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FOREWORD

A study of the occurrence of sand ripples generated by wave action
in the nearshore ared has been made based on observations of swimmers
equipped with self-contained underwater breathing apparatus, Such
parameters as the symmetry of the ripples, and their wave length and
crest length, were measured and are related to the sand size, and to the
orbital velocity and displacement of the wave motion generating the
ripples, It was felt that publication of this data would be of interest
to workers in the coastal engineering and geology fields as presenting
additional data to aid in the understanding of nearshore processes and
the factors influencing longshore movement of material, In particular
the mechanisms of ripple formation and growth, This report presents the
results of this study,

In general the ripple size increased with an increase in sand size
and, to a certain extent, with water depth, Ripples in more exposed
areas were generally larger than those in sheltered bays, Ripples were
always present when the orbital velocity was between about 0.3 and 3
feet per second,

This report was prepared at the Scripps Institution of Oceanography
of the University of California in pursuance of contracts with the Beach
Brosion Board and the Office of Naval Research, The author of the re~
port, D, L, Inman, is a member of the staff of Scripps Institution of

Oceanography.

Views and Conclusions expressed im this report are not necessarily
those of the Beach Erosijon Board or the Office of Naval Research,

This report is published under authority of Public Law 166, 79th
Congress, approved July 31, 1945,
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WAVE-GENERATED RIPPLES IN NEARSHORE SANDS*

by
Douglas L, Inman

University of California
Seripps Institution of Dceanography
La Jolla, California

ABSTRACT

A study of the formation and occurrence of sand ripples
generated by oscillatory wave motion was made in coastal
waters to gain a better understanding of the role ripples
play in the sorting and transportation of sediments. The
observations, which extend from the sur{ zone to depths of
about 170 fFeét, were made by swimmers equipped with self-
contained underwater breathing apparatus, The wave length,
crest length, height and symmetry of the ripples were measured
and these parameters compared with the size of the sand and
with the orbital displacement and velocity of the wave motion
generating the ripples,

Ripples were always present on sandy bottoms when the
significant orbital velocity had a value between about 1/3
and 3 feet per second, The type of ripple was related to
the size of the sand and the nature and rigor of wave motion,
The ripple wave length ranged from 0,14 feet in fine sand to
over 4 feet in very coarse sands, The heights of the ripples
ranged from about one~fourth to one-sixreenth of the ripple
wave length.

In areas of abundant sand, the largest and least dense
material occurred on the ripple crests and the finest and
heaviest {n the trough, Over rocky bottoms where there was
little sand, the relationship was frequently reversed, The
cipple erest consisted of sand washed from among the rocks,
while the coarse material remained in the trough,

ODUCT ION

Ripples are generally subdivided into current ripples and oscilla-
tory ripples, depending on whether the motion leading to their formation
was that of a unidirectional current as in streams and eolian transport
or an ogcillatory current as in wave motion, This paper treats the
oscillatory type of sand ripples, which are defined here as the system-
atic series of undulations or waves that form at the sand-water inter-
face under the influence of surface gravity waves, Such ripples form
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when the fluid stress onm the bottom is slightly in excess of that re-
quired to initiate movement of sediment particles, and disappear when
there is general bed motion at somewhat higher fluid velocities,

There is extensive literature on ripple marks; earlier work is
listed in a bibliography on the subject by Kindle and Edwards (1924},
and more recent work is summarized in papers by van Straatem (1953) and
Manohar (1955)., However, most investigations and measurements of
cipple characteristics have been restricted to ancient rocks or small
scale laboratory studies, or to ripple impressions exposed st low water
or observed from the surface in guiet water, The advent of self-contained
underwater breathing apparatus, which allows swimmers to move about
freely and to make measurements and observations under water, has pro—
vided the means for measuring and studying ripples in motion and under
natural circumstances (figure 1), The purpose of this paper is to
describe oscillatory cipples as they occur in nature, especially in
oceanic coastal waters, and to discuss their occurrence and physical
characteristics in relation to the waves generating them,

Most ripple observations and measurements in the present study were
made along the sandy shelf bordering the coast of southern California,
although the field work included observations from the narrow shelf
fringing the Hawaiian Islands and the shelves of other islands along
the coast of Mexico and California, In addition to coasts exposed to
the open ocean, obgervations were made in other environments including
protected coasts, bays, bays behind barrier reefs, and one observation
from a model wave tank, In all, about 1,000 ripples were measured
during almost 200 observations which were made in waters ranging in
depth from a fraction of a foot to 170 feet, The ripples measured had
wave lengths from 0,14 to over 4 feet, Whenever possible, as in 102
cases, surface waves were recorded during the period of ripple observa-
tion,

In addition to a wide geographic distribution of observations,
ripples from specific areas were studied over long periods of time and
under various wave conditions, A series of four stations ranging in
depth from 18 to 70 feet below mean lower low water were visited fre-
quently during a period of several years, These stations are located
on D range, which i3 on the shelf off La Jolla, California, where the
sediments consist of a relatively uniform, fine quartz sand (figure 2),
In addition, four areas were visited frequently on the shelf off Point
La Jolla at depths of 30, 40, 55, and 85 feet., The sediments at these
areas differ markedly from those on D range in that they occur in large
patches separated by low rock outcrops, Sediments are coarser, some-
what more rounded, have more shell fragments, and in general do not
grade from one type to another, The stations on D range were established
in conjunction with a study of the changes in level of the sandy bottom,



FIGURE | SCHEMATIC DIAGRAM ILLUSTRATING THE TECHNIQUE USED
IN MEASURING RIPPFLES AND THE NOTATION FOR DESCRIBING WAVES
AND RIPPLES. (Y, is the moximum horizontal orbital welocity of the waves,
ond do is the orbital diometer neor the bottom. X is the ripple waove length,
n the rippie height, ond k/.,? and ﬁf}. ore the ripple index and measure of

symmetry respectively )
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FIGURE 2. INDEX CHART SHOWING LOCATION AND DEPTH OF STATIONS ON THE SHELF OFF
LA JOLLA, CALIFORNIA. Observetions from fthe fowr stofions on D ronge ore ‘obuloted chronologically
in Appendix [A=1D, ond those from the stotions off Paint Lo Jolis, Coiifornia are listed by depth in
Appepdis T A,



The changes in level between each ripple observation on this range are
given by Inman and Rusnak (1956), and the description of the sediment

characteristics and the hydrography of both areas is given by Inman
(1953),

The collocation of all data was based primarily on the wave ex-
posure of the area: observations from coasts exposed to the open ocean
are tabulated in Appendices I and I1I; those from lee and protected
coasts In Appendix III: and those from areas of limited fetch in
Appendix IV, The most complete and systematic observations were made
at the four stations on D range of f La Jolla, "and these are listed
chronologivally by station in Appendix I, Observations from the four
areas of f Point La Jolla are listed under the appropriate depth in
Appendix II-A,

Ripple Mspgurement

Various technigues were used in the measurement of ripples, The
most convenient technique for smaller ripples was to mark the ripple
dimensions on a transparent plastic strip which was placed on the
bottom perpendicular to the ripple crests, The position of each ripple
crest and trough and the height of the ripple were marked om the plastic
with a grease pencil. After the diver returned to the surface, the
markings on the plastic strip were measured and recorded. Three
measures were obtained for each ripple: the wave length ) , which
is the spacing between ripple crests; the ripple height 7 , which
is the vertical distance from crest to trough; and the horizontal dis-
tance § , measured from the ripple crest to the deepest portion of
the trough in the direction of propagation of the surface waves, These
measurements are def ined schematically in figure 1., A and § for
the smalier ripples were measured to the nearest hundredth of a foot
and 7 to the nearest five thousandth of a foot, Since the positions
of the ripple crests were usually quite sharp, A  is a reasonably
accurate measure, while B, which depends on the lowest position of the
concave ripple trough, is somewhat less accurate, 7 is the least
accurate because it is the most difficult to measure and in fine sand
the weight of the plastic strip tends to flatten the ripple crests,

The ratio of B to the wave length A was used as a measure of
ripple symmetry. Symmetrical ripples, insofar as the pesition of ripple
crest and trough are concerned, have a value of §/A equal to }, Vilues
less or greater than 4 indicate that the ripple has a tendency to be
asymmetrical like a curremt ripple, If the ratio is less than 5, the
steep lee face of the ripple, faces in the direction ot wave propagation,
and if the value is greater than § the opposite is true,

The ratio of ripple wave length to ripple height, kh',l y referred
to as the "ripple index", is used in this stody as a measure of ripple
steepness. It is the inverse of the steepness measure commonly employed
for wave phenomena,



The average values of ripple wave length A , height 7 , and of
the ratio AQ and p/y for each observation, together with the number
of ripples méasured are entered in the appendices., 1In cases where the
data was inadeguate to obtain numerical values of §, a notation was
entered from the divers' observations indicating whether the ripples
appear to be symmetrical, or if asymmetrical, whether they resembled
current ripples resulting from onshore (p/) < %) or off shore (p/) > 1)
currents., In addition, if the ripple symmetry was observed to change with
the passage of each wave crest and trough, the symmetry was recorded
as "reversing”.

A simple device was fabricated for more detailed measurement of
the profile of large ripples, The device consisted of a series of
parallel brass pronga welded at right angles to a metal bar so that
the instrument has the appearance of a large comb (figure 3), The
prongs wer¢ coated with grease so that when forced into the sand bottom,
the imprint of the ripple profile was clearly marked in the grease.
A spirit level was attached to the bar to permit the device to be leveled
and thus give m profile of the ripple relative to a level datum, Re-
presentative profiles are shown in figure 4,

It became apparent during the study that ripple profiles could be
broadly divided into two types: those with flat troughs separating the
crests which, because of their resemblance to the analogous wave type
were termed "solitary", and those with rounded troughs which were
termed “trochoidal™ (figures S and 6). In many cases, particularly fer
smaller ripples, it was not possible to measure the profiles sccurately
and the classification of solitary or trochoidal was determined from
the visual observations of the diver, A "sawtooth™ profile which is
common in current ripples, was rarely observed in the oscillatory ripples,

Ripples were also classified as to pattern or plam, the basis of
classification being the ratio of the average ripple crest length to
wave length of the ripples, Long-crested ripples, that is, ripples with
average crest lengths greater than 8 ripple wave lengths, were designated
as pattern 1, Intermediate crested ripples, crest lengths between 3
and 8 )\ , were designated as pattern 2, and short=crested ripples with
erest lengths less than 3 X as pattern 3 (see ligures 6, 7 and B),
The limiting values of 3 and B A were found to be most useful in
dividing the ripples into three relatively discrete classes,

Whenever the water was clear, the ripples were photographed so
that more leisurely study could be made in the laboratory, In this
way the use of still photography accelerated the program by eliminating
many of the intricacies of underwater observationa and measurements, In
addition, the mechanics of ripple movement, such as the change in ripple
shape with time and the nature of the vortex formed in the ripple lee
by each reversal in water motion were recorded and studied by motion
pictures. Undsrwater motion pictures were made of ripples ranging in
wave length from 0.2 to 3 feet,



FIGURE 3. DEVICE USED FOR MEASURING RIPPLE PROFILE. (The
prongs were coated with grease so thot when forced into
botlom the imprint of the ripple profile s cleorly marked in the grease.
A spint level (not shown) wos oltoched to the bar
Typical profiles are shown in figure 4.}

the sand

o give a level datum,
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MPPLE PROFILES

FIGURE 4 REPRESENTATIVE PROFILES OF LARGE RIPPLES

FROM THREE STATIONS OFF POINT LA JOLLA, CALIFORNIA,
Locations are shown by depths in figure 2, ond complete descript-
lons are lobulated by depth ond dote in Appendix [TA,



FIGURE 5. TROCHOIDAL RIPPLE PROFILE FROM THE PROTECTED
SHELF OFF SAN CLEMENTE ISLAND, CALIFORNIA Ripple wave
length 0.67 ft, depth of water 211t Sond on the ripple crest is
slightly coorser thon thot in the trough. Complete description tobuloted in
Appendix III B



FIGURE 6. LONG-CRESTED RIPPLES (PATTERN 1)
sand gt depth of 14 fi, on D range (Appendix 1 A, 2 August 1954). Ripple
profile is "solitary” consisting of flat troughs separoted by relotively
sharp crests. Dork colored heavy minerals occur in the trough, light
colored quartz sand in the crests, with o narrow line of dark mico af
the opex of the crest. Eoch scale division is O ft.

Ripples in fine

10



FIGURE 7 RIPPLES WITH INTERMEDIATE CREST LENGTHS
(PATTERN 2) Ripples in fine sond ot o depth of 30 ft on D range

(Appendix 1 B, 2| August 1953), Ripple profile is solitary ond the average
wove length is 0.22 ft  Reference rod is used for meosuring chonges
in sand level (lnman ond Rusnak, 9561



FIGURE 8. SHORT CRESTED RIPPLES (PATTERN 3) Ripples
in fine sand at a depth of 52 ft an D ronge. (Appendix I C, 23
November 1953). Ripple profile is trochoidal. Scale division 05 ft
{Drowing of o photographl,
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Sediment Sampling

Dur ing the ripple observations a sample of sand was obtained from
the crests of the ripples, and in many cases from the vipple trough as
well, The samples were labeled by date, oumber, and the letter C or T
was appended to identify the sample with the ripple crest or trough,

In addition to the routine sampling from the surface of the ripple crest
and the trough, on two occasions examination of the structure of the
sand under the ¢rests and troughs was accomplished by 1lithifying a core
of sand in Situ with o polyester resin,

Because the study was concerned with water-transported sediments,
hydraulic sizes, which are based on settling velocity were used in pre=-
ference to sizes obtained by sieving, The sand-size fraction of the
samples were analyzed with an Emery Settling Tube (Emery 1938, Poole
at al, 1951), Material coarser than 1 millimeter was removed before
the settling tube analysis, and then the weight percentage recombined
after analysis into one cumulative frequency curwe,

The particle-size distributions of the sediments were expressed
in terms of phi measures {Inman, 1952) that serve as approximate graphic
analogues to the moment measurés commonly employed in statistics, The
parameters used include the median diameter, a measure of standard
deviation, and a measure of skewness, They are computed from three
percentile diameters obtained from the cumulative size-frequency curve
of the sediment and are defined as follows:

1} phi median diameter lld‘ = ijﬂ

2) phi deviation measure I'J'“ = 1/2 {‘H - i'“? "

i) phi sgkewness measure “i' HE - JHI '

T
where i'-lﬂ:i of the diameter in millimeters, H‘ = 1/2 (l!“ . i“]' is
the phi mean diameter, and # ., £, and #gq ATe the diameters in phi

units corresponding to the l6th, 50th and 84th percentiles respectively
of the cumulative welght-percent (coarser) curve, Since one phi unit

is equivalent to one Wentworth division, the phi deviation measure gives
the standard deviation of the sediment in terms of Wentworth units,

The graphic phi measures are tabulated in Appendix I through IV,
For convenience in interpreting sand size, the median diameter is also
tabulated in microns, using conversion tables compiled by Page (1955),
The accuracy of measurement of the median dlameter is about 0.02d, which
converts to about 2 microns for very fine sand and about 15 microns for
coarse sand (Poole, et, al, 1951; Ioman, 1953),
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W rement

Wave height and period and the depth of water were measured from
the boat during most ripple observations, Since it was not practical
to use a conventional pressure type wave recorder, the trace from a
recording fathometer was used in its place, A wave record of this
type is reasonably accurate when used from small boats over flat
bottoms, At times when fathograms were not available, visual observa-
tions of wave height and period were used, but reduction of this type
of data was not attempted unless it appeared that a simple series of
waves existed,

When available, a twenty-minute section of wave reécord was
analyzed to obtain the wave period T, and the height H, of the significant
wave, which is defined as the wave with the period and height of the
average of the highest one-third waves. The significant wave period
and height and the depth of water were used to compute the horizontal
diameter of the orhit of a particle of water near the bottom, referred
to hereafter as the orbital diameter d,, and the maximm horizontal
velocity, u,*.

Although no great claim is made for accuracy in the wave computa-
tions, in general, it was found that the computed values for the wave
period T, and the orbital diameter d , compared favorably with the
period and orbital diameter observed near the bottom by the divers,
Although it is difficult to measure velocity under water, the period
of osciilation and the amount of displacement can be estimated with
reasonable accuracy by a diver with a stop watch and a fixed point of
reference,

Hquations from the Alry wave theory were used in computing the
arbital diameter and the maximum orbital velocity for observations well
seaward of the surf zome, An adaptation of the solitary wave theory was
used for orbital diameter and velocity computations when waves were near the
sur{ zome, The conditions onder which the Adry or solitary wave theory were
used and the procedures for computing orbital diameter and velocity are
described in detail in Appendix V.,

E on_of aulic Conditio

The work of Exner (1923) and von Karman (1947) indicated that the
character of current ripples formed by unidirectional flow could be
relatcd to the velpeity of flow, Por shallow water, Anderson (1953)
ghowed a correlation to exist between ripple wave length and the Froude
number, Tsubaki, Kawasumi, and Yasutomi (1953) found that the dimensions
of current ripples showed good correlation with Einstein's (1942) bed load
function ¥ , which is related to the ratio of the weight of a sediment
pacticle to the 1ift force acting on the particle by the flow,

The practical application of hydrodynamic principles to ripples
generated by oscillatory flow is more obscure. Bagnold (1946) in his

£

“ It is realized that computations based on the significant surface wave
do not necessarily give the “significant™ arbital velocity and diameter
at the bottom; however, under the conditions taken here this was not con-
sidered to be critical,



exper iments on ripples generated on a movable bed, showed that ripples
of shortesi wave length wete proportional to the horizontal amplitude
of oscillation of the bed, Later, Manchar {(1955) using somewhat
similar apparatus showed that a modif ication of the :p function could
be used to predict the character of his model ripples,

Thus, general considerations Indicated the need for a measure of
the intensity of flow and, since the motion was oscillatory, for a
measure of the particle displacement, However, the spectrum of ocean
waves is of ten broad, so that the probable error of predicting mean
values of velocity and orbital diameters may be in error by as much as
50%. Also, there is no satisfactory procedure for calculating the
stress exerted on the bottom by wave motion, Because of these facts
it was decided to base the characterization of the hydraulic conditions
on simple dimensionless ratios that could be obtained at the time of
ripple observation, The intensity of flow was characterized by the
relative velocity u-ful. where u is the computed maximum horizontal

velocity near the bottom, and u_ is the limiting value for initiating
motion in sand of a given size.” Since the relation between velocity
and critical stress required to initiate motion was not clear, it was
decided to arbitrarily use a value of u, * Tu, where u_ is the thres-

hold or critical friction velocity (Inman 1949), The factor 7 was
chosen because it gave a limiting velocity which was consistent although
somewhat conservative in comparison with laboratory data of Menarcd
(1950) and Manohar (1955), Their data and the relation of u, =7u,

is plotted againat particle size in (igure 9,

The displacement of a water particle relative to the ripples was
obtained by the ratio of d / ) where d, is the orbital diameter near

the bottom computed for the significant waves and A is the ripple
wave length, A graph showing the relation of the relative velocity,
u_!ul. to the relative displacement dﬂf A for all observations for

which wave parameters were computed is shown in figure 10,

The hydraulic conditions were arbitrarily grouped into two general
types on a basis of the relative velocity and the relative displacement
(figure 10), Type I includes those conditions in which either or both
ratios have a value less than 2, and type Il includes those cases in
which both ratios exceed a value of 2, Thus, type II indicates conditions
in which the welocity is large compared to that required to initiate
motion of the sand and the orbital diameter is large compared to the
ripple wave length, On the other hand, the three types 1 indicate:

Ic) conditions where the velocities are approximately the same order of
magnitude as the limiting velocity for initiating sand movement, or Ib)
that the orbital displacements are similar in magnitude to the ripple
wave length, or Ia) both velocity and displacement are limiting, In
addition, two extreme hydraulic conditlions were noted: the condition in

15
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which the velocity exceeded the upper limit for ripple formation and
hence, the ripples were absent or "planed™; and the othéer extreme in
which the water was still or “quiescent" and the ripple form was
destroyed by burrowing organisms, The condition of planation was
frequently observed mear the surf zone while that of guiescence was
more common in deeper water (figure 20).

INTER PRETATION

Sand ripples vary widely in size, shape, and duration, Some
ripples are uniform with long parallel crests, others occur in warious
complex patterns such as rectangular, linguoid, and herringbone, Under
somé conditions ripples appear to change but little with time, while
in others, especlally nsar the surf zone, they are almost ephemeral
in nature, changing with each wave surge, At times it appears that the
ripples result from several factors, as for example when wave action is
superimposed on tidal currents; at other times they appear to be in
the process of modification from one form to another, Thus it becomes
apparent that considerable care must be exercised in the collection of
data if systemization is to be obtained from the various ripple forms,
and the correlation of ripples and the forces generating them are to
have significance, Therefore, care was taken to measure ripples in
areas which were relatively far from bottom obstructions such as rocks,
pler pilings, etec,

It iz of course difficult in most cases to ascertain if the ripples
measured were in fact formed by the waves present at the time of measure-
ment, Many observers, dating back to Darwin (1883) and Forel (1895),
have called attention to the fact that once formed, there is a tendency
for the wave length of ripples to remain constant or to be but slowly
modified, under changing conditions, In this regard, ripples in fine
sand are more rapidly modified than ripples in coarse sand, A joint
tabulation of ripple and wave characteristics was attempted only when
it was considered that the ripples were in unison with the forces generat-
ing them, An exception to this undoubtedly occurred for measurements
in coarse sand, as such ripples modify slowly and may only be in unison
with geoerating forces under extreme wave conditions, Some aspects of
complex ripples occurring near obstructions or in the process of modifica-
tion are discussed briefly in a later section,

Sgnd and Ripple Size

The size of the sand is the single most important factor in determining
the size of the ripple, A graph (figure 11) of the ripple wave length
and the median diameter of the sand for all observations shows that in
general, large ripples occur in coarse sand and smaller ripples in fine
sand, It is also apparent from this graph that for equivalent sizes of
sand, ripples from deeper water along exposed coasts tend to be larpger
than ripples in shallow water, and that ripples from areas such as bays
and lakes where the wave fetch is limited have the shortest wave length
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of all, This general relation of ripple wave length to environment
appears to result from the limitations on ripple size due to differences
in orbital velocity and displacement. The wave length of ripples ap-
parently cannot exceed the orbital diameter of the wave generating

the ripple, Also, this study indicated that ripples generated by high
velocities which approached the value of the upper Limiting velocity
(figure 9) tended to have shorter wave lengths even though the orbital
diameter was large,

Thus, in general, ripples in the ocean tend to be large because
the waves are long and consequently have large orbital diameters. Of
these ocean ripples, those occurring near the surf zone are usually
somewhat smaller because their size is affected by the higher orbital
velocities, On the other hand, bays, lakes, and other areas of limited
fetch tend to have small ripples because of the ssall orbital diameters
associated with the short waves which oceur there, The relation
between the sand size and the ripple wave length for the special con-
ditions where both the orbital diameter and velocity are relatively
large, i.e. type II hydraulic condition, is showm in figure 12, The
type IT hydraulic condition is most typical of sandy areas along exposed
coastlines just seaward of the sur{ zone,

The effect of orbital diameter and velocity on the wave length of
tipples in three size ranges of sand is shown in figure 13, The maximum
wave length for ripples in fine sand (125 microns) is atcut 3/4 foot,
The ripple wave lengths are approximately equal to the orbital diameter,
when the orbital diameter is less than the maximum wave lemgth for the
sand, As the orbital diameter increases beyond the maximum wave lemgth
of 3/4 foot,, the ripple wave length gradually decreases to about 1/4
foot or less, The decrease in ripple wave length for large orbital
displacement is attributed to the increase in orbital veloeity rather
than to the increase in displacement, If the wave period is constant,
an increase in orbital displacement at the bottom results in a
corresponding increase in the maximum wvelocity (Appendix V, equation 3),
The tendency for the ripple wave length to decrease with increasing
ortital velocity is not as apparent for the observations of larpge
ripples in coarse sands, This may be because of the relative paucity
of observations in coarse sands, or it may be due to factors associated
with the wider range of hydraulic conditions and geographic location
of the coarse sand stations. A tendency for ripple wave length to
decrease near the upper critical velocity was not observed by Manohar
(1955) in his laboratory studies of ripples generated on a movable bed,

Since the orbital diameter in shallow water is principally dependent
on the wave height and period, on the average there exists a basic daif-
ference in wave length between ripples generated by wave action along
oceanic coasts and those generated along the shores of water bodies
with limited fetches such as small lakes, This dependence of ripples
on the character of the waves generating them should be helpful in
evaluating model studies of sand transport., It should also prove helpful
in interpreting ancient environment from fossil ripple marks,
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FIGURE 12. RIPPLE WAVE LENGTH AND SAND SIZE AT RIPPLE
CREST Includes observations where both orbitol diometer ond maximum
velocity are lorge (Type II hydroulic condition), These condilions ore most
typical of sandy bottoms neor the surf zone of oceon beaches. This
dato is olso plotted in figure !l. Hydroulic Conditions are defined in
figure 10,
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Ripple Profiles
A

The ripple index "/7) which is the inverse of the steepness,
averaged between 8 and 10 for fine and very fine sands and about 6 for
coarser sands. The variation in ripple index for fine sands was great,
ranging from about 5 to 20, while in coarser sands it was relatively
constant (figure 14), Bven for small wave lengths the index for medium
and coarse sands fell within a range of 4 to 8, In part, the greater
variability in fine sands results from the difficulties in weasuring
ripple heights discussed previously; however, there were sufficient
observations to indicate that the difference is real and that the
ripple index in fine sands can be much larger than in coarse gpands,
There is some correlation in fine sands between ripple index and the
magnitude of the relative displacement at the bottom, d !1 « And
relatively velocity u /u_, which suggests that when the “relative
displacements and velBcities are large, as near the surf zone, the
ripples are less steep and thus have larger indices (figures 15 and 18),
The plotted points in figure 16 for ripple index and relative velocity
indicate a positive correlation for fine sand and little or no correla-
tion for coarse sand,

The steepest ripples were commonmly trochoidal in profile and were
usually restricted to deeper water along exposed coasts and somewhat
shallower water along lee and protected coasts (figure 5). The steep
ripples are of the vortex type, the material on the ripple crest
being 1ifted above the bottom and being moved an integral mmber of wave
lengths with the passage of epach wave crest and trough, Hydraulic con-
dition Ta seems to be most conducive to the formation of ripples with
steep trochoidal profiles, This condition occurs near the junction of
the solid and dashed lines in figure 13 where the ripple wave leagths
are greatest,

The solitary ripples which are most typical of fine szand in very
ghallow water tend to be less steep. The solitary cipples are formed
when the wave trains are regular and the bottom wvelocities and the
orbital diameters are relatively large, which is typically a Type II
hydraulic condition, The higher velocities which are associated with
the solitary profiles appear to place the material in a state of "sub-
suspension” with the passage of each wave crest, In this case the
bottom material (s moved on and off shore as a thio but dense layer of
suspended particles, and the discrete cloud of suspended particles which
form at the crest of the trochoidal ripples appears to be absent., The
thickness of the layer of "sub-suspension™ although somewhat variable,
is usually of the order of a few centimeters, and appears to depend on
the size of the sand and on the orbital velocity and periodicity of the
waveas,

Sorting

The amount of sand avallable for transport was reflected in the
relation between the size distribution of sand in the ripple crests and
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troughs, In general, if there was an abundance of sand available for
transportation, the material of the largest size and least density was
typically found on the ripple crests and the finest and heaviest
material in the trough, If the source of sand was limited, a common
condition along exposed rocky coasts, then the ripple crest consisted
of sand sorted from the rocks and the trough material was essentially
residual, which was frequently coarser than the material in the ripple
crest (compare figures 5, 6 and 7 with 17), In either case it is the
type of sand in the ripple crest which is influential in determining
ripple properties, such as wave length and steepness,

The relation between the size distribution of sediments in the
ripple crest and trough is shown in figures 18 and 19, Inspection of
these figures shows that in general the sediments from the ripple crest
tend to be coarser and have smaller distribution measures (i.e., be
better sorted) than the sediments from the trough., Better sorting in
the ripple crest was typical of all enviromnments, as shown in the graph
of figure 19 and illustrated by the ripple photograph im figure 17,

In only three cases was the material in the ripple trough found
to be coarser than that in the crest (figure 18), In two of these,
the samples were from rocky areas on exposed coasts where there was &
very limited supply of sand, and the other was from a bay where the
waves were relatively small,

Because turbulence and 1ift force are most intense at the crest of
a ripple, only the coarsest of the transportable material is deposited
there. 8ince coarser sand forms larger ripples, the ripple tends to
grow in size commensurate with the coarsest material which the waves are
capable of transporting., The capacity of a ripple to sort out and
remove fine sand increases with ripple size, as the intensity of the
vortex and 1ift forces increases with the length of the ripple, The
fine material is placed in suspension by the vortex at the ripple crest,
and either carried from the area or is deposited in the ripple trough,

It was found that boundaries between coarse and fine sand areas
were sharp and well-defined, Apparently this is a natural result of
the fact that large ripples grow at the expense of small ripples, and
that once large ripples are formed, wave action tends to expel fine
sand from the area, It was observed that the fineness of the trough
sediment relative to the crest sediment could be used as an index of
the proximity of fine sand areas, On the other hand, similarity in
size of crest and trough material, or the occurrence of coarser material

in the trough, indicated that the large ripples were more distant from
fine sand areas,

Fine Sand Ripples, D-Range, La Jolla

The relatively large number of systematic observations at the four
stations on D-range make it possible to describe the fine sand ripples
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FIGURE |7 LARGE RIPPLE. Note coorse, poorly sorted debris in
the trough ond finer well sorted sond on the crest, Ripple is from
a depth of 65 fi off the rocky coast of Los Coronades Islonds,
Mexico, ond hos o wove length of 2.7 ft. Compore with ripple in
figures 5,6 and 7, which haove coorsest sand on the ripple crests.
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FPPLE CREST md &y WICRONS

FIGURE 18 RELATION BETWEEN THE MEDIAN DIAMETER OF THE
SEDIMENT IN THE RIPPLE CREST AND TROUGH. In general the
cres! sond is coorser than that in Ihe Irough. Exceptions occur in
oreos where 'he sond supply is limited ond the sediment is relotively
coorse compared with the obility of the waves to lransport it Two of
the points below the line represen! rocky areos with limiled sand supply
(Appendix I1 D, ond TI A, the other is from g small beach in Mission
Boy (Appendix II A).
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on this range in terms of depth and the frequency of occurrence of
the various types of ripples, A complete presentation of these ob-
servations is given in Appendices I-a through I-D, and the data are
summarized in tables 1 and 2, and presented graphically in figure 22,

Occurrence, Ripples were always present when the computed maxi-
mum orbital velocity was about 1/3 foot per second or greater, They
were planed off and disappeared when the velocity exceeded about 2-1/2
feet per second. Because of high velocity, fine sand ripples were
almost always absent in the breaker zone; they were frequently absent
out to the depth of 18 feet, and occasionally at depths greater than
30 feet (Appendix I-B, 25 January 1955), Since orbital velocity de-
creases with increasing depth, the frequency of occurrence of periods
during which the orbital velocity was insufficient to move sand was
greater at the deeper stations, During these quiescent periods the
ripple patterns were soon destroyed by burrowing organisms, Quiescent
periods constituted 22% of the observations at a depth of 70 feet, and
5% at a depth of 50 feet (table 1), Although periods of quiescence
certainly exist in shallow water as well, their occurrence is probably
not statistically significant,

During quiescent periods, burrowing organisms and deposition of
fine material from suspension give the bottom a very cluttered and
dirty appearance as compared with the clean sand that appears when waves
are actively forming ripples (compare figures 20 and 21), Within a
matter of hours after sand ceases to move, the effect of bottom dwelling
organisms in destroying ripples becomes apparent, Within a few days,
as shown in figure 20, deposition of fine material causes the bottom
to appear dirty and 'rusty”. Microscopic analyses of the film of "rusty”
material covering the bottom on two occasions showed it to consist
principally of siliceous planktonic diatoms,

The resumption of high orbital velocity following a period of
quiescence soon causes the bottom to become rippled, The interaction
of the wave motion and the ripples causes the fine material to be
placed in suspension and the bottom soon appears to be composed of clean
sand as shown in figure 21, The effective sorting action of the ripples
must play an important role in removing silt~- and clay-sized material
from the bottom and in keeping it in suspension until it finds its way
to deeper water,

Ripple Form, The patterns and profiles of the ripples varied
systematically with depth (figure 22). In shallow water the fine sand
ripples characteristically were long~crested (pattern 1), and were
solitary in profile (figure 6), The only exceptions occurred in areas
where the offshore flow of water in rip currents resulted in a confused
water motion which caused the ripples to be intermediate or short-crested
(patterns 2 and 3, illustrated in figures 7 and 8), BEven in shallow
water, short-crested ripples were more commonly associated with tro-
choidal rather than solitary profiles,
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FIGURE 20. DEPOSITION OF MATERIAL FROM SUSPENSION AND
DISRUPTION OF RIPPLE PATTERN BY BURROWING ORGANISMS
DURING A QUIESCENT PERIOD ON D RANGE AT A 70 FT. DEPTH.
(Appendix 11 D, 29 March 1954). Dark appearing material is principally
deposition of planktonic diatoms. Compare with figure 21.
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FIGURE 21. CLEAN RIPPLES GENERATED BY WAVE ACTION AT
DEPTH OF 88 FT. ON D RANGE. Ripple profile is trochoidal and the
wave length is 0.32 ft . (Appendix I D, 10 FEB. 54). Note burrowing
organisms, sea pen (right) and distal ends of brittle stars (grass-like
protrusions). Each black or white divison is Va ft, arrows point towards
shore. Compare with figure 20. '

33



— UL
LTATVONS AT 6T Aal " Hao
LESSER [EWTHE n 5 -
e & v GEROT E i
—— = £
"B R B R EE] SFigo "

Led
STENON AT 30FT DEPTH I
HBiC
WFRAM b G [
. w
Wy - B4 - h_r .

STATIDN &7 52 F7 DEFTw

il

s LG

STATION AT 700 FT DEPTH

e :l;.a’:::'r %‘T‘ ._-‘l. ,iQ_J;Q -
{I{EE
1 )
! £

ey i

-]

i S

i
wotrdn € | Fpwee {

p—— =

il
i

TS T | P

FIGURE 22 GRAPHIC SUMMARY OF RIPPLE PROPERTIES AT FOUR
DEPTHS ON D RANGE, LA JOLLA, CALIFORNIA. Note that systematic
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At progressively deeper stations there was a consistent change in
ripple profile from solitary to trochoidal in pattern. At depths of
70 feet and greater, 65% of the ripple profiles were trochoidal and
66% of the ripple patterns were intermediate or short-crested,

Insofar as profile and pattern are concerped, the ripples tend to
imitate in miniature the particular waves which generate them, In
deeper water where orbital velocities are lower and the wave profile
is approximately trochoidal, the ripples tend to be troacheidal, In
shallow water where the velocities are higher and wave forms are solitary,
the ripples tend to be solitary, In deeper water, the direction
spectrum of waves is broader and the resulting variation in the direction
of orbital motion is reflected in shorter crested ripples. In shallow
water, because of refraction, the direction spectrum of the waves is
narrow, resulting in a narrow spectrum of orbital wvelocities which
produce long-crested ripples, On the other hand, the form of the ripple
differs from that of the waves generating it in that the ripple wave
length and steepness are greater in deeper water tham in shallow water
(figures 11 and 22), The average ripple wave length was 0,36 foot at
depths greater than 70 feet, and 0,23 foot near the surface zone, even
though the sand in the shallow water was slightly coarser,

Variation in Form, Measurements along D-range showed that ripple
charncteristics such as wave length, height, and symmetry were relatively
uniform at any one time within the area of meéasurement (table 2), The
variation in ripple wave length was considerably less, about 13%L, than
the variation in height, which was about 37%, The coherency of measure-
mnt was somewhat better for long-crested ripples (pattern 1) than for
shorter crested ripples, although even short-crested ripples gave fairly
consistent wave lengths as shown by comparisom of figure 8 with the
individual measurements listed in table 2, The relatively large varia-
tion in ripple height is due in part to the difficulties in making
accurate measures of small ripples, as discussed previously,

The data in table 2 for the station at a depth of 52 feet on
16 November 1953 is representative of the least consistent data obtained.
In this case the grouping of ripple wave lengths around values of 0,22
and 0,35 foot suggests that the ripples were not in complete unison with
the waves generating them,

C rison W [ r t

In many ways the findings from the laboratory aml field are in
agreement | however, there are signif icant differences which are
illustrated by the following comparison of the field observations with
t'e model experiments of Manohar (1955) and Bagnold (1946), The experi=~
wents by both Manohar and Bagnold were conducted in still water by sub-
jecting the sediment bed to simple harmonic motiom in a horizontal
plane, a procedure adopted because the large bottom displacements and
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high orbital velocities typical of long waves in the ocean cannot be
obtained in wave channels in the laboratory,

1) The maximum ripple wave length obtained in laboratory
studies was somewhat less than that obtained in nature for the
samc size sand, even though the displacement of the movable bed
exceeded the ripple wave length, TFor eéxample, the maximum wave
length obtained in quartz sand of mbout 1 mm diameter was ap-
proximately 0,7 foot in Bagnold's experiments, L.0 foot in
Manochar's work, and about 4 feet in the ocean,

2) For a given size sand, the longest ripple wave lengths
in nature were observed in deeper water where the orbital
velocities generating them were near the lower limit required
for ripple formation. At higher velocities the wave lengths
of natural ripples tended to decrease. In the laboratory
investigations of Manohar, the longest ripples occurred at
higher velocities just prior teo the disappearance of ripples.
Since these tipples were very low, it is possible that the
pecutrence of sgimilar phenomena could not be detected in the
Field.

3) The ripple index for natural sands of all sizes ranged
from about 5 to 20, while in medium and coarse sands the ranpe
was from 5 to 8, Bagnold' s measurements compared favorably
with the f{ield observations, Nowever, Manchar's observations
which were made in medium and ecoarse sand had mouch larger indices,
with an average value of about 20, The steepest ripples in
Manohar's study had an index of 13,

COMP LEX R IPFLES

Ripples which form near obstructions such as rocks, piler pilings,
and the like are frequently complex and do not always fall readily
into the classif ications used for the simple forms to which this paper
is primarily devoted, It is also common to find that bottom dwelling
animals may have an appreciable effect upon ripple form, This is
particularly true of colonial animals such a&s sand dollars and polychaeste

worms Like Owenis fusiformis,

A complex arrangement of ripples which has been observed near the
end of Scripps Pier on several occasions will serve to emphasize the
diversity of patterns possible in the wicinity of bottom obstructions
(figure 23), The pattern observed apparently results from the super=
position of two ripples systems, One system consists of the ordinary
wave generated ripples which have wave lengths of about L/74 foot, and
ripple ¢rests paralleling the wave crest, These arg super imposed on
large low ripples which form at angles of 30° to 60° with the leng axis
of the pier and have wave lengths of about 2-1/2 feet, Near the end
of the pler where the water is deeper, the ordinary short ripples form
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wos observed W move off ond on shore with groups of high
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across the crests and troughs of the long ripple (area A, figure 23),
In shallower water near the breaker zone, the ordinery ripples are
planed from the crests of the large ripples by the high orbital
velocities and are only found in the protective troughs of the large
ripples (area b), The position of area b has been cbserved to move
off and on shore with groups of higher and lower waves, On 30
December 1954, when the primary waves had a significant period of
about 7 seconds and a direction of approach paralleling the axis of
the pier, ripple patterns typical of area A were observed to occur
in 10 feet of water when the waves were about two feet high, and to
change to pattern b when the wave height increased to J or 4 feet,
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Appendix 1A - ID - Ripple and wave parameters for coasts exposed to
the open ocean, D Range, La Jolla, Califormia

1A = Stations at 18 ft. and lesser depths
18 - Station at 30 ft, depth
1C « Station at 50 ft. depth
1D = Stations at 70 ft. and greater depths
Appendix IIA = IID = Ripple and wave parameters for coasts exposed to
the open ocean, miscellaneous observations.
IIA - Pt. la Jolla and San Diego Area, Califormia
IIB - Pt. Dume, California
IIC = Ouadalupe Island, Mexico
IID = Surge channel (special case)
Appendix ITIA - ITIC = Ripple and wave parameters for lee and protected
coasts of ocean islands
IIT4 -~ Santa Catalina Harbor, Santa Catalima, Califormia
ITIB - San Clemente Island, Califormia
ITIC = Los Coronados Islands, Mexico
Appendix IVA - IVC - Ripple and wave parameters for areas of limited
fetch; bays, models, etc.
IVA = Mission Bay, Califormia
IVB = Hawvaiian Islands
IVC = Model Wave Tank (Beach Eroaion Board)

Appendix V = Computation of Orbital Velocities and Displacements
Near the Bottom



AFFENDII JA - Exposed Coast, D Range, La Jolla, 16 fr. and lesser depths

Sample Median mi-mﬂ Depth mm%’!&'— a3 f;_ﬁ;
Date~Nusber |Dismeter Size of wave [Height |Index | Sym= | No. | Pat= | Fro=[Period |Orb. |Orb. )
in _m_iuﬂ' Length = [metry |Meas.| temn |file| T Diam, | Veloc.

Micrans] : ft ;:. :l:' 5 ﬁ/}k sec ﬁ r:?m % % Type
3 Aug 53-3 | 118 [J.08].41 =1 1o | .18 | .00 | 13.6 | r 5 |1 | S |10 |S.1 | 2.0 [26.8 6.0 1T
7 Jul $4-1 | 130 |2.94].38 ¢l 1 .23 r 7T |1 5 | |55 | 2.4 (3972|101
T Jul S4-a | 132 |2.92(.37 (03| 7 22 r & |1 s |10 | 8.8 | 2.6 26,378 | 11
27 Jul M=l | 136 |2.88|.44 -02| 8§ ‘22 r u |1 5 |10 |48 |z.4 (21872 10
27 Jul S4=2 | 129 |2.95].38 |-.08 | 11 .20 r 8 |1 s im 4.6 [ 1.8 |23.0 5.4 | IN
27 Jul 54=3 | 145 | 2.79(.48 |-.02| 1S .22 r 7T |2 s l10 {43 |24 203562 n
2 Aug S4=1 | 170 | 2.58(.37 al 9 24 r M |1 s | 10 | 4.8 | 2.2 |20.0 6.6 | IT
2 hug S4=2 | 139 | 2.85/.49 |-.08 | 14 .22 r 1s |1 s |1 (3.0 |12 |13.63.6] 11
2 Mg Se=3 | 157 [2.67|.42 |-0s| & | .19 r 15 |1 |s 'w |0 (23 |26.3ee |
17 Jul 83=1 | 153 | 2.71|.38 |=.08 | 18 .24 033 | 1.3 |» 5 |2 5 : T | 2.7 | L2 |12 (3.6 | IO
1) Samples from ripple trough designated by T, all others are from crest of ripple.
2] Size distritution expressed in graphic phi seasures; Imnan, 1952 (see text).
3] When not measored, symmerry determined by observation: r) reversing with sach wave; 3 symsetrical;

o) asymetrical, steep slope facing onphore;

4) Fattemn:

5) Profile:

&) Trpes [ and [l are defined im figure 10,
upper critical limit for ripples;

1) erest length greater than 8 A ;
S8} sawtooth.

5) solitary}

T) trochoidal;

2) crest length 3 A to 8 A ;

f) axymmetrical, steep slope facing offshore.
3) erest length less than 3 A .

P indicates surface of botrom smooth or planed because velocity exceeds
0 refers to guiescent conditions whers ripples were destroyed by burrewing organisms.
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APPENDIX IA - Exposed Coast, D Bange, Lz Jolla, 18 ft and lesser depths (cont.)

1) 2) igtics Waves Hydraulic
Sample Median Sediment Depth a 4) 5 rlnd' i
Date-fumber | Diameter Size of Wave |Height| Index | Sym=| No. | Pat~| Pro=|Pe Orb. |Orb. b
in Distribution | Water | Length oy metry | Meas. verm| file| T Diam. | Veloc.
Microns |Mig | Of |ay | ft Y N - g sec dg ds 1_‘3 Type
. ft ft n A fr fr/sec L]
23 ful 53-1 154 2,7 | .38 |=.05| 1B <23 L2 11.5 ] 12 1 8 4.0 1.7 17.4)5.1{ 11
-1T| 146 2.78 | .38 [=.0%

11 Aug 53=1 146 .78 | .42 |-.05 | 18 20 o 1 1 5 3.7 1.2 15.5{3.6| 11
14 pug 53=1 145 2.79 | .40 [=,05 | 1B 29 .04 7.2 [ 10 1 5 B 1.9 0.9 &.6(2.7| 11
25 Aug 53=2 152 2.72 | .45 0 1] .26 .04 6.5 A9 ) 2 T 10 z.1l 0.8 B.1j2.4]| 1}
31 Aug 53-2 151 2.73 | .42 |=07 | 1B 26 .02 13,0 ] 8 2 5 3.7 1.0 14.2(3.0] 11
11 Sep 33-2 147 2.77 | .42 |=-.07| 1B .21 .02 10.5 r ? F] 5 10 5.5 1.7 26.215.1| 11
LS (et 53=1 157 2.67 |.38 |=03| 1B 26 .02 11.0 - 28 15 1 5 1N 5.7 1.5 21.914.5| 11
21 et 531 137 2.87 | .45 |=.09 | 1B .25 02 13.5 .35 zl 1 5 10 4.1 1.6 l6.4/4.8| 11
APPENDIX [B = Exposed Coast, D Range 30 fu
23 Jul 53=2 124 3J.01 | .46 [=.06 | 30 .24 .03 7.7 a 10 1 5 |9.2 il 1.1 12.313.3| 11
17 Jul 3)=l 17 3.09 | .46 | =07 | 30 .28 -4 7.0 s 8 Z T B 1.9 1.7 6.85,1| 11
S Aug 53=2 120 3,06 | .47 | =11 | 30 W30 .05 6.0 8 7 j T 6 1.9 1.0 6.3(3.0] II
12 Aug 53=2 1z 3.10 | .46 | =04 | 30 .39 -0 6.5 .58 b 2 T 16.2 1.1 0.5 2.8/1,5] Ib
L1 Aug 53=2 115 3.08 | .48 | .04 | 30 22 O'EJ 11.0 r L] 1 5 |B8.6 4.1 1.5 i8.6(4.5| II




41 IB = Exposed Coast, I Hange 30 fr (cont.)

1) z) Hydraulic
Sample Median Sediment Pepth MM“ 4) 5) |

Date—NMumber er Size of Wave |Height| Index | Sym=| No. | Pat= | Pro=|Pacicd] Orb. | Orb, _mﬂé!&.__‘}_

in bisvribut Water | Length metry | Meas. termn | file| T Diam.| Veloc.

erons |Wdg | Gg ﬁ%' ft % n Ala sec 1':’ f:, | do : Type

n| & A"

25 Aug 53-1 | 124 | 3.01 |.48 [-.02 | 30 30 | .03 | I0.0 | .45 ) 7 | T | 9.7 (3.2 |07 | 7.3 [2.0| O
31 hug $3-1 | 129 | 2.96 | .47 [-.04 | 30 .29 | 045 | 6.3 |.s0 5 # | T 10 2.0 |06 | 6.9 | 18] Ib
1§ Oet S3-1 | 126 | 2.99 | .50 |-.02| 30 28 | 028 | 100 | » 12 1 s |wo.1 [3.9 (0.9 |11.6 | 2.7 11
21 Oet 53-2 | 118 | 3,08 | .48 |=.17| 30 .23 | .2 | 1.5 | .48 8 1 T | 9.5 |25 |08 (109 2.4 DN
16 Nov 53-2 114 | 3,13 | .47 (=07 30 .25 0z | 12,0 | r 7 14 | 5 [1. 5.1 | 1.5 |20.4 | 4.5| 11
28 Dec 53-2 | 117 | 3,10 | .50 |-.12 | JO .23 | 02 | 1LS5 | .50 8 1 T |18, |59 | L2 [28.6( 3.6| 11
22 Jan S4=1 | 135 | 2,88 | .47 |-.02 | 3O 61 | 05| 81 | .41 3 2 T 8. |10 (04| 1.6] 12| I
2 Feb S4=1 | 124 | 3,001 | .47 |=.02 | 30 .25 100 | r & 1 s | 13, [5.6 | 1.4 22,4 42| 1t
27 Apr 54-3 | 127 | 2.98 | .51 |=.06 | 30 A1 | o4 7.7 | = 6 2 T 5% |06 |04 L9 1.2] Ia
14 May 54=3 | 122 | 3,03 | .45 |-.07 | 30 .23 v 7 1 S | 12, |58 | 1.5 |2%.2] 4.5| 1
18 Jun 54-3 | 121 | 3.08 | .48 |-.07 | 30 .23 s 7 1 s B | 3.8 | 1.5 | 16.5| 4.5| 11
8 Jum 54=1 | 117 | 3.10).80 | © 10 .28 s 7 2 T
26 Jul 54=1 | 117 | 3.10 | .46 | © 30 34 s 5 3 T 5 | 0.7 ) 0.4 2.1 12| I
16 Aug S4=1 | 121 | 3.05 | .46 -07| 30 -30 = & 3 T 7 |12 ] 0| 8.7 2.1} 11
26 Aug 54-1 115 | 3.12 | .44 |=.02| 30 - 28 .0d 7.0 | s 6 3 T
1 Sep 54=1 118 | 3.08 ) .48 | -.06| 30 .42 ] 4 3 T
I8 Sep S4=1 | 120 | 3.06| .45 | © 3 .22 r T 2 T
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APFENDIX JB - Exposed Coast, D Range 30 fr [cont.)

.51-1:11] H-ttuJ Sdi-ntﬂ Depeh !@L@!Hlﬁltiﬁ!ﬁl 4} 5)
Date=Number | Diamete Bize of Wave | Helght| Index| Sym=' No, | Pat=| Pro=-
Hi::nl Gg | olg H?':“ L‘{m n ~ ? b i
fe fc n
40t &1 | 122 (.04 .47 [=10] 30 24 s 7 | s
15 Pec S4=3 | 118 |3.08 | .48 [=~02 | 30 .21 . 7 2 T
20 Dec S4=1| 138 [2.86 | 47 |+ 04| 30 .22 s | B3 1 3
2] Dec Sé=d 125 |3.00 | .47 (4.0 | 30 «23 » b 1 8
25 Jan 55=3 03 {328 .40|-10| O =  |bottom flat; strong surge) 15 0.2 | 2.4 7.2
IS Peb 85=3 [ 115 [3.12( .48 -.12] 30 .23 r E ) §
10 Mar S5-3 | 129 [2.96( .42 (=11 30 2 s 7 2 T
22 Mar 553 115 [hiz!| .50 )-.04 | SO 62 | .08 1.7 s 3 2 T 810 0.4 ] 1.6 2.2
6 Apr 55=3 | 113 [5.14| .45 |-.30| 30 28 0 & 2 T
29 Apr 55=3 | 125 [3.00] .45 | -.04) 3O 23 s s 2 T
S May 55«3 | 129 [2.95| .44 | =02 30 .28 s ? 2 T | Moderate surge
17 May 55-2 | 122 [3.03) 45| =.07] 30 22 s 6 2 T
§ Jun 5S=3 | 115 |3.02| 40| =05 30 .22 s 7 2 T
& Jul 55-3 | 12z |3.08] 41| =10 30 .23 r 7 L - 9| §.7| 20| ®.7| 6.0
I Aug 55-3 | 144 |2.80| .48 o | 30 .33 s 5 2 T
12 Ogt 53«3 | 125 [3.00) .42| 4.05| 20 .24 . 7 1 r
v 58=) | L1y |3.48) 45| -22| W .22 r &8 1 s




APPENDIX 1B - Exposed Coast, P Range 30 fr [cont.)

5-91:' Median Sed:lﬂlﬂ

Date-Number ar Size Period| Orb. | Orb. ;i

in m T Diam. Veloc

prons I LT tgﬁ ftzlt % ‘E? Type
13 Jan 56=3 | 127 |2.98 |.50 |-.04| 30 | .13 . 1 .
30 Jan $6=3 | 108 |3.20 |.48 |-.30| 30 | .25 . 6 1 T
AFPENDIX IC - Exposed Coast, D Range 52 ft
T0 jul s3-1 | 106 [3.24 |39 |-.08| &2 | .38 | .08 TE | 58] 1 T ] T ] 6 [0.7] 0.4 1.8] 1.2] 1a
$ Mg S3-1 | 107 [3.33 |.42 |-.12] 52 | .33 | .08 5.5 | .54 9 2 T & |0.4 |08 1.2| 2.4]| 1Ie
20 0ot 53l | lo2 [3.20 ]| .36 |-.13) S2 | .25 | 016 [15.6 | .48 | 7T 2 5 | 10.4(3.3 | 1.2 | 13.2] 38| 1O
16 Nov 53=1 | 102 |3.29 .3 [~08| s2 | .26 | .02 (117 | 40| & 2 5 8.5 2.4 | 0.9 8.9 2.7 1
19 Nov 83-2 | 106 [3.24 | .38 |=08) 42 | .23 | . |11.5 | .48 | T 1 T
23 Mov 53-1 103 |3.28 .37 |=20| 52 | .29 .08 S8 | 81| & 3 T {confused short orested)
28 Dec 53=1 | loz [3.30 .36 =17 82 | .26 | .03 8.7 s 7 2 T |13 [38 08 | 6| 27| N
14 Jan 54 105 |3.25 | .42 |=.04| s2 | .24 | .04 .0 . ] 1 T
28 Jan S4=2 | 106 [3.24 .38 |=.10| 52 | .53 | .05 |10.6 | .50 | 3 1 T ef | L3 0. 2.4 L2| Ib
29 Mar 54=2 | 107 [3.23 | .40 (=20 s2 | .40 N 3 3 T s | 0.4 0.2 L1.0| 0.9 Ia
2Mapr sS4z | 1 |32 .40|-08) 52 | 47 | .DS 9.4 s 4 ] T
14 Hay 54=2 108 |3.20| .40 | -.08| %2 .29 s & F T | 1 | 25| 0.7 B.6| 3.1| 11
I8 Jun S4=3 | 104 [3.06) .38 |=.10| s2 | .30 s 5 i T & | 30| 1.2 | W.0| 34| I




8-y

APPENTTX IC = Expossd Coast, D Range 52 rt (comt.)

Mli] Median mtﬂ pth | Mﬂﬁﬂ 4] 5) Hﬂﬁ:mg 111! ;
Date~Number [Diameter,  Size of | Wave |Height| Index| Sym=| No. |Pat=| Pro=|Period|Orb. | Orb. By
m::m. W;Lé_%ﬂﬁi_ ;:r.r Le:llfth n .}- n:én Meas.| tern | file .:t T Euc. a | oy |oyme
ft et "1. R fr nuJ A | Yy
28 Jun S4=2 | 107 | 3.23 [ .45 [=.20] 852 .22 5 7 z T
26 Jul 542 | 103 | 3.28 | .39 |-.00| 52 3T | .06 6.2 | = 4 2 T s |04 [0.25 | 1.1{ 0.8 | 1a
16 Aug 54=2 | 107 | 3.23 | .41 | -.14| 52 .20 s 5 2 T 8 1.3 |05 4.5| 1.5 [ 1b
36 Aug S4=-1 107 | 3.22 | .41 | -.07| S2 .28 4 5 3 T
1 Sep S4=2 | 102 | 3.30 | .40 | =.15| 52 .3t s 4 2 T
26 Sep S4-2 | 108 | 3.zl .42 0 | 52 .28 s ) 2 T
28 Sep 54-2 108 | 3.21 (.42 © a2 .28 a B 2 T
4 Dot 54-2 | 101 | 3.;1| 37| -.10) 52 (24 s 7 HyT
15 Dec S4=2 | 10§ | 3.20| .38 | -.13| 52 .26 s 6 2 T | 10| L4 | 04 5.4| 1.2 | Ib
25 jan 55=2 | 120 | 3.06 | .46 | -.04| 52 .21 s 5 1 s |16 5.4 | L1 [257 3.3] II
15 Feb 55-2 | 113 | 3.34 | 48| =04 52 .23 s 8 2 T
10 Mgr 552 | 107 | 3.22| .43] -.13} 52 .29 a & 20T
72 Mar 55=2 | 112 | 3.16] .42} =.10} 52 —_— 8| 0.8 | 0.2 0.6| D
& Apr 53=2 | 106 | 3.24| .36 -.36| 52 .34 s i 2| T
20 Apr 55-1 | 109 | 3.20| .40| -.10; 52 —— b
5 May 55-2 | 130 | 2.94| .54] 0 | 52 .57 s 3 2| T | alight surge




€ = Expost. oast, D Range 52 ft {cont.)

“rey,, 7) gggl-_m%m Wrdraulic
Sample Median Sediment Depth 4) 5) m

Date-Number |Diameter Size of Wave |Height | Index | Syw=| No. | Pat—| Pro=|Period|0rd, | Orb. &)

I-tl.::lﬁnn o %_ ::u- I.n{ﬁ n A -érr Meas. temn | file .:'c B;.’-. Veloc. & | [type
fr | ft n A ft ftjsec| 3 (U

17 ay 85-1 | L7 | 3.09 | .48 [-.07] 52 L33 s | 5 | ¢ T

§ Jun $%-2 | 113 | 3,18 | .98 |-.03| 52 .28 . s |2 |t

6 Jul 552 117 | 3.10| .39 |(=.30( 52 .22 ] T 1 T 9 3.5 1.2 |15.9| 3.6 | IT

LAog 55-2 | 110 | 3.19 (.34 | 0 | %2 .24 s 7 2 | T

10 Sep 55-2 | 109 | 3.20| .34 |=.12| 52 A6 " 4 : | T

3} Dot 558-2 113 | 3.15)| .36 |=-.08| 82 .72 o 4 z T 7 0.8 0,35 1.1/ 1.0 | Ia

12 Dot §5=2 02 | 3.29| .37 |-.16| %2 .36 s 5 2 T

1) Nov S58%=1 105 | 3.25| .38 |=.13]| %2 .18 L] B i T

13 jan 56=2 118 | 3.08 | .42 | =.10| 52 A5 [ 4 1 T

30 Jan 56-2 | 117 | 3.10| .36 |-.08| %2 .27 P 6 | 2 T

APPENDLX 1D - Exposed Coast, D Range 70 ft and greater depths

72 Jul 53=1 ] 100 | 3.20] .38 | =.10] 70 39 | .06 E.5] .53 3] 7] BD]I1.0] 0.5 2.6 1..-.IT

28 Dec 533 W06 | 3.24) .39 | =.08| 70 .26 045 5.8 « 50 ] 3 T 13 | 3.0 0.8 | 1l.5] 2.4! 1O

26 jan 54=1 | 106 | 3.24| .38 =.13] 70 49 | .08 9.5 | .41 | 4 2 (T 1023 07| 47 24 1

27 lan 54=1 109 | 3.20| .44 | =-,058] TO .41 .06 6.6 4 2 T 1z | 1.5 0.4 3.7) 1.2 1b

28 Jan S4-1 | 107 | 3.23| .38[ -.08| 70 | .54 s | 4| 2| 1 9}] 1.0| 0.35) 1.8 1.oi In




APPENDIX ID = Exposed Coast, D Range 70 ft and greater depths

1) 2) Ripple Characteristics Waves Hydraulic
Sample Median Sediment Depth 3) 4) 5) _Condition
Date-Number | Diameter Size of Wave |Height| Index| Sym= | No. [Pate |Pro= [Period|Orb. | Orb. 6)
in Distribution [Water| Length 2 | metry |Meas. tern |file| T Diam.| Veloc.
Microns [Mdg | gy [ o¢g | It ?t ;E 5, sec fgo f:-? do uﬂ Type
A sec] ~» (w1

29 Mar 54=-1 | 111 3.17 [.42 [=.17{ 70 marn 5 0.2 0.1 0.3 (D
27 Apr 54=1 117 3.10 |.42 |=.10| 70 .41 .02 20.0 s 9 2 T
14 May 54=1 113 3.15 [.41 |=.02{ 70 .38 .05 7.6 s 5 2 T 12 | 2.1 0.5 5.5 1.5 Ib
18 Jun 54-1 114 3.13 |.38 | =.03]| 70 .29 s 5 1 T 8 {2.2 0.7 1 7.6 2.1 1II
26 Jul 54=3 109 3.20 |.40 | =.12| 70 i 5 0 0 D
16 Aug 54=3 | 111 3.17 | .34 | +.03] 70 e 8 still D
26 Aug 54=3 | 112 3.16 | .42 | =.09| 70 v still D
1 Sep 54=3 | 110 3.18 [ .40 | =-.05| 70 — still D
4 Oct 54=3 111 3.17 | .42 | =-.18] 70 .37 s 5 2 T
15 Dec 54=1 | 105 3.25 | .42 | =-.07| 70 .28 s 6 2 T 10 | 1.0 0.3| 3.4 0.9/ Ib
25 Jan 55-1 | 123 3.02 | .46 | = 06| 70 .23 8 6 li‘ S 16 | 4.5 1,0119.5| 3.0] II
15 Feb 55=1 | 103 3.28 [ .39 | =.13| 70 .38 s 4 2 T 12 1.0 0.3 2.6 0.9 Ib
10 Mar 55-1| 113 3.15 | .42 | =.12| 70 .22 8 7 3 T
22 Mar 55=1} 110 3.18 | .37 | =.10| 70 O still water D
6 Apr 55«1 | 109 3.20( .36 | =.16| 70 .53 8 3 2 1
20 Apr 55«1 | 110 | 3.18 | .38 | =.05| 70 .35 s 5 2] T
29 Apr 55-1| 134 %.9(‘; .25 | =.20] 70 .29 s 5 2 T
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1) 2} Wavea
Sample Median | Sediment Dcpthl il 4] %) |
Date=Number |Diameter Size of Wave |Hedght | Index | Sym=| No. |Pat= | Pre=|Period; Orb. | Orb.
in _mmuluﬂ Length A | metTY| Meas.|tern file| T |bdam.|Veloc.
Microns [Mdd | gy [ ag | Mt A n Fad ﬂ_ sec | do
fr rt n| X Pl Py A
5 May 55«1 | L24 3.01 |.42 |=.07| 70 . till pater
16 May 55=1 | 117 3.10 |40 | =.05] 70 -32 5 4 2 T
8 Jun 551 | 112 3.16 | .36 | =06 70 « 30 5 [ 2 T
6 Jul 55«1 | 134 2.90 | .32 | =.08| 7O 27 ] 5 § | T 9 2.3 | O.m 8.5 1.4| 11
1 Aug 55=1 | 129 2.9% | .42 |=-.02) TO Lab a 4 2 T
10 Sep 58=1 | 113 | 3.15 |.37 | 4.03] 70 | .44 M 4 3 T
12 Oct 55«1 | 119 3.07 | .39 | =, 10| 70 L] L] 5 F J T
23 Nov 55-1 | 125 3.00 | .40 | =05 TO L34 s 5 1 T
13 Jan S56=1 | 12§ 3.00 | A5 | =04 TO .38 ] 5 2 T
30 Jan S6-1 | 122 | 5.03 |.38|-18| 70 | .27 ’ 6 W r
10 Feb 54=1 | lO3 3.28 | .40 | =08 | BF .32 065 4.9 .63 5 14 T
11 Feb 54=1 Bl 3.63 | .39 | -.03 (110 A3 055 B.0)] .49 5 ﬂ T 9 0.5 0.2 1.5| 0.6 Ia
30 Mar 56 oo sample 1m0 Ripples observed but not measured
] i | i

AFPENDIX 1IA = Exposed coasts, Pt. la Jolla and San Diego Area
2 Jul 54=2 | 556 | .B2|.28| =.07] & |1.68 30 | 6.3] » I 11 |7 %] 4.1] .1 2.2] E8] 10

=IT| 545 B85 | .30 =.13
2 Jjul 54-1 454 1.05 | .34 =21 1 L7 =30 6Ol ® 2 i T 9 2.5] 1.4 L.4f 5.5 Ie

-1- m l-‘u‘ -“ "-n
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APPENDIX ITA = Exposed coasts, Pt. La Jolla and San Diego Area (comt.)

1) F)) idpple chara Hydraullc
Sample Median | Sediment Depth E%"u ] &7
Date=Number |MMameter Sige of Wave ight | Index | Sym= | No. | Pat= | Pro=|Peried| Orb. | Orb.
in Diggribution Water | Length metry |Meas.| term |[file]| T DiamJ Velec.
Microns El' oF | ey fe s n A A sec /) d -7 %
fr ft n A fr ft/sec al ™

=1T| 633 b6 |.23 =13

30 Nov 53l | 276 | 1.%6 [.%0 |=.22{ 30 | 1.20 A5 |80 . 6 24 | v | 9.1]41 |13 |34 37
=1T| 257 1.9 | .46 |=.04

15 Dec 53=2 | 325 1.62 |.47 |=.,20] 30 1.52 22 | 6.9 46 2 2 T |10.3] 1.4 0.7 1.6] 1.8
-2T| 281 1,83 |.49 |=-.02

5 Jan 54=1 | 297 1.75 | .48 |=.19%] 30 L3 5 ? 2 s |10.0| 2.9 0.9 3.4 2.5
=1iT| 154 1.98 | .44 | =-.05

14 Jan 54=2 | 457 1.13 | .45 | =22 30 .33 +37 | 6.3 [ ] 4 1 5§ |10.0| 2.8 0.8 1.2| 1.9
=2T| 379 | 1.40 | .45 |-.O7

2 Feb 5&-3 | 415 1.27 | .38 |=-. 08| 30 2.3 35 | 6.7 46 3 1 5 |1y .9 0.7 1.2] 1.7
-3T| 358 1.33 | .39 |=.13

f Feb S54=1 | 432 1.21 | .42 |-.12] 30 2.24 .37 | 8.1 A4 1 1 -
'-'\1"‘ ‘u 11:? l."g -'bm

8 Feb 54=2 | 432 1,21 { .M | =-.06] 30 2.67 .41 | 6.5 -49 1 1 5T 12 3.5 0.9 1.3 2.1
=2T| 392 1.3% | .42 | -.02

9 Feb S4=1 | 441 | 1.18 | .50 |=.12| 30 | 2.55 44 | 5.8 49 1 1 T|11 | 3.0 | 0.85 | 1.2] 2.0
~IT | 371 | 1,43 | .46 |~.02

9 Feb 54=1 | 44l 1.18 | .50 |=.12( 30 Z.64 A2 | 6.3 .42 1 1 T |11 3.0 0.85 | 1.1| 2.0
=1T| 371 1.43 | .48 | =02

9 Aug 54=1 | 514 | ©,96 (.35 [$.01]| 30 | 2.68 .43 | s.0 ° 1 1 § |1z | 2.6 | 0.7 | Lo} L.s
-7 | 418 1.26 | .40 | =02

9 Ang S4=2 | 222 2.17| .92 | © 40 .80 2 2 T| 12 3.1 0.8 3.9 2.3
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AFPENDIX TIA - Bxposed coasts, Pt. la Jolla and San Diege ires (cont.)

1) 2)
Sample Sediment
Date=Number | Diameter Size of Wave
- W ater | Langth
crony fr A
Oy | o &
0 Aug Sa=1 1.28] .34 [¢.00] 40 | 2.80
=1T 2.24| .45 | =07
lﬂﬂ‘m 1.“ iﬂ -i“ 4‘] :!m
=2AT 1.94| .72| 0
10 Aug 54-1B 1.87| .5¢ |=.08]| 40 90
=2AT 2.02| .69 |$.15
10 Aug Sd4=3 2.95| .64 |=.33| 40 AT
=3T 3.04| .65 | =30
10 Aug 54=5 2.61) .98 | =.B0| 40 5l
18 Aug 54
=1{0=1em) 1.33| .62 |4.05] 40 | 2.05 | 6.6 @ 2.8 1.0 | 1.2|2.5| Ie
~1(S—6em) 1.80(1.01 | #.40 period
=1T 1.55| .95 | &.40 superimposed
1 Oct Sa=l 0.86| .51 |4.08] 40 | 2.14 | .36 5.9 .36
=17 1.77]1.20 | £.30|
1 kpg S6=l 1.48| .30 | $.12| 45 2.60 A0 6.5 ] J.l| 0.8 1.2 2.0| Ia
=1T 1.60| .42 | $.19
30 Now !H 1.08 5 "01‘ 55 .I*W A8 6.2 [ ] 2.9 0.9 Ilu 2.0 Ia
=27 1.23] .52 .17
15 Dec 53=l 93 .M -.N“ 55 .00 .48 6.2 54 2.2] 0.6 0.7 L.3| Ia
=1T 1.33| .64 4,17
16 Dec 53=1 S99 28| . L1 2.89 .52 5.6 .48
27 Jan 54-1 1.21| .36 | +.03] 55 .53 .39 6.5 I ] 2.3 68| 0.9 1.5 Ia
=17 1.27| .64 | £.02
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APPENDIX 1IA = Exposed Coasts , Pr. la Jolla and San Diego Area {cont.)

1) 2) ﬂmlf charac Rydraulic
Sample Median Sediment “t,l.n_ 4) 5}
Date=Number er Size of Wave |Height | Index | Sym=| No. |Pat—|[Pro= Orb. |Orb. b)
in tion MWater| Length ) metry Meas, tern file| T Dlam. |Veloc.
rons ay |etf | M A n LA see | dy do | ¥m |Type
ft ft ,-L Y It f?m A uj
“P Feb 541 | 448 | 1.16| .36 |#.11| S8 | 2.72 | .48 | 5.2 | .58 T [T | 12 3.2 |U.B 1.2/ 1.9 | 1a
<17| 412 | 1,28 .52 | =04
28 Jul Sa=1 | 124 | 3.0l .50 | -.34| 85 .49 (0,10 4.9 s |lo 2 |t
=17 | 124 | 3.01| .49 |- 35
3 Aug 541 | 165 | 2,60 .62 | =.25) B8 68 | .13 5.2 s |2 z |T
1T | 127 | 2,98 .56 | -.30
3 Aug S4=2 | 338 | 1.59) .59 (-.18| 8% 1.70 s |1 2 |
-2T | 342 | 1.55| .65 [ ¢.15
31 Mar Sa~1 B8 | 3.50| .44 | =.28 110 34 s |5 2 |1
14 Jan 55-3 | 132 | 2.92| .50 | =-.12120 A7 s |3 2 | s
APFENDIX T1B - Exposed Coast, Point Dume, Calif.
S Sep 54=18 | 013 | 0.13]1.02 ] $.36] 7 3.45[ .65 5.3 ° [1 17 3] 3.5] L.y | 1.o] 2.0 Ic
- 319 | 1.65|1.15 | -.42
8 Sep 54-14 | 284 | 1.88| .70 | =.30| 11 .59 s |2 2 |t | 2.0 12 3.:‘ 14 1
9 Sep 54=27 | 120 | 3.06( .31|=.15( 38 .34 3 2 | T 8 .9 .35 1.5' 1.0 Ib
§ Sep 54=10 | 149 | 2.75| .60 | —.14| 47 .48 s |2 AR 13| 1.5 A 3.1| 1.2' ™
|
APPENDIX [IC - Exposed Coast, Cumxdalups Island, Mexico
15 Moy 54-6 | 122 | 3.04| .41] - 17| 61 .25 [ ]_l T kD 1
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APPENDIX IIC = Exposed Coast, Cuadalupe Taland, Mexico (comt.)

1) Z) Ripple Dlmrictgn'ﬂ-.r.iul Waves Hydraulic
Sample Median Sediment Depth 3) 4] &) [ Condition
Date=Number | Diameter Size of Wave |Height | Index | Sym=| MNo. | Pat=|Pro=|Period |Orb. |Orb.
in Digtribution |Water | Length metry | Meas.| tern |[file| T Diam. | Veloc.
Microns | Hg] G |olg | F A n|A|g sec | d dy |y
ft ft '_ri B ft f:?nc 2| W
15 How S54=7 460 | 1.12| R4 |=,14| &1 4.00 .75 5.4 ] 1 1 [T
15 Fov 548 ki) 1.40) .65 [=.15( 66 2.20 a 1 1 T
AFFENDIX IID = Surge Chammel off Pt. Loma, San Dlego, Calif. (special casel.
14 Jan 58] 2603 | =1.38] .70 [=.04] 42 4,10
17| 3317 | =1.73(1.22 |=.13

APPENDIX IT1A = Protected Uoast, Santa Catalins Harbor

10 Sep 54=5 460 | 1.,1%Z| -pB |$#.15| 45 1.680 .30 6.0 8 1 1 3 10 | 2.2 1.z 1.2] 2.7
=51 1395 | =0.48[1.97 |=.45

10 Sep Sd=H 457 | 1.13| .80 |=.45| 44 1.75 25 7.0 d 1 1 3 0 | 2.2 1.2 1.3| 2.7
]

APFENDIX TIIB = Protected Coast, Wilszon Cove, 5San Clemente Islamd.

12 jun 563 173 | 2.53] .58 | =02 24 .67 10 6.7 5 1 1 T sheltersd Les
—~4T| 162 | 2.63| .58 |-.12 | I

4PPENOTY 1TIC - Protected Coast, Les Coronados Islands, Mexico

9 Feb 56=1 245 | 2,03 .32 |=.18] 35 .75 [ 2 2 T sheltered lee
-1T 242 2,08 40| =,17 | |

1} Jan 55=1 113 | 3.,15) .38 | =05 B5 .20 1 3 T sheltered lee

13 Jan 55-2 555 JB5| .54 | =.57 63 1.10 25 4.4 8 1 2 T gheltered les
| .
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APPENDIX IVA - Limited Fetch, Mission Bay, California

1) 2) Ripple Characterisci Waves Hydraulic
Sample Median Sediment th 1; rj"_ 4)| 5) Condition
Date—Number |[lamete 51::“ of ¥Wave |Height | Index | Sym—| No. |Pat=|Pro=|Period Orb. |Orb. [
in Distribution ter| Length metry | Meas.|tern [file| T Diam.|Veloc.
Microns |MdJ [ oy [exy | T r "L 2" A sec | d b do |m |Type
: e ft ft n A fr ft/sec| 5 |w
20 Jan 55=1 |195 | 2.36 | .49 |=.14[0.16 | .14 |.020 7.0 | = 3 1|71 n.i_lﬁ.is 0.4 | 1.1]1.2| Ia
=1T |237 2.08 | .83 |=.06
20 jan 55-2 (123 3,02 | .45 |=.13|0.16 15 025 6.0 5 4 1 T 0.7 [0.15 0.4 1.0 1.2 1a
20 Jan 55-31 |233 2.10 | .45 | 4,04 0. 10 14 o 4 1 T A5 13 0.4 0.9] 1.2 Ia
APPENDIX IVE = Hawaiian Islands (Lagoon Inside Reef)
F Dec 5562 [344 | 1.54 | .62 |=.40]4.0 | 2.30 |.38 6.1 | o 1 T T] 3 [2.8 1.3 | 1.2] 3.4] 1c
=62T| 295 1.76 | .60 | =.50
13 Dec 552 |595 JI5 | .94 | =.16(7 1.05 .16 6.5 F ] 1 1 T Ji 1.3 1.2 1.2) 2.4 Ie
APFENDIX IVC - Beach Ercosion Board, Model Wave Tank
221 2.18 A0 .33 |.055 6.0 | .35 1 T| 2.12| .8 .7 1.2 2.1] 1Ia




AFPPENDIX V

COMPUTATION OF ORBITAL VELOCITIES AND
DISPLACEMENTS NEAR THE BOTTOM

There appears to be no single wave theory which is both capable
of reliable prediction of the various wave properties from deep water
into the surf zone, and which is in a practical form for their com-
putation, For this reason it seemed expedient to use different
techniques for computing orbital velocities and displacements near the
surf zone from those used in deeper water, In general, the Alry
theory for waves of small amplitude was used in deeper water, and an
adaptation of solitary wave theory was used when waves were near the
breaker zone, The two technigques are described below together with
a criterion for their use,

AIRY WAVES

The classical theory of wave motion, attributed to Alry in 1B4§,
is strictly applicable 1o waves of infinitely small height in water
of any depth, The wave profile is sinusoidal and the particle orbits
are closed circles in deep water and ellipses in shallow water, The
orbital velocities and particle displacements vary as sine functions

with time, and their maximum magnitudes in onshore and of fshore directions
are egqual,

The instantaneous horizontal displacement, r, of a water particle
from its equilibrium position for an Airy wave is:

Nﬂ'llrr!

B el R S w
sinh 28 =
L

where L = CT is the wave length, h is the depth of water, C, T, and ll,
are the wave phase velocity, period, and height respectively, z is the
vertical coordinate measured from the bottom upwards, and x and t are
the horizontal distance and time measured from the wave crest. The
total range of horizontal displacement, or orbital diameter d, is equal
to twice the absolute maximum value of r, Near the bottom this reduces
to

d = “—H—h (2)
9 sinh2w 3
L
The maximum horizoantal component of orbital velocity occurs at the in-
stant of wave crest and trough passage, and near the bottom is given by
nd

P |
u T (3)
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The computation of do and L is Facilitated by tables of sinh 2n %
as function of the depth and deepwater wave length (Beach Erosiom Board

Technical Report No, 4),

SOLTTARY WAVE

In shallow water and near the breaker zone the continuows frequency
characteristics commonly associated with waveg in deep water are lost
and individual waves tend to retain their identity and in many ways
resemble the solitary wave of Scott-flussell, Por this reason the soli=-
tary wave concept has been applied to waves near the breaker zone and
has met with some degree of success, Munk (1949) susmarized useful
relations derived from solitary wave theory and made them accessible to
numerical example and Inman and Nasu (1956) compared measurements of
orbital velocity of ocean waves with theory. The later study suggests
that a reasonable proximation to the horizontal orbital velocities of
witer particles near the bottom can be obtained from solitary theory,

According to solitary theory, water particles are essentially at
rest at some distance in front of the wave crest, As the crest ap-
proaches they move forward and upward and attain their maximum wvelocity
at the instant of crest passage, Following the passage of the crest the
velocity of the particles decreases and they move downward, eventually
reaching a new rest pogition a distance 2r in advance of their former
rest position, Thus, when solitary waves travel through still water,
particles undergo relatively flat trajectories with motion only in the
direction of wave propagation, Closed or partially closed trajectories
and orbital motion more nearly resembling that of shallow water waves
in nature are obtained from the theory by superposing some sort of re-
turn flow on the solitary wave,

The condition of no return flow, or of solitary waves traveling
through still water, leads to a maximum net particle displacement at
the bottom with the passage of each wave crest, The net displacement
decreases and the trajectory becomes more orbital in nature as the re-
turn flow increases, The net displacement becomes zero when the return
flow, v, is equal to the still water displacement, 2r, divided by the
wave period, Although the condition of zero net particle displacement
along the bottom is certainly not rigorously fulfilled in nature, on
the whole such an assumption may give a reasonable approximation to
conditions generally encountered in shallow water. However, applications
of concepts of this type to conditions in nature are at best only
approximate; and are subject among other things, to the Limitation
imposed by Bagnold (1947) and Munk (1949), An important limiting
criterion, that the perlod of the waves must be equal to or greater
than the effective period, is discussed later,

A=16



The particle displacement due to a solitary wave traveling through
still water, and the orbital diameter of the particle trajectory for
the special ease in which there i858 nmo net particle displacement at the
bottom are derived below, and graphs for their computation are given
in Plates 1 and 2,

s Wav 5

Following approximately the dimensionless notatiom of Munk (1949,
eg, 31), the McCowan equation for the horizontal component of orbital
velocity along the bottom is

N
U s T cosh M X (4)
whete u = CU is the horizontal component of orbital velocity, x = hX
is the horizontal distance measured [rom the wave crest, C » \f"{htHF
is the velocity of propagation of the wave crest, H is the wave height,
h is the depth of water under the wave trough, M and N are functions
of the relative wave height, ¥ = H/h, and are defined by the equations

Y =g tan 1/2 [M(1 e Y )] (5)

Nw2/3 sin® (M1 e 2/3 7)) (6)

If r is the horizontal displacement of a water particle at time t
relative to its position at the instant of passage of the wave crest,
then (Munk, 1949, eq, 14)

t x -
r = -['I.Idt '_,[ — i {7)
C=u

where dx = (C-u) dt. In diménsionless notation

X
R=La f g ax (8)
L]

Substituting the value of U from equation (4) and taking twice the
value of the integral to include the displacement preceding the passage
of the wave crest

X X
N AN N
""'EEL (1IN} + cosh MX 'Eu"‘“’]q (9)

where cos i = 1 = N : tlnklE;nh—mE]E“%]
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PLATE V-I. TOTAL PARTICLE DISPLACEMENT AT THE BOTTOM FOR

A SOLITARY WAVE TRAVELING

THROUGH STILL WATER, (EQUATION
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Dg (or dimensioniess orbital diometer "n/h‘l
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HORIZONTAL ORBITAL DIAMETER FOR THE CLOSED ORBIT TRAJECTORY
OF A SOLITARY WAVE, (EQUATION 15).



For the case where X is taken to infinity, the total particle dis-
placement is given by

n_ﬂ_ujj poeac p (10}

The dimensionless displacement I is graphed as a function of the
relative wave height ¥ in Plate 1, To coavert the displacement to
conventional wnits it is necessary to multiply D by the depth of water,
d = hh,

C ] 4] i

If it is assumed that there is no net displacement of a water
particle along the bottom due to solitary wave motion, then a dimension=-
less return flow V, opposed in directionm to that of the wave propagation,
is def ined

=

7 = (11)

T

= |

where D is given by equation (10), T is the wave period, and T% is
the dimensionless wave period,

Under these conditions, and relative to a coordinate system moving
with the wave crest, a water particle will move forward during the
passage of a solitary wave crest a distance X until the orbital
velocity U decreases to the value of V, at which time the particle will
reach a maximum (orward position im its trajectory, It will then move
backward under the influence of the return flow, past its initial
position to a pesition =X,, The following wave crest will then cause
the particle to move forward again when the orbital velocity exceeds
the return flow, and the trajectory for the closed orbit will be com=
pleted, X is obtained from equation (4) by setting U equal to the
return velocity V,

Relative to the moving coordinate system, the total displacement
imparted to a water patticle during the propagation of the wave crest
from = Kl to + xl is gpiven by R, in equation (9), It remains to
evaluate the transit time, ltl of the particle between - Il and « :1’

Since the wave crest is advancing with phase velocity C, relative
te a flxed point on the bottom, the water particle will have advanced
a distance r, and the wave crest will advance a distance r, + x, during
time t;, Thus in moving from -x to <x the water particle l- acted on
by the return flow ¥V for a time,

2r, = x. )

21, -------*I‘:—1 (12)
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of in Aimemsionless notation

2t taﬂ-ll'!, (13)

<
1 h 1
In time 2t  the water particle is moved backwards by the return
flow ¥ a total distance

mzuz‘i‘ml+xl] (14)

and during the same time the particle is carried forward by the orbital
motion of the solitary wave a distance 3 1 Theref{ore, the total
hor izontal orbital diameter of the closed orbit trajectory becomes

b, = 2R, -~ l;} (15)
The dimensionless orbital diameter D is graphed as a function of
relative wave height ¥ and dimensionles§ wave period T F in Plate 2,

To convert the orbital diameter to conventional units it is necessary
to multiply by the water depth h,

d =hD (16)
4] (5]

v itie

Under the assumption that the wave motion is solitary in nature and
that the trajectories of water particles form closed orbits along the
bottom, the maximum horizontal orbital velocities under wave crests
and troughs can be computed from the above relations, If the wave length
is very great compared to the depth of the water, the maximum backward
velocity under the wave trough is simply equal teo the net return flow
defined in equation (11), which when converted to conventional notation
is

u, = Tm (17)

Referring to equation (4), directly bencath the wave crest X is
rero and the horizontal velocity along the bottom becomes, in comventional
notatien,

-
]
Y B

NC (18)

This is the maximum horizontal velocity along the bottom for a
solitary wave traveling through still water, The maximum horizontal
velocity under the wave crest for the special case of a closed orbit
tra jectory theén becomes

aA~2|



i = u -y (19)
c 1

Values of u for various water depths and wave heighis are graphed
in Inman and Nasu (1956, Figure 27),

Field measurements of orbital velocity made just seaward of the
breaker zone by Inman and Nasu (1056, table 2b) showed the ratic of the
maximum crést to maximum trough velocity to range from about 1 to 4,

If for practical purposes it is assumed that the ratio does not exceed
4, then os an upper limit the maximum érest velocity will not exceed
BO% of the maximum still water velocity given by equation 18, Thus
in reglons where the solitary theory applies, the maximum horizontal
orbital velocity under the wave crest, n , is arbitarily defined as
being equal to u_, but not to exceed 0.8Ms,

u-ufﬂ.lu (20)
m C

Eff o W Length Per

Application of solitary theory to orbital velocities and displace-
ments requires, among other things, that the wave crests be sufficlently
far apart to permit the assumption that a water particle comes to rest
following the passage of each wave crest when the solitary model is
traveling in still water, An effective wave length L = 2X can be de~
fined where X is the distance from the wave crest necéssary to reduce
the orbital velocity to some acceptable fraction, f, of the maximum
velocity under the wave crest., FProm equations (4) and (18) the dimension-
less distance from the crest becomes

cosh ™t {'—E -1
e (21)
M

from which an effective wave period is obtained

T(* = 'z—g"—b (22)

If we assume that a reduction in orbital velocity to 2=1/2 percent
of the maximm crest velocity is sufficient to permit application of
solitary theory, then £ = 1740, and X equals lpprnxlmtﬂrﬁ , from
which the effective period becomes

10 h
Te = M C
This is not necessarily a conscrvative estimate for T because the re-

duction in wave velocity by the return fiow is not confidered in com-
puting C. Therefore it was assumed that the solitary theory could



apply only when the dimensionless wave period was somewhat greater
thullnt
(Y]
10
T > m

Tin

(23)

This requirement is somewhat more conservative than the Eff.ﬁ;ﬁxl

period defined by Bagneld (1947) and used by Munk (1949), T - ﬁﬂ

SAMPLE COMPUTATION

Civen
Hl wave h!i'ht SRS E I EEE Y ST RS A RS " ft

b, water depth under wave trough . 8 Ft
Tl wave P'th'd issmssensad i ad i we lﬂ SccC
tat

r (] r‘hti't ““ Mi‘htm R O eSS E R e ﬂf-‘

M, and N (from Munk 1949, plate 5) sansvsancensnsrsasnnsass 0.8 & 0,57

C L] _“ "IMiﬂ i!; {h‘H 'III'II-"'I.‘I-.-IIIIII.I.'..‘III- lq-ﬁ rtfu:'

Dimensionless wave peri.ndT—} sssusssanussassnnsannnsnns 24,5 > 11.4

h H

«s Solitary theory applies
- L - - - E L ] - - -

D , dimensionless particle displacement (still water) plate 1,...
D , dimensionless orbital diameter (closed orbit) plate 2........
d , orbital diameter (closed orbit), HJ'n RNt b EE+ B U bbb a b ahd b

u , maxisum orbital velocity (still water), equation 18, or
I-l‘l.ll "‘d’ H‘N. lQ5ﬂ‘- rl‘m z? [ R I R R N R R ]

max, orbital velocity under trough (closed orbit), eq, 17 ,,,
u e+ max. orbital velocity under crest (closed orbit), u = Uy s
u practical max, orbital velocity equals u_ < 0.8 u,

N“tim zu ii‘l‘!lfi#i--l--Qi!-i!iiiiliiill!liliiléﬁlltiél--
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1.6
0,93
7.4 ft

5.6 ft/sec
L.3 ft/sec
4.3 ftS/sec

‘t: [1!“!:

118620



3622 065





