of
fact no wave approximating the form of the common cycloid
can be produced in nature, as Gaillard has shown®. In the
steepest deep-sea waves observed the ratio of height to length is
only about one-half that demanded by the cycloidal wave form®,
It is doubtful whether the precise form of the flatter trochoid is
ever achieved, for it can be shown that the trochoidal theory of
waves does not adequately satisfy all the conditions of wave
formation®. Nevertheless, the deviation of deep-water waves
from the true trochoidal form is so slight, and the trochoidsl
theory, especially as modified by Stokes®, is so superior to all
other theories of wave formation, that we shall not go far wrong
if we consider such waves as having the form of the trochoid
and call them trochoidal waves.

In any trochoidal wave the crest is steeper and narrower
than the trough and contains an insufficient amount of water
to fill the trough. The level of the water during calm is there-
fore lower than the level of the centers of the orbits which the
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surface water particles describe during wave action. In other
words, half the height of the waves does not give the true sea
level, that level being somewhat lower. Stevenson gives a for-
mula prepared by Rankine, for calculating the position of mean
sea level when height and length of wave are known; he also
observes that large waves in Wick Bay had about two-thirds
of their height above still-water level, and one-third below*.
On the basis of extensive observations Gaillard has devised
more satisfactory formul®e for determining the still-water level,
taking due account of the fact that a larger percentage of wave
height is above stili-water level in shallow water than would be
indicated by a formula which, like Stevenson’s, is applicable to
deep-water waves. Gaillard found that in shallow water about
three-quarters of the wave height is above still-water level
just before the wave breaks’. The importance of this fact will
be apparent when it is remembered that the effective salt-water
level of the sea may thus be raised a number of feet above high
tide level, and also that floating logs or blocks of ice may accom-
plish considerable work to any height reached by the crest of
the waves.

When a strong wind is blowing, the trochoidal profile of the
waves is seen to be materially altered. If the wind is in the
direction of wave propagation, as is more commonly the case in
the open sea, the forward motion of the water particles on the
wave crest is accelerated, while the backward motion in the
trough is retarded. Since the troughs are somewhat protected
from the wind, the retardation is less effective than the accelera-
tion of the wave crests. The net result is a steepening of the-
front of the wave, so that the profile becomes noticeably asym-
metrical. Winds of sufficient velocity may even force some of
the water on the wave crest out of its orbital path, blowing it
forward into the adjacent trough in the form of foam and spray.
When asymmetrical waves pass out of the region of the storm
winds which generated them, they decrease in height, become
more rounded and symmetrical, and closely approach the tro-
choidal form, although the steeper front has been observed on
deep-water waves in callm weather®. These waves may be
propagated hundreds or thousands of miles from the storm center
where they originated, and ultimately become the gentle undu-
lations known as the ‘“ swell,”” or ‘“ ground swell.”
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Surf.— A very important alteration of form occurs when the
oscillatory wave passes into shallow water. The wave becomes
higher and shorter, the front steepens, the crest arches forward
and, finding itself unsupported by sufficient water on the front of
the wave, dashes downward with a roar, producing the phenom-
enon known as the ‘“surf.” An individual breaking wave is
known as a ‘ breaker,” or less frequently as a ‘ combing wave’’;
the latter term is also applied to a deep-water wave whose crest is
pushed over forward by a strong wind. The commonly accepted
explanation of surf is that the wave is retarded by friction when
it enters shallow water, the lower part ‘ dragging’ on the
bottom while the upper part advances unimpeded, until the wave
becomes so steep in front that it falls forward. There seem to be
fatal objections to this theory of surf action. In the first place
the amount of friction necessary to produce the observed result
does not seem to exist. Experimental studies of waves in shallow
water of uniform depth under conditions favorable for the
development of frictional retardation fail to show it®. On the
other hand, it will later be shown that wave velocity decreases
with decreasing depth. It is equally certain that the size of
the orbital paths increases as waves enter shallower water,
while at the same time the volume of water is decreasing. With
constantly enlarging orbits and diminishing water supply, there
must come a time when the volume of water is insufficient to
build up the entire wave form, the deficiency manifesting itself
as a ‘‘ hollowing ”’ of the front of the wave. The water available
endeavors to curve around through the entire orbit, but on reach-
ing the top of the circle finds itself unsupported and collapses.

The form of a breaking wave is not that which should exist
if friction were the principal cause of the surf. If the observer
can secure a position where the wave profile is discernible, he
will find that there is a steepening of the wave front, to be sure,
but the form does not suggest a steepening due to forward in-
clination of the whole wave mass resulting from “ bottom drag,”
so much as it does a steepening due to the absence of water on,
and consequent hollowing of the front side of the wave. When
the wave finally breaks, masses of foam floating on the water
surface appear to describe an orbit that is more symmetrical
than one should expect in a wave deformed by great bottom
friction, while the forward arching crest tries to complete a
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wave form which, if achieved, would not show excessive steepen-
ing on the front. (Plate II.) The credit for first stating the
above explanation of surf action belongs to Hagen®!.

Depth at Which Waves Break.— The depth of water in which
the oscillatory wave assumes the form of a breaker i1s a mat-
ter of some interest. As in the case of the wave of translation,
described below, Russell®? found that breaking occurred when
the depth of the water equalled the height of the wave, a rule not
wholly confirmed by the experiments of Bazin®, who found that
breaking occurred more frequently when the height of the wave
exceeded two-thirds of the total depth. Russell states that his rule
also holds good for oscillatory waves, but unfortunately he is
neither clear nor consistent in his method of calculating wave
height and water depth in the case of these waves. In one place
we read that ‘“ every wave broke exactly when its height above the
antecedent hollow was equal to the depth of the water,”’ the
method of calculating water depth not being stated; on another
page both wave height and water depth are apparently mea-
sured from mean water level; according to a third statement the
author never saw a wave as much as 10 feet high in 10 feet of
water, nor 20 fcet high in 20 feet of water, although he has seen
waves approach very nearly to those limits®. Cornish expresses
the rule as follows: waves break when the depth of water reck-
oned from the undisturbed sealevel is equal to the height of the
crest above the trough®. In other words, a wave entering
shallowing water increases in height as the water decreases in
depth until the height of the wave above the trough, and the mean
water depth reach approximate equality, when the wave breaks.
According to this rule the navigator who sees waves 8 or 9 feet
high (or about 6 feet above still-water level) breaking over a
certain submarine bar, may know that he can count on but 8
or 9 feet of mean water depth, or 6 feet of depth below the trough,
at the place in question. Some other factor or factors, however,
combine with water depth to determine the breaking of a wave,
with the result that the above rule does not always hold. De-
partures from the rule are noted by Stevenson®. Cialdi¥ cites
a great number of cases in which waves have been known to
break in water many times deeper than the wave height, and
both Thoulet® and Kriimmel® have placed some of these in
tabular form. The latter author suggests that the frequent
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breaking of waves in deep water just above the outer edge of a
submarine terrace may be due to an upward push imparted to
the lower water when it comes against the terrace face, this
push being transmitted to the surface and causing the waves
to break™. Gaillard found that while oscillatory waves some-
times break quite uniformly when the true height of the wave
equals the depth of the water measured from still-water level,
in other cases they break when the ratio of water depth to wave
height is from 1.16 to 2.71. He observed that the depth at
which breaking occurs varies with variations in wind velocity,
slope of bottom, smoothness of bottom, and wave length; and
suggests that the strength of the undertow is probably another
important factor in determining the depth at which waves break.
In addition to his own observation Galllard quotes those of
many other observers’’. The depth of breaking is of importance
in determining the position of barrier beaches and other related
shore forms.

Intersecting Waves. — Thus far we have considered the form of
waves from the standpoint of changes in profile. If now we turn
to their variations in form along the crest line, we have first to
note that the typical oscillatory wave can not be traced far in the
direction indicated. The crest soon descends at either end and is
lost in the maze of other waves. In the open sea one experiences
the greatest difficulty in determining the end limits of a given
crest, and also in following the progressing crest for any length
of time. The reason for this is found in the fact that more than
one set of waves are always disturbing the ocean surface, and
‘the several sets intersect each other at various angles. Even
with two intersecting series it is evident that the water will
rise very high where crest coincides with crest, will fall very
low where trough coincides with trough, and will have all in-
termediate elevations where different parts of the front and back
of one wave intersect different parts of another wave. Imagine
several scries of waves crossing each other at distinctly different
angles, and we have an adequate explanation for all the great
irregularity in wave form observed in the open ocean. Only
when the observer is stationed high above the tossing waters,
and then only under favorable conditions, can he distinguish the
several orderly systems of waves which are responsible for the
apparent chaos.
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But even in a single wave system the crests are not of in-
definite extent. This is because the wind which causes the waves
is never of uniform strength, and because the large waves result
in part from unequal combinations of smaller waves, as shown on
a later page. The wind comes in gusts of varying strength and
somewhat varying direction, and so irregular a force could not
produce a regular wave crest stretching far over the ocean.
Instead we have a large number of short, nearly parallel, over-
lapping crests which in course of time combine into a smaller
number of larger but decidedly irregular waves. Even in the
region of the trade winds, where the winds blow with an un-
usual degree of regularity, ‘ the open sea does not present a
series of parallel ridges, each one of uniform height, with a lat-
eral extension many times greater than the distance from crest
to crest 2.  On the contrary, there is no evidence of any contin-
uous approximation toward regularity.

Wave Height. — In discussing the sizes of waves we have to
do with two principal elements of wave form: the height measured
from the bottom of the trough to the top of the crest; and the
length measured from crest to crest, or from trough to trough.
The initial height of the oscillatory waves depends on: (1) the
strength of the wind, (2) its duration, and (3) the extent of open
water over which it blows. A faint breeze sets in motion very
small waves which increase in size to a certain limit, but which
would never become great billows. In the trade wind belt the
maximum height of wave for a certain strength of wind is soon
reached, and although the wind may continue steadily for days
at the given strength, there is no increase in the size of the waves.
In a general way, the velocity of the wind in statute miles per hour
divided by 2.05 will give the height of the waves in feet™. Thus
the average height of waves in a gale blowing 44 statute miles per
hour is

44 =+ 2.05 = 21.5 feet.

It should be noted, however, that in very severe storms the
highest waves may not occur when the wind velocity is at a
maximum, but are seen to develop as the wind begins to subside.
The explanation of this phenomenon is probably to be found in
the fact that the excessive force of a violent wind blows off the
tops of the waves and casts them into the preceding troughs,
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thereby materially diminishing the wave height. It is possible
also that as the storm subsides)the waves, which were com-
pelled to remain independent and irregular under the gusty force
of the storm wind, gradually combine into a smaller number of
larger waves which are little affected by the failing strength of
the dying wind™.

Effect of Wind Duration.— Wind duration is another factor in
increasing wave height up to the limiting height for a given wind
strength. When a breeze springs up, small ripples first appear
over the water surface, but gradually develop to larger size with-
out any increase in the strength of the breeze. If a large swell is
already running in the direction of the wind, a sudden increase in
wind velocity results in increased height of waves; but in this case
the wind does not have to endure very long to bring about a very
remarkable increase in height. Cornish has recorded an increase
of 7 feet in the height of waves during a squall lasting 4 minutes,
and an increase of 2 feet per minute in the height of waves during
another squall®. The precise method by which small wind waves
grow to large ones is not wholly understood, but the Weber
brothers give the following four causes for wave enlargement:
(1) the continuous horizontal pressure of the wind upon the
wave crest, thus tending to enlarge the orbital movement of the
water particles; (2) the combining of several smaller waves
moving in the same direction; (3) the pressure exerted by a large
wave upon the next following smaller wave, by which the latter

< is enlarged; and (4) the crossing of waves proceeding in different
directions’. Cornish thus states gnother theory of wave en-
largement: ‘‘ The horizontal velocity of the air being greatest
at the crest, the downward pressure of the atmosphere is least
there. Conversely at the trough, where horizontal velocity. is
least, downward pressure 1s greatest. Hence the trough is
pushed farther down and the crest is sucked up ”’7.

Effect of Length of Fetch.— Of corresponding importance is the
effect of ‘‘ length of fetch ”’ of the wind across open water upon
wave height. We have already seen that when a breeze blows
across a pond there first appear small ripples over all its surface
but that®these soon increase in size progressively toward the
leeward side of the pond. The ripples on the windward side,
where the wind has blown across a small expanse of water only,
remain small no matter how long or how strong the breeze may
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blow. But those on the leeward side, where the fetch of the
wind across open water is greater, soon develop into waves of
some size because here the waves due to the direct effect of the
wind are combined with the waves originating on the opposite
side of the pond and propagated by gravity in the direction of the
wind. This illustrates on a small scale a matter of much impor-
tance in the case of sea waves. Stevenson has shown that for
ordinary gales and distances the height of the waves in feet is
1.5 times the square root of the distance in nautical miles which
the wind has blown over open water™; or

height = 1.5 Vdistance.

Gaillard observed waves 23 feet high near Duluth with a
length of fetch of 259 nautical miles”. This agrees fairly well
with the calculated height of 24.1 feet based on the formula.
Des Bois prepared a table to show the heights of waves corre-
sponding to different wind velocities, based on his obsecrvation
that a wave 2 meters high corresponded to a wind velocity of
5 meters per second, and the provisional theory that ¢ the square
of the velocity of the wind will be proportional to the cube of
the height of the wave’; and he found that this table corre-
sponded roughly with the results he obtained from a large number
of direct measurements®,

For short distances a modification of Stevenson’s formula
1s necessary. The following table is condensed from one given
by that author, and shows the appproximate heights of waves
as determined by length of fetch, assuming great depth of water
and a strong gale of wind.

TABLE SHOWING APPROXIMATE HEIGHTS OF WAVES
DUE TO DIFFERENT LENGTHS OF FETCH

Nautical Heights Nautieal Heights Nautical Heights
miles in feet miles in feet miles in feet
1 3 5 4.3 50 10.6
2 3.4 10 5.6 100 15
3 3.8 20 7.1 200 21.2
4 4.1 30 8.4 300 20
40 9.5

For expanses of open water exceeding 500 or 600 miles in
length the height of storm waves does not appear to increase
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according to Stevenson’s empirical formula. With a fetch of
3600 miles the waves should reach a height of 90 feet, but so
great a height is probably never attained. The reason for this
discrepancy is doubtless to be found in the fact that we have no
storm winds blowing steadily for a long period in the same di-
rection over so great a stretch of water®!. The facts that the wind
direction may be approximately the same over a long stretch of
water, or that it may have a constant direction for several days
at a given place, as noted by Redfield and by Stevenson®?, are
not alone sufficient. The winds must blow with the strength
of a strong gale in a constant direction over the entire distance
for several days, if the full effect of a 2000 or 3000 mile “fetch”
is to be realized, since the waves formed to windward must
have time to travel the long distance to leeward and produce the
cumulative effect which results in maximum wave height. In our
cyclonic storms the greatest distance traversed by heavy winds
in a reasonably constant direction and for a period of time
sufficient for large waves to develop, probably does not exceed
600 or 700 miles. The  effective fetch,”” therefore, is much
more limited than the absolute distance across open water; and
Vaughan Cornish has estimated, from a study of charts illus-
trating weather conditions in the North Atlantic Ocean for
nine weeks of exceptionally stormy weather, that the greatest
effective length of fetch during that period was about 600 nautical
miles®. But while waves formed on greater expanses of open
water do not reach the heights calculated from the formula
given above, they do exceed the altitude of about 37 feet cal-
culated for the greatest effective fetch, because they may com-
bine with an already existing swell and thereby increase their
height.

Recorded Wave Heights.— Observations of the heights of waves
are often unreliable, but the approximate height under different
conditions has been pretty well established by a number of compe-
tent observers. On Lake Superior, waves reach a height of from 20
to 25 feet¥; in the Mediterranean Sea, 25 to 30 feet®. Scoresby’s
oft-quoted observations on the North Atlantic give a height of 43
feet for the largest waves®, and Cornish reports waves 43 feet high
from the same ocean®. When two great waves intersect, peaks
of water may rise momentarily to a height of 50 or even 60 feet®.
Although the North Pacific Ocean has a breadth of open deep sea
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much greater than that of the North Atlantic, the waves do not
appear to reach any greater height®; but in the Southern Ocean
waves attain heights of from 45 to 50 feet®. White refers to
trustworthy observations of waves of a single series having
heights of 44 to 48 feet, and mentions waves formed by the com-
bination of two or more series said to attaln from 58 to 65 feet?!.
Gaillard gives an interesting tabulation of the height, length,
and period of ocean waves recorded by a number of different
observers, the highest figure for wave height in the table being
“ greater than 50 feet,” in the case of a wave photographed by
Capt. Z. L. Tanner of the U. S. Navy®”. By means of a barom-
eter Abercromby measured waves 46 feet high in the Southern
Ocean, and concluded that some waves certainly attain a height
of 60 feet®. Airy was of the opinion that under no circum-
stances does the height of an unbroken wave exceed 30 or 40
feet*; but against this theoretical opinion we may safely accept
the figures of competent observers, and conclude that waves
40 feet high are of fairly frequent occurrence in the open ocean,
while heights of 50 feet or more are rare, but not unknown.
When these high storm waves run out of the storm area, they
gradually decrease in altitude, and in the form of swells usually
do not exceed a height of 15 or 20 feet. By the time they are
" nearing a distant coast they may have been reduced to heights
of a few feet only, and so have become almost imperceptible.
Entering shallowing water they seem to awaken to new life,
crowding closer together and increasing in height until they break.
At the time of breaking the wave height may be anywhere from
a few feet up to 25 feet or more. If a wave comes in contact with
a vertical wall or cliff the base of which reaches down to deep
water, the wave is reflected back without breaking. The water
next the wall moves up and down through a vertical distance
equal to twice the original height of the wave, as does also the
water half a wave length from the wall. Similarly, a wave run-
ning in a direction parallel to a vertical or steep wall has that
portion of the wave next the wall notably increased in height®,
Combined Waves.— Waves which appear to belong to the same
series vary greatly in height. Thelarger figures given above are for
individual waves, and in each case the average height for the series
to which the waves belonged was much less. Thus a wave 40 feet
high may occur in a series of waves having an average height of
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but 20 or 25 feet®. Thisinequality in wave height is probably due
in considerable part to the fact that what appears to be a single
series of waves of irregular height is really the combined effect of
two or more series of waves moving inthe same direction, each series
having different but fairly constant height and length. Figure 5
from Cornish’s work on “ Waves’’ shows, in the third line, the pro-
file of an apparently irregular series of waves (c¢) resulting from the
combination of the two regular series (a and b) shown in the first
and second lines. By holding the page with the figure nearly on a
level with the eye, but slightly inclined toward the observer, the
marked irregularity of the combined series may easily be detected.
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Fi¢. 5. — Diagram showing how two regular series of waves (a and b) of
different heights and lengths combine to form an irregular series (c).

The successive wave heights, in feet, measuring from each crest
to the next trough, toward the right, are as follows: 22.50,
37.50, 18.75, 40.00, 27.50. The average wave height for an
indefinite length of this irregular series will be 30 feet or pre-
cisely the height of the dominant regular scries. It is evident,
therefore, that an observer might conclude that the sea was
disturbed by a single series of waves 600 feet long and 30 feet
in average height, and that the real presence of a swell 20 feet
high would be undetected. This may explain the fact that
during a storm at sea the long swell remains invisible, yet be-
comes noticeable as soon as the shorter storm waves die down
a little”. Gaillard suggests, however, that the waves first made
by a strong wind are of unstable form and cannot travel far
without being destroyed and contributing thoir energy to the
more stable waves of nearly perfect trochoidal form, the ‘“swell ’;
while Taylor is of the opinion that direct wind action causes the

























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































