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Data on oscillatory ripple mark development, collected in the

laboratory using various types of apparatus, have been compared in

order to determine if the method of ripple generation affects the

ripple geometry. The spacing x of rolling-grain ripples in flumes

and oscillating-water tunnels is shown to be related to the near-

bottom orbital diameter d0 by x = O.65d. The maximum ripple

spacing obtained in these experiments is used to prepare a diagram

useful for predicting ripple spacing as a function of sand grain

size. Field data collected under a variety of conditions of wave

energy, water depth and grain sizes are compared to the results of

the laboratory investigations. Predictive relationships based on

field data are more closely related to laboratory values when orbital
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parameters are based upon "significant" wave heights (H113), rather

than upon root-mean-square values. The effect of using one or the

other is merely to change the coefficient in the predictive relation-

ship. Other effects associated with the natural wave spectrum are

examined.

Laboratory and field experiments were conducted to determine

the longitudinal (streamwise) mass spreading coefficients of sand

under the oscillatory conditions developed by surface waves. A

spreading model based upon the continuous release of tracer material

from a plane source is postulated and compared to experimental dis-

tribution patterns generated in a large flume capable of developing

near-prototype ocean wave conditions. Calculations of tracer re-

lease rate are made using the Einstein-Brown transport equations as

modified for oscillatory flow by Madsen and Grant (1976). The mass

spreading coefficient in the direction of wave approach is found

from the time rate of change of variance of the sampled distribution

to be between 0.28 and 0.66 cm2/sec depending upon the wave condi-

tions. A tentative correlation between entrainment rate and mass

spreading coefficient is proposed. Reasonable agreement between

theory and experiment for the laboratory tests is obtained. The

field experiments were complicated by the presence of unidirectional

currents that transported part of the tracer outside the sampling

area. Estimates of release rate and spreading coefficient are used



to develop a theoretical distribution based upon spreading from a

line source. Comparison of theory and experiment is not as favor-

able as in the controlled laboratory situation.
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OSCILLATORY RIPPLE MARKS GENERATED

BY LABORATORY APPARATUS



OSCILLATORY RIPPLE MARKS GENERATED

BY LABORATORY APPARATUS

by

Martin C. Miller'

Paul D. Komar

School of Oceanography
Oregon State University
Corvallis, Oregon 97331

ABSTRACT

2

Laboratory data on the geometry of oscillatory ripple marks,

collected by a number of investigators using a variety of experimental

devices, have been compared to determine differences among oscillating

bed, wave flume and wave tunnel simulation devices. Additional data

have been obtained employing a large wave flume that allows near

prototype wave conditions. It was found that oscillating bed devices

do not generate ripple marks with characteristics consistent with those

developed under progressive waves in flumes and in wave tunnels. The

remaining vortex ripple mark data, the class of ripples primarily

formed under ocean waves, are compared for the various laboratory

devices; the data are found to correspond to the linear relationship

A = O.65d0 , where A is the ripple length and d0 is the near-bottom

orbital diameter. The data depart from this relationship as the

'Present Address: Woods Hole Oceanographic Institution, Woods Hole,

MA 02543.
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orbital diameter increases, occurring soonest for the finer-grained

sands and last for coarse sands. A tentative diagram is developed

relating the maximum possible ripple spacing to the median sand

diameter.

INTRODUCTION

Oscillatory ripple marks are a common sedimentary bed form

in the wave-dominated environment. They are generally present where

surface waves stir the unconsolidated bottom sediments, and may be

found extending from the shallow nearshore to considerable water

depths on the outer continental shelf (Komar, et al., 1972). The

generation and development of oscillatory ripple marks is important

to the understanding of such phenomena as sediment transport, wave

attenuation and the development of wave-induced currents. Since

wave-generated ripple marks are also found in the geologic record,

an understanding of conditions leading to a given ripple geometry

would allow more accurate interpretations of past environments.

Laboratory and field investigations concerned with the origin

and development of oscillatory ripple marks have been conducted

since the time of Charles Lyell (1830). It is only within relatively

recent times, however, beginning with the studies of Evans (1941,

1942, 1943) and Bagnold (1946), that systematic investigations have

been aimed at establishing the relationship between oscillatory flow

conditions and the resulting ripple geometry.

Attempts have been made at mathematical solutions to the
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problem of ripple development but these have had very limited

success, thus far, owing to the unrealistic approximations required

tomake the mathematics tractable (Kennedy and Falcon, 1965). A

numerical solution to the two-dimensional vorticity equation near

a rippled bed has recently been developed by Sleath (1975). This

technique shows promise, but is still limited to particular classes

o-F ripples not always found in nature. Further developments of

the mathematical solutions must await a more detailed description

of the velocity profile under various conditions of oscillatory

flow. In the meantime, we must rely upon the empirical data of

ripple development available from laboratory and field investigations.

To escape the complex and difficult conditions of the field,

investigators have undertaken a series of laboratory experiments

that relate ripple geometry (length or spacing and height) to the

oscillatory flow conditions of the wave orbital motions (Figure 1).

Several types of apparatus have been used that are purported to

faithfully reproduce the velocity and pressure fields under progressive

surface waves. It will be shown, however, that major differences in

relationships between ripple geometry and flow conditions exist

among the data sets derived from the various devices. Not all types

of ripples generated in the laboratory appear to actually exist in

the field. In an accompanying paper (Miller and Komar, in prep.),

these laboratory data will be compared to the field data collected

in this and previous studies. To help bridge the gap, we have also

obtained additional laboratory data from a wave flume that is large



5

enough to produce near-prototype waves.

OSCILLATORY FLOW AND RIPPLE GEOMETRY

Desired is a relationship between the oscillatory ripple mark

geometry and the near-bottom orbital motions of the waves. For simple

waves, such as have been employed in the laboratory experiments, the

linear or first-order theory of progressive surface waves developed

by Airy (1845) provides a satisfactory description of the wave

motions with a minimum of mathematical complexity. Considering the

other uncertainties in understanding ripple development, the Airy

wave theory describes the water motions with a sufficient degree of

mathematical precision. In the general Airy-wave solution, the

water particle orbits are elliptical in shape, the ellipses decreasing

in size and becoming flatter as the bottom is approached. At the

bottom itself the elliptical orbits flatten to a simple horizontal

to-and-fro motion with a period T equal to the period of the surface

expression of the waves. The orbital diameter d0 (Figure 1) of this

motion, the total horizontal excursion distance of a water particle,

is given by linear Airy wave theory as

H

d = (1)

sinh(2rrh/L)

where H is the wave height, h is the water depth, and L is the

wave length. The velocity of the motion is continually changing in



U

A

Figure 1: Schematic diagram of the ripple spacing (length) X and height ii,
and the accompanying water orbital diameter d0 and velocity u produced

by surface wave action.
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magnitude according to the relationship

rrH

u = sin[(2rrx/L) - (2rrt/T)] (2)
T sinh(2irh/L)

where x is the space coordinate, positive in the direction of wave

advance, and t is the time variable. This to-and-fro velocity has

a maximum velocity given by

U
m

irH

T sinh(2rrh/L)

ird
0 (3)

T

This maximum velocity occurs twice each wave period, once in the

direction of wave advance under the wave crest and a second time in

the opposite direction under the trough.

Once flow conditions become sufficient to move the sediment

grains, the bottom material generally develops into a series of

regularly spaced cyclic oscillatory ripple marks with alternating

crests and troughs aligned perpendicular to the direction of wave

travel. Particularly lucid accounts of ripple development from plane

beds are provided by early investigators (Darwin, 1883; Ayrton, 1904).

Relationships between the ripple spacing X and the orbital

diameter d of the near-bottom orbital motions (Figure 1) have been

proposed by several investigators (Inman, 1957; Mogridge and Kamphuis,

1973; Komar, 1974). Based upon dimensional analysis considerations,

Mogridge and Kamphuis(l973) and Dingler (1974) also relate the dimen-

sionless AID to dID where D is the median sand grain diameter.
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These studies have shown that for small d0 , orbital diameters and

ripple spacinqs are nearly equal. As d0 increases, A increases

to a maximum limiting value, depending on the grain size, after which

the ripple spacing decreases slightly with a further increase in d0.

LABORATORY FACILITIES

Investigators have used a variety of methods to generate and

observe waves and their properties in the laboratory. Since, as

will be shown later, the apparatus used has an effect upon the

results obtained, it will be useful to describe the characteristics

of and differences among the various devices.

The ideal investigative tool would be one that has the capability

of producing prototype wave conditions in a continuous range of periods

sufficient to model those in nature. Such facilities are not available,

though a few are sufficiently large and versatile to allow testing in

controlled conditions that approach those found over a considerable

range of the natural environment.

The large wave flume used to gather additional data for this

investigation is part of the Environmental Fluid Dynamics Laboratory

of Oregon State University. The flume consists of a wave and towing

basin 104 meters long, 3.7 meters wide and 4.6 meters deep. It is

generally filled to a maximum depth of about 3.3 meters for wave

experiments. Waves are generated by a flap-type hydraulically oper-

ated wave board at one end (Figure 2A) that can be computer controlled

to produce monochromatic waves with periods from one to six seconds.



Figure 2: Types of laboratory apparatus employed to

simulate wave orbital motions and to generate

oscillatory ripple marks.
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Breaking waves up to 1.5 meters high (trough to crest) may be generated

in the deep-water section. Solitary waves and random waves that model

a selected ocean wave spectrum may also be produced. Various bottom

configurations and beach slopes may be obtained using precast concrete

panels fitted into the basin.

Many experiments have been performed and bed form observations

made using more modest wave flumes or channels. These laboratory

facilities are capable of proi!ucing progressive waves of periods from

a few tenths of a second to about four seconds. Since the waves

generated in the flume are the same in all respects to natural pro-

gressive waves, the velocity and pressure fields are also accurately

reproduced. r'lodifications to the channels may include converging

sidewalls in the test section in order to concentrate energy needed

for particular investigations (Dingler, 1974). Wave flumes are the

most common and versatile laboratory tool used by wave researchers

and have been further described by Yalin and Russell (1962), Horikawa

and Watanabe (1967), Mogridge and Kamphuis (1973), Dingler (1974),

and others.

Water tunnels consist of a horizontal conduit test section through

which fluid is forced in alternate directions from reservoirs at each

end (Figure 2B). These devices also accurately reproduce the near-

bottom pressure gradient and velocity fields of natural progressive

waves. They have been designed with varying degrees of freedom, some

being capable of variation in orbital diameter at fixed period (Carstens,

et al., 1969) while others allow variation of both period and orbital
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diameter (Mogridge, 1973; Brebner and Reidel, 1973; Lofquist, 1977).

Facilities designed for sediment-fluid investigations have fairly

large test sections, on the order of a meter wide and half a meter

in height. A much smaller version consisting of a horizontal glass

pipe of 5.1 cm inside diameter has also been used (Chan, et al.,

1972) but produced inconclusive results since ripple heights

developed to over half the tube diameter and vortex formation was

inhibited. Water tunnels are particularly well suited for experiments

in the bottom boundary layer and have been adapted to investigations

of wave friction factors, interactions of waves and currents in

sediment transport, and effectiveness of oscillatory flows in

resuspending sediments.

The third device that has been used consists of a bed of

sediment that is made to oscillate through a tray of still water.

One such device consists of a tray suspended from an overhead

attachment and submerged in a basin of water (Bagnold, 1946). A

motor is arranged to drive the tray through simple harmonic motion

in a broad arc. Another consists of a flat roller-mounted bed of

sand that is made to oscillate in a horizontal plane inside a tank

of water (Figure 2C) (Manohar, 1955; Kalkanis, 1964; Sleath, 1976).

Additional arrangements are devised to vary the stroke and speed of

oscillation and to damp extraneous water motions. This device has

the advantage of being able to provide relatively long period motions

with considerable savings of space and construction expense over a

wave flume that would provide comparable periods. The theoretical

solution to the velocity distribution near a smooth plate is known as
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"Stokes' second problem" (Schlicting, 1968). It has been shown that,

in an infinite fluid and plate, the laminar flow velocity distribution

for simple harmonic oscillation of the plate is identical to that for

progressive waves, provided that a suitable transformation of reference

frame is made (Stokes, 1851; Lamb, 1932).

RIPPLE TYPES

Ripples are present on movable sand beds over a range of con-

ditions which extend from the minimum shear stress necessary to

initiate sediment motion to water flows severe enough to produce

sheet sand motion which locally eliminates ripples. The specific

conditions for each end of the regime have been determined by Komar

and Miller (1973, 1974, 1975) from laboratory data, and more recently

by Dingler (1974) and Dingler and Inman (1977) from laboratory and

field data. An additional review and some re-interpretation of

existing data was recently completed by Clifton (1976). Within the

ripple regime the bedforms have characteristic shapes and sizes that

reflect the conditions of their formation.

Bagnold (1946) first classified ripple types according to the

descriptive characteristics of their formation as rolling-grain and

vortex types. Each was found to be a stable bedform over a particular

range of flow conditions. This distinction between ripple types is an

important one, since it is related to the flow characteristics in the

bottom boundary and is, therefore, indicative of the way wave energy

is used in the sediment transport process. Though others have observed



14

these ripple types and more fully documented their characteristics,

the data are still open to interpretation. Both types of ripples

will be more fully examined here.

Rolling-qrain Ripples

Rolling-grain ripples are interesting primarily because they

are the first phase in ripple development as flow intensity is

increased over a plane sand bed.

ient to cause grain motions, Bagn

grains roiled out of their stable

were organized by the oscillating

grain diameters high (Figure 3).

direction and of small steepness,

Once flow conditions were suffic-

Did (1946) observed that individual

positions on the plane bed and

flow into parallel rows a few

These were normal to the flow

< 0.1 , where r is the

ripple height from crest to trough. Profiles depended on the sand

grain size; with small grain sizes the troughs were nearly flat,

while with coarser grain sizes the troughs were more arcuate, nearly

circular segments of large radius. In spite of the small steepness,

grains within the troughs were not moved since the low crests created

a shadow zone protecting the troughs from the simple binary motion

and vortices were not formed.

Rolling-grain ripples have been found to be stable bedforms

in oscillating-bed experiments, such as those of Bagnold (1946), from

the velocity just sufficient to initiate sediment motion to about

twice that velocity, provided no external inducement to vortex

formation exists (Bagnold, 1946; Sleath, 1976). The development of
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Figure 3: Progression of ripple growth from rolling grain

to vortex ripples. Photograph from oscillating-bed

experiments of Bagnold (1946).
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rolling-grain ripples was also reported by Carstens and Nielsen (1967)

who performed experiments usinci an oscillating flow water tunnel, but

these were unstable and transformed spontaneously into vortex ripples

without altering flow conditions. About three vortex ripples took

the space of five rolling-grain ripples (such a transformation is

shown in Figure 3). There are no reports of rolling-grain ripples

having formed in wave flume experiments or observations of this

type of ripple in the field. Indeed, it appea that rolling-grain

ripples are a stable ripple form only in the oscillating-bed apparatus.

For this reason, they will be given only a cursory examination The

principal purpose of this section is to show that they do have

different geometrical relationships to the causative wave orbital

motions than do the vortex ripples, and to discuss why the oscillating

bed device generates different ripple types than the other devices.

Unfortunately, Bagnold (1946) provides nodata on the rolling

grain ripples. Manohar (1955) also used an oscillating bed to conduct

experiments on ripple development, but did not classify his ripples as

to type. Sleath (1976) provides the only extensive data on rolling

grain ripples that have been identified as such. Sleath analyzed his

own data as well as that of Manohar using dimensional analysis and

concluded, based upon the fit of his data with Manohar's, that the

latter should also be classified as rolling-grain ripples. This

conclusion is supported by the low steepness of the Manohar ripples,

no value of /X exceeding 0.08

The quartz-density data of Manohar (1955) have been used here
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to develop Figure 4. Of special interest is that all of the data

depart markedly from the straight line AID = O.65(d0/D) , developed

from the vortex ripple data obtained in wave flume and-oscillating

water tunnel experiments, to be discussed later in this paper.

Thus, in addition to having lower steepnesses ( nix ) than vortex

ripples, the rolling-grain ripples bear a different relationship

to the near-bottom water orbital motions as measured in this

instance by d0 . The data plotted in Figure 4 are grouped by

the calculated value of the modified Shields parameter

0' =
pur

(p5 p)gD

(4)

where p5 and p are respectively the sand and water densities.

It is seen that the rolling-grain ripple data of Manohar (1955)

follow trends which depend upon their 0' values; the curves of

constant 0' are fitted to the data by eye. Using multiple

regression techniques, Sleath (1976) also showed that the Manohar

(1955) data values of ripple spacing are a strong function of 0'

When a comparable plot to that of Figure 4 is constructed using the

rolling-grain data of Sleath (1976), the results are very similar,

the data all plotting well to the right of the straight-line

relationship based on the vortex ripples. However, in the case of

the Sleath data the plotting positions are not dependent upon the

0' values.
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Table 1: Data symbols for Figure 4.

SYMBOL

-10

o 20

+ 30

0 40

50

A 60

70

V 80

x 90

0 100
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The question arises as to why rolling-grain ripples are a stable

ripple form in the oscillating-bed experiments, but not in wave flumes

or oscillating water tunnels. They also do not appear to form under

real ocean waves (Miller and Komar, in prep.). Stable rolling-grain

ripples as investigated by Bagnold (1946), r'lanohar (1955) and Sleath

(1976) are apparently the product of the oscillating-bed apparatus

employed by those studies. The reason for this is not entirely clear,

but may be caused by the differences in phase of the pressure gradient

and the orbital velocity and acceleration, the oscillating-bed

apparatus differing from true waves, whether in the ocean or labor-

atory flume, and from the oscillating water tunnel. Although the

velocity profile produced by a flat bed oscillating in its own plane

in still water has been shown to be identical to that under progressive

gravity waves for the case of laminar flow (Lamb, 1932), the pressure

gradient term present under progressive waves is not present in the

oscillating bed because the water level over the bed remains unchanged.

An acceleration term of identical magnitude replaces the pressure

gradient for the oscillating bed. Wave flume observations have shown

that vortex formation over ripples in equilibrium with the flow takes

place at very near the maximum velocity, so the phase of the pressure

gradient versus the acceleration term relative to the velocity may be

important in determining vortex size and strength (Tunstall and Inman,

1975). It can be easily shown, employing Airy-wave theory, that in

progressive waves the pressure gradient leads the horizontal velocity

by a phase difference ir/2. The relationship is the same in an
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oscillating water tunnel. This means that the pressure gradient changes

sign so as to oppose the velocity each time the velocity passes its

maximum value. In the case of a bed oscillating in still water, the

acceleration term is jr/2 out of phase with the velocity, but lags the

velocity rather than leading it as in progressive waves. This phase

difference may help account for the divergence of the oscillating-bed

data from the trends established for vortex ripples by experiments

conducted in wave flumes and water tunnels.

Such phase differences may also account for a certain amount

of vortex suppression, which in turn affects the quantity of sediments

placed in suspension above the ripple bed. The sediment suspension

data of rianohar (1955) from an oscillating bed have been used

extensively as the basis for equations to predict sand transport rates

under waves and under waves with superimposed unidirectional currents

[for example, 1adsen and Grant (1976)]. The inability of the

oscillating-bed appartus to generate ripple marks with the correct

geometry and its suppression of vortex formation casts some doubt on

the applicability of sand transport relationships, based on these data,

to conditions met in the field.

Vortex Ripples

Vortex ripples may form spontaneously on a previously plane

bed, or, as in the oscillating-bed experiments, they may form through

transformation from rolling-grain ripples when at higher velocities

ripple steepness increases to the point where vortices develop in



23

the lee of the ripple crests. Vortex ripples may also be induced to

form at lower velocities if some artificial roughness element is

placed on the bed as a sort of vortex catalyst (Bagnold, 1946;

Carstens and Nielsen, 1967). Once vortices with sufficient strength

to entrain sediment begin to form over the rolling-grain ripples,

the bed becomes modified as vortex ripples spread "like a disease"

(Bagnold, 1946, p. 5) from some initial position until they are

stabilized over the entire bed (Figure 3). The vortex roller with

its axis parallel to the ripple crest sweeps material from the

trough each half-cycle "as if it were touched by a spinning wheel"

(Bagnold, 1946, p. 5) and deposits it on the ripple crest. The

vortex ripples have longer spacings than their rolling-grain prede-

cessors (Figure 3), roughly three vortex ripples taking the place

of five rolling-grain ripples under the same flow conditions

(Carstens and Nielsen, 1967). The vortex ripples are also steeper

with /X 0.15 . The size of the vortex and amount of wave energy

bound up as vortex energy has been studied by Tunstall (1973) and

Tunstall and Inman (1975). It has been estimated that as much as ten

percent of the wave energy may be dissipated in vortex formation.

The relationship between vortex ripple spacing X and orbital

diameter d0 is shown in Figures 5, 6 and 7. Data are from wave

flumes, oscillating water tunnels and oscillating-bed experiments

respectively, and have been coded by grain size and investigator.

Only quartz-density material has been used in the diagrams.

The straight line through the data represents the best fit by
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Figure 7: Ripple spacing X versus bottom orbital diameter

data from the oscillating bed experiments of Bagnold

(1946) and Sleath (1976) for various sizes of quartz-density

sand. The linear trend is the best fit from wave flume

and water tunnel experiments (Figures 5 and 6).
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eye to the wave flume and tunnel data (Figures 5 and 6), and yields

the relationship

X = 0.65 d
0

1r

Similar relationships have been found by others but with different

coefficients. Using mainly his field measurements, Inman (1957)

obtained a coefficient of 1.0; employing a combination of laboratory

and field data, Komar (1974) arrived at a value of 0.8 . One would

expect X to be somewhat smaller than d0 since, for particles

more dense than the fluid, the particle movement would lag that of

the fluid, an inertial effect. Vortex ripples that have lengths

nearly the same as the orbital diameter have been called vortex

ripples of the first kind by Sleath (1975). A theoretical solution

for this type of ripple and laminar flow was obtained by Sleath by

assuming no interchange of sediment with adjacent ripples and that

maximum ripple growth occurs when the flow of water close to the bed

towards the crest is a maximum.

It is seen in Figure 7 that vortex ripples generated in oscilla-

ting bed experiments show some agreement with equation (5), giving

somewhat larger ripple spacings for a given orbital diameter than do

the wave flume and water tunnel devices. There is also some dependence

on grain size in the oscillating-bed data, whereas such a dependence

is lacking in the relationship of equation (5) from the other devices.

Departures from equation (5) with increasing orbital diameter d0
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are apparent under the conditions developed in each type of apparatus

(Figures 5, 6 and 7). Such departures were noted previously by Inman

(1957), utilizing his field data, and by Mogridge and Kamphuis (1973)

and Komar (1974), and that this departure point is dependent upon the

sediment grain size, the smaller the grain diameter D the smaller

the d, at which departure occurs (and hence the smaller the maximum

ripple size that can be produced). As d0 increases, the ripple

spacing X eventually reaches a maximum beyond which a futher increase

in d0 produces no additional increase in ? and may even cause the

ripple spacing to decrease somewhat. When d0 becomes very large,

fluid particles traverse several bed-form lengths. Sediment swept

up by the vortices into the main body of flow may be carried beyond

the adjacent ripples before being deposited. Such ripples have been

termed vortex ripples of the second kind by Sleath (1975) and are still

the object of theoretical analysis.

On the basis of the data plots of Figures 5, 6 and 7, estimates

of the maximum ripple spacings achieved for a given grain size have

been determined. This is taken as the A and d values at which

the data-trends depart from the linear trend of equation (5) for that

grain size. The results are plotted in Figure 8 as the maximum ripple

spacing achieved for a given grain diameter D, plotted according to

the type of appartus employed to obtain the data. Considering the

scatter of the original data of Figures 5, 6 and 7, there are large

uncertainties in our estimated departure points from equation (5).

The behavior of the 357 micron diameter material in the water tunnel
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is particularly eccentric in that it shows two departure points,

neither departure being the true maximum ripple spacing as some data

continue to follow the X = O.65d0 linear trend up to the largest

d0 orbital diameters employed (Figure 6). Of interest is that

the field data collected by Miller and Komar (in prep.) similarly

indicate two departure points. In spite of these uncertainties,

whose cause is unknow and can be cleared up only by further study,

it is seen that the data from the wave flumes and the water tunnels

show reasonable agreement as to the maximum ripple spacing achieved

for a given grain diameter. The solid line drawn through the data

was fitted by eye and yields the empirical relationship

X = O.011D1° (6)

where the grain diameter D is given in microns and the corresponding

ripple spacing X is in centimeters.

Also of interest in Figure 8 is the departure of the oscillating

bed data from equion (6) based on the wave flume and water tunnel

data. It is seen that for a given grain size D , the oscillating

bed gives much smaller maximum ripple spacings than do the other devices.

This supports our earlier conclusion that the oscillating bed does

not satisfactorily duplicate the near-bottom conditions found under

progressive waves.

The critical flow conditions that limit the spacings of

oscillatory-flow ripples at large d0 are not presently known. That



this limit is governed by the sediment grain size finds support in

studies of ripple spacing under unidirectional flow conditions.

Yalin (1977) used dimensional analysis considerations to show that

the spacing of equilibrium ripple marks in quartz-density material

under unidirectional flow is related to the grain diameter by

A = 0.1 D (7)

where D is again in microns and A is in centimeters. This

relationship is plotted in Figure 8, and it is seen that there is

an order-of-magnitude agreement, but the trends are slightly different.

It would be expected that as d0 increases and becomes larger

than the ripple spacings, the ripples would begin to take on

aspects of unidirectional ripples, reversing in their directional

aspects, however, as the flow direction changes. Under very large

d0 one would expect ripple spacing to approach that found under

unidirectional flow and become essentially independent of d0

Mogridge and Kamphuis (1973) have suggested that the maximum

oscillatory ripple spacing is a function of the non-dimensional

parameter pD/(p5 p)gT2 , that is, depending on the wave period

T and sediment density p as well as on D . We have utilized

only data obtained with quartz-density sand and so cannot examine the

effects of sediment density. However, we did attempt to determine

whether there is a wave period dependency; our results indicated none.

The results of the analysis of Figure 8 and our empirical
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equations (5) and (6) have been used to prepare Figure 9, showing

the maximum ripple spacings and orbital diameters at which departure

from equation (5) occurs for a range of common grain sizes. Equation

(7) was used to calculate the scale along the right side of the

figure, giving the expected unidirectional ripple spacings for

the same grain sizes. The shapes of the X versus d0 curves for

various grain sizes are very tentative, and more data are required

to more firmly establish them; here they are based on the available

data presented in Figures 5 and 6 (the wave flume and water tunnel

data).

SUMMARY OF CONCLUSIONS

Oscillatory ripple mark data from various types of laboratory

devices have been reviewed in an attempt to determine a consistent

empirical relationship between ripple spacing and the wave orbital

diameter. Rolling-grain ripples are stable only on oscillating-beds

and are not formed at all or are unstable in wave flumes and

oscillating water tunnels. Vortex ripples are the stable ripple

form in flumes and tunnels. Ripple marks formed by ocean waves

apparently are always of the vortex type. The composite of flume and

water tunnel data of vortex ripples on quartz-density sand indicates

that the ripple spacing X is related to the orbital diameter d0

through X = O.65d0 . Departures from this relationship occur at

large d , the maximum ripple spacing generated depending on the

sediment grain size. A tentative empirical relationship was found



34

Figure 9: Summary diagram of the spacing X of vortex

ripple marks as a function of the orbital diameter d0

and grain diameters. The results are based solely on

wave flume and water tunnel data. The symbols mark

the predicted maximum ripple spacings for the grain

sizes shown, determined from the empirical equation 6.
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[equation (6)] relating-this departure point, usually the maximum

possible ripple spacing, to the sediment grain size.

Apparently because of the lack of a pressure gradient in the

same phase relationship with the orbital velocity as found in

progressive waves, the oscillating-bed apparatus generates ripple

marks which differ from those produced by progressive waves (and

water tunnels). Because of the supression of vortex formation,

rolling-grain ripples may be stable forms on oscillating beds

whereas they are unstable or do not form at all under progressive

waves. Vortex ripples are also found to have somewhat different

relationships to the orbital water motions in oscillatory-bed

devices than under progressive waves. Because the oscillating-bed

appartus does not satisfactorily duplicate the near-bottom orbital

motions found under progressive waves nor generate ripples of the

same type or dimensions, the sediment transport data from the

investigations of Manohar (1955) and others that employed such

devices must be viewed as unreliable when extrapolated to field

conditions with progressive waves.
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Martin C. Miller'

Paul D. Komar

School of Oceanography
Oregon State University
Corvallis, Oregon 97331

ABSTRACT

Measurements of oscillatory ripple marks were obtained in the

high-energy environment off the Oregon coast, and in the relatively

mild, summer-wave environment near Fishers Island, New York. Scuba

equipped divers measured the average ripple characteristics while the

simultaneous causative bottom orbital motions were determined from

a wave pressure transducer and electromagnetic current meter mounted

near the bottom. The data collected in this study, together with

previously published field measurements of oscillatory ripples, are

compared with empirical relationships for ripple geometry based on

laboratory measurements. As expected, the field data are more scatter-

ed than the laboratory data. Reasons for this scatter include several

wave spectral effects, ocean waves of the study areas having wide

spectra in contrast to the simple harmonic motions of the laboratory

apparatus. Any selected trend that relates the ripple spacing to the

wave orbital motion must take into consideration this spectrum and the

'Present Address: Woods Hole Oceanographic Institution, Woods Hole,

MA 02543.
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manner in which the orbital parameter is defined (i.e.., significant

value, root-mean--square value, etc.). Orbital parameters calculated

from a significant wave height were found to give the best comparison

with the laboratory results.

I NTRODUCTI ON

Oscillatory ripple marks develop on sand beds under a wide range

of wave orbital motions extending from the initial sediment threshold

condition to the intense shear conditions where the sand bed again

becomes flat (Komar and Miller, 1973, 1975; Dingler, 1974). The

geometry of these ripples and how it is governed by the wave orbital

motions is of interest to sediment transport conditions, to the

evaluation of wave attenuation due to bottom drag, and to the geologist

interested in the interpretation of paleowave conditions from a

preserved set of ripples. Specifically, it is desirable to be able

to predict the spacing, height, and degree of symmetry of the ripple

marks as a function of the grain size of the sediment and of such wave

orbital parameters as the near-bottom orbital diameter, maximum velocity

and period of the motion. In the accompanying paper (Miller and Komar,

in prep.) it was shown, based upon several sets of laboratory data,

that at low values of the orbital diameter d0 , the ripple spacing X

is related to the orbital diameter by

A = 0.65 d
0

(1)

Ripple spacing does not increase indefinitely with increasing orbital
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diameter, but instead X finally reaches a maximum value beyond which

the relationship of equation (1) is no longer followed; X then levels

off or decreases slightly with a further increase in d0. This point

of maximum ripple spacing and departure from equation (1) is a function

of the grain size (Inman, 1957; Millar and Komar, in prep.).

For simple waves such as can be generated in a laboratory wave

flume, the orbital diameter d can be determined from linear Airy

wave theory from the equation

H uT
d =

m
(2)

°
sinh(2Trh/L)

where H is the wave height from crest to trough, L is the wave

length, h is the water depth, um is the maximum orbital velocity

measured at the edge of the bottom boundary layer, and T is the

wave period. Such parameters as d0 , T, H, and urn are all well

defined for simple sinusoidal laboratory waves. The d0 , T and Urn

are similarly easily defined for other laboratory apparatus, such as

oscillating water tunnels and oscillating beds, that have been used

to study ripple mark generation. A problem obviously arises, however,

when we attempt to define such wave orbital parameters in the field.

In cases where there is a well-defined set of swell waves present

(a very narrow spectrum), then equation (2) can still be applied to an

acceptable degree of accuracy. When there is a wide spectrum, however,

then the characterization of d , u , T and H is more complex.
o m

We can analyze the surface wave motions so as to give a spectrum

distribution of wave energy within the complete wave periods or
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frequencies present (see Figure 3). We can also determine them by

direct measurements of the wave orbital velocities measured with a

current meter. The problem arises as to how to compute a single

value for d0 to use in an empirical relationship of equation (1)

or in a graph of X versus d0 as presented in Miller and Komar

(in prep., Fig. 5). Possibilities are to define a "significant d0',

analogous to the commonly used significant wave height, or perhaps

a root-mean-square d0 value. One purpose of this study is to

determine the way in which to evaluate parameters such as d0 when

there is a natural wide spectrum of motions, such that the results

agree with the simpler conditions met in the laboratory. Perhaps

a more basic question is whether such relationships hold at all in

the complicated natural environment.

To help answer such questions, a field investigation was

undertaken to provide additional, quantitatively reliable wave and

ripple data. Two sites are involved in the study. Most of the data

were collected from the extremely high energy environment off the

Oregon coast. Additional data were collected under the comparatively

mild wave conditions near Fisher's Island, New York.

PREVIOUS FIELD STUDIES

There are several field studies of ripple development, but only

a few of these are sufficiently quantitative and reliable to allow

calculations of the required flow parameters. In many of the studies

wave conditions were estimated by eye, varying widely in quality and,

for this reason, show considerable scatter when compared to more
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objectively collected data. Only two previous investigations, those

of Inman (1957) and Dingler (1974), provide satisfactory measurements

of the wave motions as well as the ripples produced.

Extensive ripple measurements were made by Inman (1957) under

a variety of wave and sediment conditions found in the coastal zone.

Waves were measured from the trace of a recording fathometer on a

small boat. A twenty-minute record was used to determine the

significant wave height H113 and period T13 from which near-bottom

orbital motions were calculated. Wave characteristics were also

visually estimated when fathometer recordings were unavailable.

Quantitatively more reliable wave measurements were made by Dingler

(1974) who obtained his wave data from the conventional pressure

transducer and subjected the records to spectral analysis. Both

Inman and Dingler employed scuba-equipped divers to make the ripple

measurements; Inman measured the ripple heights and spacings by hand

whereas Dingler utilized a high-frequency sonic scanner to obtain the

complete ripple profile (Dingier, et al., 1977). Both related ripple

dimensions to the near-bottom orbital water motions as calculated from

linear wave theory.

The range of field measurements of ripple characteristics,

together with adequate measurements of wave conditions, were thus

limited to the fewer than thirty data points of Dingler (1974) and the

somewhat more extensive, but less reliable data of Inman (1957).

In addition, both studies obtained their measurements from the shallow

waters at La Jolla, California, with a few points from other low

energy locations. Because of this paucity of data, it became a goal



of this study to collect additional data, preferably from sites which

provide higher and lower wave energy levels than the studies of Inman

(1957) and Dingler (1974).

FIELD PROCEDURES

Field measurements of ripple lengths and wave parameters were

made offshore near Newport, Oregon (Figure 1), and near Fisher's

Island, New York (Figure 2). The former site is exposed to open

ocean waves of very large fetch areas, swell waves commonly arriving

from as far away as the Antarctic Sea or the Gulf of Alaska (Komar,

et al., 1976). Such swell waves at the study site commonly range

in periods from 10 to 15 seconds, 18-seconds being the longest period

waves measured during the study. Several years of wave measurements

in the immediate area of the study indicate a seasonal variation in

wave heights, wave breakers on the nearby beaches averaging some 2

meters in the summer, increasing to 4 meters in the winter (Komar,

et al., 1976); individual storms generated breakers with significant

wave heights over 7 meters. Thus the measurements off the Oregon

coast provide data under fairly high wave energy conditions, even

during the summer months.

The second site of study, Isabella Beach, Fisher's Island, New

York (Figure 2), is only partially exposed to open Atlantic Ocean waves.

Wave periods are much lower than at the Oregon site, ranging from 6 to

8 seconds. The largest wave heights measured were less than one-tenth

those measured off Oregon. Thus the two sites of the study show

considerable contrast in the wave energy levels. The California site



Study

Area

Pa c/f/c

Ocean

A
-N-

I

OREGON

A

47

kilometers

0 I 2 3

Figure 1: Location of study area for ripple measurements

off Newport, Oregon.



1I

Co/vNc7/CUT

-
I i2

o1andund

A//ant/c

Ocean

nd

2: 0I s

3

S



of the studies of Inman (1957) and Dingier (1974) is intermediate in

wave energy.

Divers were taken to the sites of the experiments by boat.

An area of large sand expanse would be selected, avoiding areas near

outcrops and other interferences. An effort was made to take measure-

ments during high slack tide in order to avoid tidal currents and to

take advantage of the period of optimum visibility. Off Oregon the

diving operations ranged from 10 to 33 meters water depth while off

Fishers Island diving depths were only 3 to 7 meters.

Ripple-spacing dimensions were obtained by measuring five sets

of five ripples each, yielding one mean spacing. Ripple heights were

measured from the deepest part of the trough to the level of a

straight-edge held tangent to the two adjacent ripple crests. The

height measurement was frequently made difficult or impossible by

the extremely strong swash and could only be estimated. Ripple symmetry

was estimated from the offset of the deepest part of the trough from a

position halfway between the adjacent crests. All ripples for which

symmetry was measured were found to be essentially symmetrical. Sand

samples from ripple crests and troughs were obtained for each dive.

Wave pressure records were obtained from a Marine Advisors,

Model A-2 pressure transducer. The pressure-sensitive element was

attached to a twenty-five kilogram steel cage and lowered to the bottom

from the boat. Sufficient additional cable was provided to prevent

movement of the sensor in the swell. The response of the pressure

transducer was calibrated in the Oregon State University wave tank

using a sonic water surface wave recorder.
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In some of the experiments a Marsh-McBirney electromagnetic

current meter was deployed in the study site. The current meter was

mounted at 10 cm above the bottom with the horizontal sensing element

oriented so as to measure the maximum wave orbital motions.

A total of 35 dives were made, 29 of which resulted in useable

data. Water temperatures near 8°C, low visibility and strong wave

surges were extremely taxing on the divers in the Oregon experiments,

and limited data collection to one dive per day on most occasions.

DATA ANALYSIS

The analog pressure records from each of the field experiments

were digitized at one-second intervals for a continuous length of

1,024 seconds (2'°) for computer spectral analysis using the Fast

Fourier Transform algorithm of Cooly and Tukey (1965). Outputs of

the program included a listing of pressure variance for each

preselected frequency interval, as well as a diagram of spectral

estimates versus frequency (Ochs, et al., 1970). One example of

such a diagram is shown in Figure 3.

The mean square pressure, <p2> , was determined by summing the

variance for each frequency interval on each side of the maximum value

until the variance declined to ten percent of the maximum value. If

a minimum between adjacent peaks was encountered which was greater than

the ten-percent cut-off value, the area under the adjacent peak was

summed separately. In all cases, the area under the curve accounted

for ninety percent or more of the pressure variance. The root-mean-

square (rms) wave height, Hrms , was calculated from the rms pressure
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Figure 3: Spectrum of pressure variance normalized by the

maximum variance. Printed output of variance for each

0.01 sec' interval was used to determine surface wave

heights H using linear wave theory.
rms
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rms
= ,/<p2> using the appropriate pressure correction factor (Shore

Protection Manual, 1973). The period of the rms wave, Trms , was

taken as the period of the maximum pressure variance over the interval

summed (the peak frequency of Figure 3). If two or more peaks were

present, indicating more than one wave train at the site, separate

calculations were made for each peak. Several of the wave spectra

obtained from the Oregon coastal waters showed contributions of

significant amounts of energy at more than one peak frequency. These

records typically contained a peak in the range of seven to nine seconds

and another in the range of 16 to 18 seconds. The former were prob-

ably the result of relatively locally generated waves while the latter

resulted from distant storms. On one occasion, three peaks were

present in the spectral record (062774, Table 1). The effective rms

orbital diameter of the polymodal spectra was determined from the

combination of the individual rrns components according to

(dT) H(dzrms)il

1/2

(3)

Orbital diameter, d0 , and maximum orbital velocity, Urn
were cal-

culated using equation (2). Results of the calculations are summarized

in Table 1. Measurements from the electromagnetic current meter were

utilized mainly as checks on these values of d0 and
Urn

determined

from the wave spectra.

Grain size analyses were carried out by grain settling, using

the large sediment analyzer available at OSU (Thiede, et al., 1976).

This device consists of a 20 cm diameter, water-filled tube with a



TABLE 1. Yava

Fsksr's Island,

rank data

New York.

aojlsad cr' Orsoon and

Int. \atar 9criod Crsin '4ave Ripple Orbitni Orbitni Percent

Depth Diemeter Ileiht Specing DiseetCr Velocity Energy

h, cm. 7, sec. 0, cm. cm. A , cm. d0, cm. Un, cmlscc.

Newport, Ore

07U373 1372 8.70 0.0165 202.1 22.4 178.4 64.4 74.9
070573b 1372 13.18 0.0165 63.4 22.4 146.3 25.3 14.2
071673 1219 10.00 0.0165 299.3 9.4 356.9 112.1 93.6
072873 1524 14.29 0.0165 162.2 16.6 265.4 53.4 94.9
C81473 1535 8.33 0.0165 162.3 9.7 116.9 7.41 73.5
081473b 15S5 14.29 0.0165 61.0 9.7 111.9 24.6 15.6
031873a 1646 3.70 0.0165 126.3 18.1 95.6 34.5 35.5
031373b 1646 16.67 0.0165 113.7 18.1 214.0 40.3 61.1
C3237)a 3292 8.00 0.0165 44.5 none 10.7 4.2 9.7
032373b 3292 15.33 0.0165 71.6 none 77.6 15.8 83.7
O32373c 2365 8.00 0.0165 43.9 25.1 13.6 5.3 9.7
0523735 2365 15.38 0.0165 72.9 25.1 87.2 17.8 83.7
032373a 1676 3.00 0.0165 42.4 22.4 28.7 11.3 9.7
0323732 1616 15.38 0.0155 80.2 22.4 144.3 29.5 83.7
032673 1250 8.00 0.0165 124.4 7.8 103.0 40.4 87.5
03)073 1311 9.52 0.0165 132.3 8.2 139.2 45.9 89.6
090673 1153 13.33 0.0165 111.0 8.4 197.1 46.4 81.0
091373 1615 10.50 0.0165 130.1 10.2 136.1 40.7 93.0
092773 1250 10.50 0.0165 96.3 7.7 121.2 35.3 93.5
100473 975 12.12 0.0165 91.1 8.6 160.5 41.6 78.6

060674a 1021 11.60 0.0165 109.4 3.1 181.3 49.1 97.3
060574b 2134 11.60 0.0165 98.5 8.6 96.7 26.2 97.3
062574a 1036 7.40 0.0165 74.9 8.3 59.9 23.4 68.7
062574b 1036 10.33 0.0165 57.2 8.3 81.5 24.3 12.8
062574c 1036 16.67 0.0165 50.6 8.3 123.8 23.3 14.3
081474 884 9.52 0.0165 63.1 7.6 85.6 23.2 92.3
082774 1433 9.52 0.0165 64.9 8.2 63.9 21.1 86.0
083074a 1524 7.14 0.0165 19.6 22.2 10.7 4.7 7.8
082074b 1524 15.38 0.0165 34.8 22.2 62.3 12.7 82.3
092574 1250 9.09 0.0165 32.0 17.5 32.5 11.2 91.3
100174a 1433 10.00 0.0165 64.4 14.9 68.3 21.5 49.7
100174b 1433 16.67 0.0165 52.]. 14.9 106.5 20.]. 49.3

Fishers Island, New York
071875 701 7.46 0.0287 5.7 27.3. 6.6 2.8 95.0
080675 335 6.00 0.0287 14.5 22.3 20.7 10.8 95.0.
081375 427 7.76 0.0287 24.8 26.9 42.0 17.0 95.0
051975 305 8.33 0.0287 11.0 27.1 24.8 9.4 95.0
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Figure 4: Grain-size distribution curves for east- and

west-coast study sites. Grain diameter was calculated

from the measured settling velocity using the relationship

of Gibbs, et al. (1971) to obtain the equivalent

spherical diameter.
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strain gage attached pan in the bottom to catch the sediment.

Accumulated sediment, as a function of time, is recorded on a chart

and later converted to size for statistical purposes, using the

relationships of Gibbs, et al. (1971). Sediment from ripple crests

and troughs were both analyzed and found not to be significantly

different. The grain diameter off the Oregon coast remained the

same throughout the study period, consisting of well-sorted, fine

sand with a mean grain size of 0.0165 cm (Figure 4). Mineralogy

has been described by Scheidegger, et a]. (1971), the sand consisting

nearly entirely of quartz and feldspar. The Fisher's Island sand

consists of medium-sized, well-sorted quartz and feldspar grains

with a mean grain size of 0.0258 cm (Figure 4).

RESULTS

The analysis of field ripple mark data presents special problems,

since the natural oscillations are generated by a spectrum composed of

many frequencies, as opposed to the single wave periods used in labor-

atory experiments. The data from selected experiments have been

plotted in Figure 5 in the dimensional form of X versus d0 . Since

investigators used different statistical measures of wave height to

calculate orbital diameter [ie., Inman (1957) used H113 while Dingler

(1964) used Hrms] it was necessary to recalculate many of the data

points before plotting. All data were related to a single consistent

wave measure. Grain sizes are separated in Figure 5 into sizes centered

at 1/2-phi intervals, the mean grain size of each interval being shown

in the key of the figure. The data collected as part of this study are
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indicated by the darkened symbols.

The straight lines given in Figure 5 are based on equation (1),

determined from the best fit to the laboratory wave flume and wave

tunnel ripple mark data (Miller and Komar, in prep.). Two lines

are given, the solid line relating to when the orbital diameter d0

of ecivation (1) is calculated from H , and the dashed curve
rms

based on H113 . The ratio of the significant wave height H1,3

to the root-mean-square wave height for a broad spectrum is 1.41

[see review in Komar (1976, p. 68)], so that according to

equation (2)

(d0)13 = 1.41(d) (4)

This constant 1.41 proportionality factor between a calculation of

d0 based on the significant wave height versus the rms wave height

has the effect of moving the data plotting positions horizontally in

a graph of X versus d0 such as Figure 5. This fact was taken

advantage of in preparing Figure 5; the d0 values based on the

rms wave height are given along the coordinate axis below the data

while the d values based on the significant wave height are given

above the data. The dashed straight line is similarly displaced to

the left of the solid line by the 1.41 factor.

According to Inman (1956), Dingier (1974) and Miller and Komar

(in prep.), the field data can be expected to lie mainly to the right

of the straight line of equation (1) based on the laboratory data,

that is, at larger d0 values for a given ripple spacing. The field

data should approach the A = O.65d0 straight line as d0 is decreased,



Figure 5: Ripple spacing versus the orbital diameter for

the field data collected by Inman (1957), Dingier (1974),

and in this study. The analyses were performed using

both root-mean-square (rms) and significant wave

parameters.
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TABLE 2. Grain size ranges for plotting in Figure 5.

Mean Size, D Size Range Symbol

phi-units microns microns

Inman and 3.5 88 74-105 +
Dingier data

3.0 125 106-149 0 e
2.5 177 150-210

2.0 250 211-300

1.5 350 301-420 0
1.0 500 421-590 X

0.5 710 591-840 V
0.0 1000 841-1190

Oregon data 2.6 165

Fisher's Is. 1.8 287 A
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but should not fall significantly to the left of the straight line

(that is, not beyond the expected natural data scatter upon which

the X = O.65d0 straight line is based). In this respect it is

seen in Figure 5 that the dashed straight line,where d0 of

equation (1) is calculated from the significant wave height,

provides a somewhat better fit to the field data. A considerable

number of data points fall to the left of the solid line based on

H . This is to be expected since the significant wave height,

H113 , selected from a spectrum has been shown by Schwartz (1964)

to correspond closely to the peak height upon which the orbital

diameter calculations from monochromatic waves are based. It is

concluded from Figure 5 that the significant wave parameters should

be used when dealing with the natural wave spectrum since they

correspond most closely to the laboratory results.

Even when basing d0 on the significant wave height, the field

data in Figure 5 show a considerable amount of scatter around the linear

trend of equation (1), based on laboratory measurements. This is

of course to be expected. The scatter reflects the limitations of the

investigator to control the important parameters when conducting field

experiments. Some of the variation may be eliminated by appropriate

experimental design, but a certain amount is inevitable.

Scatter to both the left and right of the linear trend may be

due to ripples not being in equilibrium with the waves at the time of

measurement. One way in which this condition can occur is in a

relatively shallow tidal environment. Under these circumstances, tidal

range may be a considerable fraction of the water depth. Orbital
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diameters and ripple spacings would be greater at low tide, during

which the relatively vigorous conditions form ripples in equilibrium

with the flow. As the tide rises over the study site relatively

rapidly, equilibrium conditions are not established until the

high tide is reached. If sea conditions are calm, or wave periods

short, the orbital velocity may be sufficient to move the bottom

material at low tide, but near or below that necessary to move

sediment at high tide. Conditions such as outlinabove would cause

ripple spacings to be greater than that expected for the orbital

diameter calculated from wave measurements. It is likely that this

was the case for the Fisher's Island data (darkened triangles) lying

above the linear trend in Figure 5. Both measurements were made

near the time of high tide in water 3 to 3.5 meters deep. The tidal

range near Isabella Beach, Fisher's Island, is about 0.76 meters, a

significant fraction of the water depth. The relevant, near-bottom

wave parameters for the three Fisher's Island data points near the

trend line are summarized in Table 3 for conditions of high and low

tide. Calculations were made using the tables in CERC (1973). Wave

heights were corrected for the change in water depth at low tide, and

the critical velocities were calculated using the relationship of

Dingler and Inman (1976). Note that for the two data points lying

to the left of the linear trend, ripples were apparently not in

equilibrium with the measured wave conditions at high tide. In one

case the orbital velocities were sufficient to move sediment at low

tide but not at high tide, while on 8/19/75 slightly higher waves or



TABLE 3. Comparisons of Fisher's Island data with threshold conditions

Date Tidal Water Depth Period Height Orb. Diam. Orb. Vel. Thresh. Orb.

Stage h,crn T, sec H, cm d0, cm Urns cm/sec Vel ., cm/sec

080675 high 335 6.0 14.5 20.7 10.8 11.4

low 259 6.0 15.1 25.4 13.3 12.2

081375 high 427 7.76 24.8 42.0 17.0 14.5

low 351 7.76 25.7 48.9 19.8 15.2

081975 high 305 8.33 11.0 24.6 9.4 12.1

low 229 8.33 11.7 30.7 11.7 13.0
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lower water would be necessary to initiate motion. The latter ripples

must have been generated a short time prior to measurement since they

appeared to be clean and undisturbed by bioturbation. The ripples

measured on 8/14/75 appear to be in equilibrium with flow conditions

as the critical velocity is exceeded throughout the tidal range.

It is seen in Figure 5 that most of the Oregon field data fall

to the right of the linear trend of equation (1) when d0 is based

on the significant wave height (the dashed line). This indicates

that the ripple spacing is much shorter than the orbital diameter.

Of particular interest is that the Oregon data fall into two fields,

one approximately along a ripple length of 20 cm, the other at A

of about 9 cm. Oregon data where the wave spectra contained a single

pronounced peak, are plotted as the darkened squares; the darkened

circles are cases where the spectra are polymodal. It is seen that

the longer 20 cm ripples correspond mainly to those days when there

were two or more peaks in the wave energy spectrum, while the shorter

9 cm ripple spacings were measured mainly on days of spectra with a

single energy peak. It is seen that for the sand. grain size of 165

microns of the Oregon coast site, according to the measurements of

Inman (1957) and Dingler(l974) in comparable grain sizes, the 9 cm

ripple spacing of the single-peaked spectra is correct. The complex

orbital motions created as a result of the interference of two distinct

wave trains (polymodal spectra) apparently exert some control on the

lengths of the ripples. The exact nature of this control is unclear.

The interference of two wave trains would be expected to alter the
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near-bottom orbital diameters, but because the resulting ripple

spacing X at large d0 becomes essentially independent of d0,

it is not apparent how this altered d0 would more than double

the ripple spacing from 9 to 20 cm. It is possible that the

longer ripple spacing may result from the interactions of two

wave trains arriving at the measurement site from different

directions; directional measurements were not made during this

study, so this idea could not be investigated. In the analysis of

the laboratory data, Miller and Komar (in prep., Fig. 6) noted one

instances where at large d0 values, two possible equilibrium

ripple spacings were obtained by Mogridge (1973), the larger

spacing again approximately twice the smaller equilibrium spacing.

Those laboratory ripples were formed in an oscillating water tunnel

with simple harmonic motions so in that case could not have been

caused by the complex orbital motions under a polymodal spectrum.

More study is obviously required before we can arrive at an

understanding of how there can be two possible equilibrium ripple

spacings at a given orbital diameter.

Further complications which cause scatter in the relationship

between A and d0 may arise when d0 and T combine to be near

the threshold for sediment movement. Under low wave conditions the

statistical value associated with the orbital diameter may occur below

the threshold necessary to cause ripple formation. Since the wave

spectrum is continuous, however, motion may be caused and ripples

formed at orbital diameters other than the d0 selected for the

comparison with A . A similar effect takes place at the upper end
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of the ripple regime when waves are vigorous and sheet flow is a

frequent occurrence. The recovery of rippled bed after sheet flow

is an extremely rapid process, taking place in only a few wave

cycles. The fluid length-scale to which the equilibrium ripple

spacing should be related when sheet flow is frequent should be

investigated further.

Estimates of the orbital diameter at which ripple spacing

departs from the linear trend of equation (1) have been obtained

from laboratory data by Miller and Komar (in prep., Fig. 8).

Similar estimates are made here from the field data plot of Figure 5,

the results of which are shown in Figure 6 in comparison with the

laboratory estimates. Although the data are sparce for the field

conditions, limited to only three estimates of maximum ripple

spacings, it is seen that there is reasonable agreement with the

relationship based on the laboratory water tunnel and wave flume

data. The continued disagreement with the oscillating bed results

reaffirms the conclusion of Miller and Komar (in prep.) that that

apparatus does not faithfully reproduce conditions found under waves.

SUMMARY OF CONCLUSIONS

The relationship between the near-bottom orbital diameter,

d0 , and the resulting ripple spacing, X , has been examined for

natural ocean waves. Data have been collected from a range of wave

energy environments, and including grain sizes from 81 to 913 microns.

Data from the field experiments of Inman (1957) and Dingler (1974)
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were compared with data collected in this study off the coast of

Oregon and off Fisher's Island, New York. All field data were

compared with empirical relationships based upon data obtained

under controlled laboratory experiments with simple oscillatory

water motions. Of particular concern was the evaluation of the

orbital diameter d under field conditions with complete wave

spectra rather than simple oscillations of a single period. It

was concluded that the field data showed the best agreement with

the laboratory results if the calculation of the orbital diameter

d0 is based upon the significant wave height H113

The empirical results based upon laboratory data for the

maximum ripple spacing for a given grain size were also examined

with the field data. Although only three estimates of maximum ripple

spacings could be established with the field data, they did show

good agreement with the relationship based upon the laboratory

wave flume and water tunnel data (Figure 6).

Of particular interest is that the data collected off the

coast of Oregon fell into two ripple spacing fields, the larger

averaging about 20 cm, the smaller averaging 9 cm. This would

suggest that there are two possible equilibrium ripple spacings

for a given orbital diameter d0 and grain size. It was found that

the larger 20 cm ripple spacing occurred in almost all cases under

a polymodal spectra, that is, when there was more than one wave

train present. The smaller 9 cm spacing occurred under wave spectra

with a single pronounced peak. The cause of this change in spacing

and its relationship to the changing nature of the spectra could not
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be determined, and will require further study.

Many problems remain in relating the geometry of oscillatory

ripple marks to the complex orbital motions found in nature where

there commonly exists a wide, and perhaps polymodal, wave spectrum.

Such problems will have to be solved before we are to understand

and make accurate estimates of sediment transport rates under waves

and under waves with a superimposed unidirectional current.
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ABSTRACT

74

Laboratory and field sand tracer experiments have been conducted

to determine the longitudinal (streamwise) mass spreading coefficient

of sand under the oscillatory motions of progressive surface water

waves. The laboratory data were obtained in a wave channel sufficiently

large that near-prototype waves could be generated. The field experi-

ments were conducted off the Oregon coast, outside the breaker zone

in water depths of 16-18 meters. A spreading model based upon the

continuous release of tracer from a plane source was postulated and

compared with the measured tracer distribution patterns with favorable

results. Mass spreading coefficients, determined from the time-rate

of change of variance of the successively sampled bed, were found to

be proportional to the entrainment rate of tracer from the tracer

'Present Address: Woods Hole Oceanographic Institution, Woods Hole,

MA 02543.
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injection site. A direct relationship was also found between the

sand spreading rate and the wave orbital rarameters in a combination

based upon random-walk considerations.

I NTRODUCT ION

The influence of waves upon the erosion, transportation and

deposition of sediments is one of the least understood aspects of

sedimentary dynamics. Although waves are not the only source of

water motions on continental shelves, within the depth where they

are competent to dislodge bottom sediments they make material

available for transport by flows that alone are not competent to

cause sediment movement (Bagnold, 1963). It has been shown that

off the Oregon coast, waves actively move sediments to depths of

some 150 meters, reaching 200 meters during strong storms (Komar,

et al., 1972). Waves in the Atlantic are somewhat more modest in

both height and period. Calculations based upon a one-year wave

record from near Atlantic City, New Jersey, indicate that some storms

during the year produce large enough waves to stir sands to a depth

of about 65 meters. Extreme storm waves may extend the depth by

considerably more (Harris, 1972). Thus, over major portions of the

continental shelves, surface waves play an important role in sediment

transport processes.

The objective of this investigation is to study one aspect of

sediment transport under waves on the shallow part of the continental

shelf, the spreading or diffusion of sediment tracer material under
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the near-bottom orbital motions of the waves. Both field and laboratory

experiments have been conducted for this purpose, the latter in a large

flume in which it is possible to generate near-prototype waves. The

laboratory experiments allowed the use of monochromatic waves to

produce the sand spreading, and the waves could be stopped while

sampling was carried out. By sampling the bed concentrations of

tracer after successive series of waves, it was anticipated that the

mass spreading coefficient for the prevailing conditions could be

established and related to the wave orbital motions. The field tests

were conducted off the Oregon coast in the vicinity of Newport and

are to provide some initial field testing of the laboratory results.

The experiments reported here are the first steps in a longer

range project of sediment transport under waves in which more details

will be determined about bed roughness, transport under wave spectra,

and spreading rates of various grain sizes. Apart from contributing

to the understanding of the dynamic sedimentary processes as a whole,

the study of particle movement by wave action has implications for

the spreading of dumped dredge spoils and for the prediction of the

rate and direction of redistribution of other oceanic sedimentary

contaminants within reach of waves.

PREVIOUS INVESTIGATIONS

Many experiments and considerable theoretical work have been

done on the prediction of the distribution of a passive contaminant
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released in open channel flows or under principally unidirectional

flows as in estuaries or the open ocean. Mathematical descriptions

of the concentration distributions follow that of the classical

analysis by Taylor (1953, 1954) and generalized by Aris (1956)

which describe the turbulent dispersion of conservative tracers in

pipe flows. Sedimentary tracers, both natural and artificial, have

also been used to study the movement of sand and other material

under the influence of water flows [for example, Crickmore and Lean

(1962)]. These studies have been mainly concerned with the direction

of motion and the pattern of spreading rather than predicting and

verifying some theory of tracer distribution. The use of tracers

in the marine environment has been reviewed by Ingle (1966) and

Ingle and Gorsline (1973).

The investigation of Murray (1967) has been the most extensive

study in the use of tracers for determining the rate of spreading and

advection of sand under waves in the zone seaward of the breakers.

To determine how different sizes move normal to the shoreline, Murray

separated sand from the study area into three grades and coated the

sizes 0.25, 0.50 and 1.00 mm with different fluorescent colors. He

then recombined the fractions in appropriate proportions and placed

them seaward of the breakers in the zone of shoaling waves in Buzzards

Bay, Massachusetts. This bay is protected from the ocean swell and is

affected only by local wind waves. Wave heights ranged from 20 to

36 cm, wave periods from 2.5 to 3.6 seconds. Water depths varied from

105 to 139 cm. Following tracer injection, the area was sampled on a

radial grid at periods of 15 minutes, 1 hour, and 2 hours.



i7

From the resulting tracer distributions Murray found that:

(1) In all but two of the twenty-one cases, the net transport was

onshore, the two exceptions being with the 0.25 mm sand size;

(2) The coarser the grain size, the higher the rate of onshore

transport;

(3) The stronger the near-bottom orbital motions under the waves

(calculated), the lesser the tendency for onshore movement of

all grain sizes; and

(4) The finest grain size, 0.25 mm, tends to diffuse outward, forming

nearly circular concentration contours, whereas the coarser sizes

produce more elongated elliptical patterns with the major axis

normal to the shoreline.

Murray measured neither the near-bottom currents nor winds (although

it was indicated that the wind always blew onshore), so it is not

possible to compare their influence on the sediment movement. It

is known that the presence of onshore or offshore winds has an effect

upon the velocity distribution which would serve to complicate the

sediment transport analysis (Wang and Liang, 1975).

Murray (1967) analyzed his results using turbulent diffusion

theory, assuming that the solution for spreading from a point source

was the appropriate application to spreading of sand tracer in two

dimensions. The similarity between the predicted and sampled distri-

bution using Murray's (1967) data is apparently fortuitous, however,

since the boundary conditions required for point-source spreading

involved three dimensions and Murray applied the distribution to
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only two dimensions. In addition, the concentration relationship

obtained from the point-source solution has no time dependance

while the one- and two-dimension solutions retain a time dependance

(Csanady, 1973).

There have been other tracer experiments outside the breaker

zone where waves were the principal agent in sand disperison. But

these have been mainly for the purpose of showing the direction and

rate of sand transport from the tracer movements. Examples are the

studies of Inman and Chamberlain (1959), Ingle (1966), Sato, et al.

(1962), and more recently by Heathershaw and Carr (1977). None

of these studies attempted to relate the tracer spreading rates to

the bottom orbital motions of the waves.

TRACER DIFFUSION THEORY

The basic equations used to describe the concentration of

tracer spreading from a source are developed by analogy to the concept

of molecular diffusion. In expanded form the diffusion equation

becomes

2C 32C
+ u + V + W = K + K

x y
y2

(1)

+K
Z

z2

where C is the tracer concentration, u, v and w are the components

of the advection velocity respectively in the x, y and z coordinate

directions, t is time, and K , K and K are the diffusion coefficients
x y Z



in the three coordinate directions. This equation must be solved

using the aopropriate initial conditions and boundary conditions in

order to predict concentrations of tracer with respect to time, t,

and position (x, y, z). Particular solutions to the class of

problems expressed by equation (1) may be found in a number of

sources (Carslaw and Jaeger, 1959; Crank, 1975; Csanady, 1973).

Dispersion experiments are aimed at determinations of the

diffusion coefficients K , K and K . In molecular diffusion the
x y z

coefficients are related to the mean free path of molecular motions

while for turbulent diffusion it is related to the length scale of

the turbulence. There is some confusion over the use of the terms

diffusionu and "dispersion" and, in many cases, they have been

used interchangeably. Both are convective processes, the differ-

ential equations of which depend upon the assumption of Fickian

diffusion down a concentration gradient. Diffusion, however,

relates to the transport of material at a point along the direction

of flow due to the difference between actual convection of the flow

and the time-averaged convection of the flow. Dispersion relates to

the transport of material due to the difference between the actual

convection and the space-average of that convection, usually averaged

over the stream cross-section (Holley, 1969). The entrainment and

lateral spreading of a sand tracer by the unsteady flow generated

by surface waves has aspects of both terms associated with it. For

this reason, we employ the term "mass spreading" when refering to the

process and its associated coefficient.
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The spreading coefficients of sand tracer under waves can be

expected to be related to a number of factors such as the amount and

height of sand thrown into suspension above the bottom, the settling

velocities of that sand, the orbital motions of the waves, the degree

of burial or dilution of tracer source, effects of bedform roughness,

and possibly other factors. It may be necessary to design separate

experiments to determine each individual effect. Experiments have

been conducted to determine the suspension concentrations and distri-

butions under waves with various types of sediment (Kennedy and

Locher, 1972; Horikawa and Watanabe, 1968). However, the state of

the art has not progressed to the point where this deterministic

approach can be applied to evaluating sand spreading rates.

Both theoretical and experimental evidence has shown that,

after an initial short period of rapid dispersion, a longitudinal

dispersion coefficient, K , is related to the concentration

variance by

1 G2

2 t

(2)

where the concentration variance, a2 , may be determined by the

traditional statistical calculation, provided sufficient data are

available, or by graphical means (Okubo, 1967). This method of

determination of K is known as the "Method of Moments" and is

attributed to Taylor (1954). In equation (2) K becomes K when

the variance is measured in the x-direction, and so on.
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The experimental procedure of this study for determining the

one-dimensional total spreading coefficient of sand tracer under

surface waves consists of placing the tagged material in a line on

the bottom perpendicular to the direction of wave travel. The tracer

concentration is periodically measured by sampling the bed sand,

and K is determined over each time interval between samplings

by using equation (2).

Two models may be considered in order to develop the mathematics

of the spread of a tracer material. The first is the release of a

single "slug" of tracer into the system. As a first approximation,

this scheme is appealing because the mathematics is simple and is

well developed from studies in rivers and estuaries and under

unidirectional ocean currents (Bowden, 1972; Fisher, 1966). In

addition, the experimental procedure suggests this approach since

all of the tracer material is introduced at one time. Using the

appropriate boundary and initial conditions which reflect the con-

centration distribution at time t = 0, and assuming conservation

of tracer, the solution to the one-dimensional diffusion for a

slug injection is

Q
C(x,t) = eX ,''tr'.. (3)

2 v'irK t

in which Q is the original concentration. This and succeeding

solutions for diffusion in one dimension are developed for longitud-

inal disperison along a pipe or channel. In a circular pipe, for



instance, the slug injection of tracer a t = 0 would be in the

form of a disc of an initially high concentration expressed in

amount of tracer per surface area. Concentrations, C(x,t>0),

are expressed in terms of tracer/volume. The theoretical distri-

bution of C at succeeding time intervals is, according to

equation (3) a Gaussian curve with increasing variance with time

and a stationary mean position (no net advection). Considerations

of the entrainment processes under waves, however, leads one to

reject this simple model.

In detail, the process of spreadinq of the sand tracer from

a strip emplanted on the bed is extremely complicated. Once the

threshold shear stress is exceeded, material is swept to a height

and carried with the flow. The height would evidently depend upon

the size and strength of the vortices generated adjacent to the

bottom ripples which depends on the ripple geometry and the wave

orbital motions. The distances to which the suspended grains are

spread would depend on their settling velocities, During this

process the tagged tracer grains are mixed with the unmarked grains

and, at some point, settle back to the bed. A certain number of

marked grains will be buried beneath the entrainment depth of

succeeding waves and will thus be temporarily lost to the spreading

process. Experiments in unidirectional flow in flumes have shown

that the vertical distribution of tracer is not a maximum at the

surface, but increases rapidly with depth and then decreases in a

"long-tailed" distribution (Hubble and Sayre, 1964). The equilib-

rium vertical distribution of tracer would be a worthy subject for



further investigation.

Not all tracer is suspended during a single wave cycle,

indicating that the 'slug" load analysis leading to equation (3)

is inappropriate. Rather, a layer of tracer is stripped from the

zone of injection and transported in the direction of the periodic

flow. Unmarked material is also transported into the injection

zone, thus diluting the source strength. If the rate of transport

is -small, however, the dilution rate is also small and the source

strength will decrease only slowly. This was referred to by Murray

(1967) as a quasi-steady release rate, since after a time the

effects of the dilution were seen in the tracer distributions.

The above analysis indicates that a more appropriate model

is one of spreading from a source using a constant rate of tracer

release. Such a solution of equation (1) may be obtained by inte-

grating the slug-load release with respect to time, thus treating

the continuous release rate as a large number of superimposed puffs

(Carslaw and Jaeger, 1959). Again assuming no net advection, the

equation so obtained is

1/2 1
( t \ 2/4t, q xl

C(x,t) q e " \XL - erfc (4)

-
TrK J

j 2K 2i/Kt

where q is the release rate of tracer is grains/cm2sec at the

injection site, and erfc is the complemented error function

(erfc = 1 erf) which is tabulated in Abramowitz and Stegun (1965).

It is of interest to investigate the form of C(x,t) at large and

small values of x/2/Kt which may be equated to ct for abbrevia-



tion. Note that the first term of equation (4) contains the factor

e while the second contains erfc(a). When a is large (ie.,

a > 2.0), erf(ct) 1.0 and erfc(c4) 0 and the concentration become

a function of time alone. This condition may prevail when K is

small and spreading from the source is slow, when t is small and

spreading has only begun, or where x is large. When ct is small

(small x, or large K or t), the error function goes to zero at

a = 0 so erfc(small a) 1.0. This value is approached within 2%

when a < 0.002. For small a , equation (4) may be rewritten as

1/2 1

I t lxi

C(x,t) = q - (5)

7tK
/ 2K

Note that unlike spreading from a continuous point source, the

concentration distribution never becomes independent of time.

The time required for the above approximation to be made varies

with position and diffusion coefficient. For values of a = 0.02,

K = 0.4 cm2/sec (as will be seen later, an expected value for

sand tracer spreading), and x = 100 cm, spreading for about

2 x i0 seconds (about 6 months) would be required before the

approximation would be valid. A theoretical tracer distribution

at successive times and using these values of release rate and

diffusion coefficient are shown in Figure 1. Unlike the distributions

suggested by Murray (1967), the plane source, continuous release

concentration rises to a central peak and decreases rapidly with

distance from the source. Use of the theoretical equation (4) to



Figure 1: Theoretical tracer distribution curves calculated

from equation (4) for an arbitrary continuous release rate

and spreading coefficient at several time intervals.

Spreading is symmetrical in both directions.
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predict concentration distributions along the bed, C(x,t), requires

a knowledge of the spreading coefficient and the tracer release

rate q. These parameters must be determined experimentally.

Implicit in the above discussion is the assumption that no

advection is occurring, whether due to mass transport from the

waves or to superimposed unidirectional currents. Under the

controlled conditions of the laboratory wave tank this neglect of

advection offers no problem; in field tests the presence of advection

can offer an additional complication to the analysis. The validity

of neglecting advection may be examined by the distribution pattern

of the tracer.

EXPERIMENTAL PROCEDURES

Experiments to determine the effective longitudinal (streamwise)

mass spreading coefficient were performed in the wave research facility

of the Environmnmental Fluid Dynamics Laboratory at Oregon State. Univer-

sity. The wave flume consists of a concrete channel 104 meters long,

3.7 meters wide, and 4.6 meters deep. It is generally filled to a

maximum water depth of 3.7 meters in order to contain the waves. A

flap-type, hydraulically operated wave board at one end allows

generation of monochromatic waves with periods of one to six seconds.

Breaking waves up to 1.5 meters may be generated in the deep-water

section. Solitary waves and random waves that model a desired ocean

wave spectrum may also be generated, although they were not utilized

in the present study. Various bottom configurations and beach slopes



may be obtained using pre-cast concrete slabs 3.7 meters square and

approximately 15 cm thick, fitted into the basin.

The sand used for the experiments was obtained from dunes

near Astoria, Oregon. It consists of fine, very well-sorted

(sorting = 0.2), clean sand of median diameter D = 0.0178 cm as

determined from settling-tube grain size determinations (Thiede,

et al., 1976). About 24 kg of sand were removed and tagged with

a fluorescent coating using a commercial process. Half of the

sample was coated red and the other half yellow so that multiple

experiments could be run without changing the sand bed. Samples

of the taggea sand were tested for size and found not to be

significantly different from the original untagged sand. The two

colors were easily distinguished under ultraviolet light. Marked

sand was prepared for injection by weighing out a one kilogram

split and placing it in a plastic bag with a wetting agent (Kodak

photo-flo). Excess air was removed and the bags were sealed with

tape ready for injection onto the bottom of the flume.

The sand bed was placed into the wave tank in the horizontal

test section approximately half way from either end. The test bed

was shoveled into the empty tank to form a section 7.4 by 3.7 meters

and 15 cm thick, confined at each end by a concrete slab level with

the upper surface of the sand layer. The tank was then filled with

water to a depth of 3.17 meters and allowed to come to equilibrium

for 24 hours prior to the experiments.

Four experiments were performed using waves of three different

periods. Waves of the selected height and period were generated for



about two hours prior to injecting tracer in order to create

equilibrium ripple mark geometry. At the end of this period, ripple

length and height were measured by SCUBA-equipped divers. Waves

were stopped during periods of measurements and sample collecting.

The ripple mark measurements so obtained are discussed elsewhere

and compared to previous measurements (Miller and Komar, in prep., a).

After the ripples were measured, the sand tracer was spread

on the bottom by cutting a corner off the plastic bag ahd pouring

it in a thin stream in the selected area. This was easily accomplished

with little bed disturbance or suspension of the tracer. Divers

were especially careful not to disturb the bed by their movements,

and fins were not worn in order to minimize swash. Two injection

schemes were tested. The first was a point injection of one kilo-

gram of tracer placed in the center of the sampling area. This

test was not totally successful as will be explained later, so

subsequent tests consisted of a single line of three kilograms of

tracer poured evenly across the width of the test section, extending

from one side-wall to the other. The tracer line was 20-25 cm wide

so as to include both ripple crests and troughs. The added tracer

presented no significant relief above the rippled bottom.

Waves of the selected period and height were generated in

series and then turned off in order to sample in quiet water and so

that all samples would be synoptic with respect to the diffusion

process. Each of the four tests consisted of four such series of

waves followed by sampling. Wave characteristics for the runs are



91

given in Table 1. The first test over the point-injection employed

a series of 50 waves after which observations indicated that little

material had spread from the injection site. The series length was

increased to 100 waves for the subsequent three series. At the end

of the first test the injected tracer was still in a mass at the

center of the test area, so for the remaining tests wave series

lengths were increased to two 15-minute lengths followed by two 30

minute lengths. The color of the tracer was alternated for each

test. After each test several hours of large waves were generated

in order to spread the remaining tracer as evenly as possible over

the bed before the next test. The bed was sampled to substantiate

this and to obtain the background concentration of tracer before

the second test using the same color tracer.

Sampling after spreading by the waves was conducted by two

divers, one handing pre-marked plastic containers to the other who

would scoop a small amount of sand from the surface of the bed at

the sample spot. Systematic sampling was aided by a rigid grid

lowered to the bed and used as a guide. All samples were taken by

the same person who attempted to sample consistently to a depth of

1 cm, obtaining about 10 cm3 of sand.

Samples were prepared by air drying. They were then quali-

tatively checked under UV light for the amount of tracer. Samples

containing a large amount of tracer were reduced with a sample

splitter to render counting of marked grains to a manageable number.

Weighed samples were spread to one-grain thickness on a flat- black



TABLE 1. Flume wave characteristics.

Period Height Orb. Vel. Orb. Diam. Ripple Ripple Percent

T, sec H, cm Um cm/sec d0, cm Spacing, cm Height, cm Reflection

1 3.0 34.2 15.9 15.2 6.0 1.0 10.2

2 3.0 37.6 17.5 16.7 7.5 1.0 10.2

3 4.0 37.6 24.2 30.8 13.5 1.0 8.1

4 5.0 35.1 33.7 53.6 10.6 1.0 7.5

Water depth, h = 317 cm

Grain Diameter, D = 0.0168 cm

N)
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surface for counting. This yields concentrations in terms of tracer

grains per gram of sample. Concentrations were converted to tracer

grains/cm3 for comparison to the theoretical curves by multiplying

the grains/gram by O.6p5 , the 0.6 factor accounting for the pore

space and p5 is the mass density of the sediment grains (2.65 g/cm3).

The measured concentrations were used to prepare contours of

constant concentration for each run. Values of concentration were

entered on a plan view of the sampling grid and contoured by eye

across the flume width. The concentration diagrams of the four

experiments are shown in Figures 2, 3, 4 and 5. The distributions

of concentration as a function of position along the flume were

prepared for each time by averaging across the flume. These average

values are to be utilized in the determinations of mass spreading

coefficients.

Tracer studies were also conducted off the Oregon Coast in

water depths of 16 to 18 meters. The study area is the same as that

for the measurements of ripple geometry, reported in Miller and Komar

(in prep., b). The purpose of the present study was to determine

the rates of advectjori and two-dimensional mass spreading of a

fluorescent tracer in a natural, high-energy wave environment.

Sand was first collected from the field study site and tagged

with a fluorescent tracer material in the same way as the flume

experiments. SCUBA-equipped divers were employed to arrange a light

cord grid on the sea floor with the long axis of the grid perpendicular

to the active ripple crests and with successive lateral arms parallel
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Figure 2: Tracer concentrations (grains/gram) for experiment /1.
Wave conditions are given in Table I.
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Figure 3: Tracer concentration (grains/gram) for experiment #2.

Wave conditions are given in Table 1.
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Figure 4: Tracer concentrations (grains/grarn) for experiment 3.

Wave conditions are given in Table 1.



97

Wove Penod 5 sec

900 sec

5.

3600 sec

20o

00

00c0

isoo Sec

o0

00_

54

200

.--------500

000l

Figure 5: Tracer concentrations (grains/gram) for experiment #4.
conditions are given in Table 1.



to the crests. The cord grid was marked using knots, tape and

tags so that divers could orient themselves on the grid under

conditions of poor visibility. The grid was taken to the bottom

and fastened to the sand bed using wire tent stakes as it was

opened. A one kilogram bag of marked sand was released at the

center of the grid and allowed to disperse for an hour during

which time measurements of wave height and near-bottom currents

were made. The measurements of the waves and currents are discussed

in Miller and Komar (in prep., b). The wave and ripple characteris-

tics during the two successful samplings are given in Table 2.

One hour after tracer injection the divers returned to the

injection site and collected bottom samples at the grid positions.

Repeat sampling of the bed was not possible due to the extreme

conditions which caused diver fatigue after a relatively short

period of time. Sampling was also hampered by weather and water

turbidity. Of nine attempts to conduct such field experiments, only

two were successful. Sample preparation and counting proceeded as

outlined for the flume experiments. The tracer distribution diagrams

for the field studies are shown in Figures 6 and 7.

ANALYSIS

The spreading of tracer material under the influence of waves

appears to be a relatively slow process. This is qualitatively

apparent in Figure 2 which shows the concentration distributions

from the first experiment. After 350 waves the tracer remains



TABLE 2. Wave conditions during field experiments.

Date Period Height Orb. Vel. Orb. Diam. Ripple

T, sec H, cm Um cm/sec d0, cm Spacing, cm

Water Depth

h, cm

10-14-76 8.45 33 8.6 23.1 7.3 1676

10-15-76 8.11 40 8.7 23.4 10.6 1829
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Figure 6: Spreading pattern of tracer approximately one

hour after point injection off Newport. Arrow indicates

the direction of primary wave advance. Note the apparent

net advection of tracer at right angles to the wave

motions. Wave conditions are given in Table 2.
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Figure 7: Spreading pattern of tracer approximately one

hour after point injection offshore of Newport, Oregon,

on 10/15/76. Arrow indicates the direction of primary

wave advance. Wave conditions are given in Table 2.
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concentrated near the injection point. Even after three hours of

large, long-period waves had been generated to even the distribution

prior to subsequent experiments, the pattern of the injection is

still apparent. The impression gained is that the release rate of

tracer from the injection point is slow or that the mass spreading

coefficient is small, or both.

Determination of K

Estimates of the mass spreading coefficients were determined

graphically using the concentration diagrams prepared after each bed

sampling. A normal curve generator (a curve resolver) was used to

generate a standard Gaussian curve as a first estimate of the

distribution. The variance of the Gaussian was adjusted until a

best fit to the plotted data points was achieved and the curve was

drawn on graph paper. It was possible to achieve a good fit to the

data of the final three experiments since sufficient spreading had

occurred such that the central peak was broad enough to fit the

machine-adjusted curve. The first experiment, however, had so little

spread that the distribution remained a central spike and variance

could not be determined.

The value of the variance, a2, was determined graphically from

the definition of the second moment

a2 (6)

where m is the height of the f(x) distribution at position x1



and

x =

m.x.

m.
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(7)

The value of K was then determined using equation (2). Note that

the graphical determination of K does not depend on the shape of

the curve itself. This means that the background need not be

removed from the counting when using tracer of a color that had been

used previously since this does not effect Values for the

mass spreading coefficients so obtained from Figures 3, 4 and 5 are

given in Table 3. The significance of these values will be discussed

later.

Determination of tracer release rate, q

The tracer release rate, q, in equation (4) was estimated

using the sediment transport relationships developed by Madsen and

Grant (1976) for transport under waves. This relationship is semi-

empirical and is similar in form to the Einstein-Brown relationship

for unidirectional flow which relates a bed-load function to a flow

intensity parameter. The flow intensity parameter, in the oscillatory

case, is the Shields parameter

T(t)
0 = (8)

(p5 p)gD

where T(t) is the time-varying shear stress of the oscillatory

motion. Its value may be determined by using the friction-factor



Experiment

Number

2

3

4

TABLE 3. Spreading coefficient evaluations.

Run Time 'Jariance Spreading Coeff.

Number Interval, sec a2, cm2 cm2/sec

1 ann 1917 -

Mean Spreading

Coef. K, cm2/sec

I JJJ I I I

2 900 1366 0.083
0.26

3 1800 1375

4 1800 2313 0.26

1 900 2741

2 900 3781 0.57
0.43

3 1800 4552 0.23

4 1800 6364 0.50

1 900 5370

2 900 7005 0.90
0.66

3 1800 8751 0.49

4 1800 10851 0.58

-J
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diagram of Jonsson (1966) and the known near-bottom orbital velocities.

The sediment transport relationship developed for transport in one

direction of the wave stroke is

= l2.5o

in which is the bed-load function related to the amount of

material carried during part of the stroke when threshold is

(9)

exceeded, averaged over one-half of the wave cycle. The dimensionless

transport function is related to the average volume rate of transport

by

q
S

(10)

wsD

where is the volume transport rate (cm3/sec.cm) per unit width,

and w5 is the settling ve'ocity of the equivalent spherical particle

of diameter D. Of course the net sediment transport is zero under

complete oscillatory motion since an equal amount of material is

carried by the reversing motions. The relationship expressed by

equation (9) fits the available data for sediment transport under

oscillatory flows for both plane and rippled beds. The available data

to which equation (9) was compared by Madsen and Grant (1976) were

obtained from experiments using a tray of sand oscillating through

still water in order to simulate the wave motion. Virtually all the

data were, in addition, collected by the researchers in the I-lydrdynamics

Laboratory at the University of California, Berkeley, under the



TABLE 4: Calculations of values for the entrainment rate, q.

Transport sate
Exprnt . Critical. Friction. ilaximurn . Entrain a . . Entrain

Nuniber Shear Factor Shear Function cm3/ grains/ Dist,
Stress Stress cm sec cm sec x,cm

1 .055 .018 .079 6.19E.-3 2.13E.J+ 72 2.03
2 .055 .016 .085 7.70E3 2,6Ef 90 9.60

.055 .013 .128 2.57i-2 2.8E-'+ 299 22.88

.055 .009 .i8 7.79E-2 2.68E-.3 906

Data from iurray(1967) Table +

1 .O3+ .012 .185 7.98E-2 2.87E-2 +38
2 ,03+ .01+ .125 2.Y+E-2 8.78E-(3 131+

3 .031+ .020 .01+5 1, 6E-3 )+.88E_t+ 7
5 .03+ .015 .089 8.b7E-3 3.19E-3 1+9

6 .031+ .015 .089 8.87E-3 3,19i- 1+9

7 .031+ .018 .051+ 1,96E-3 7.01+E-'+ 11
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direction of H.A. Einstein (Einstein, 1972). The ripple marks formed

on the oscillating bed of these experiments are not consistent in

geometry with ripples developed under progressive waves, the type

found in nature and in wave flumes (Miller and Komar, in prep, a).

This suggests that there should be some caution in estimating the

sediment transport rates with equation (9), but at present it is

the only available technique.

Values of for the experimental conditions in the flume,

determined from equations (8), (9) and (10), are listed in Table 4.

Calculations of the entrainment rate for the 4-sec waves indicate

that 300 grains/cmsec are swept past a position on the bed in one

wave half-cycle. The distance over which these grains move may be

calculated by integrating the velocity over that portion of the

half-cycle during which the threshold stress is exceeded. This

entrainment distance is about equal to the width of the injection

zone. If the entrainment distance is equal to or less than the

width of the injection zone, then all of the grains swept past the

position along the interface during that half-cycle will be marked

grains and the release rate of tracer is equal to the grains swept

past. If the entrainment distance is greater than the width of the

injection zone, some of the grains will be unmarked grains entrained

from upstream of the zone and the actual release rate of tracer will

be less than the number of grains swept past that point.
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DISCUSS JO N

Values of the one-dimensional mass spreading coefficient

obtained in this study (Table 4) are several orders of magnitude

smaller than those reported by Murray (1967), the only other

estimates available. Murray obtained a value of 20 cm2!sec from

his experiments, although he did not indicate the method by which

he obtained this estimate. Murray's wav,e data were used to

calculated values of the transport rate in the same way as for

our experiments, assuming a 0.05 cm grain size, and are given in

Table 4. Since the entrainment rates are of the same order as the

entrainment rates in our flume experiments, it would be expected

that the spreading coefficients would also be nearly the same.

Many attempts have been made to reanalyze 1urrays data to determine

the correctness of his 20 cm2/sec value, but we have been unsuccessful.

Murray's equation (7) is incorrect, and his assumption that the

spreading has reached steady-state so as to be time independent is

also incorrect. Thus we must conclude that his much larger value

for the rate of spreading is in error. Unfortunately, insufficient

information is provided such that we have been unable to use the

approaches of this paper to calculate revised spreading coefficients

for the Murray data.

The concentration distribution data collected from the wave

tank after 1800 sec of spreading time (two 15-mm bursts of waves)

are compared to the expected theoretical distribution in Figures

8 and 9. The theoretical curves were generated from equation (4)
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assuming a plane continuous source of tracer released at the rate

calculated for the wave conditions in experiments 2 and 3 and after

1800 sec of spreading time. A range of mass spreading coefficients

were used which include values near those experimentally determined.

In each case there is a high center spike in the data because the

concentrated source of tracer is entrained from the center and not

released onto the center in the normal sence. The concentration

here should not be included in the fit to the theoretical distribution.

The theoretical lines of concentration that most nearly fit the

measured distributions have mass spreading coefficients that are

higher than the measured coefficients, but there is order-of-magnitude

confirmation. Considering the possible errors in estimating the

tracer release rates, the agreements between the theoretical and the

observed distributions are reasonably good. The comparisons of

Figures 8 and 9 add further confirmation that the 20 cm2/sec value

estimated by Murray (1967) is much to high.

It is desirable to be able to predict the mass spreading

coefficient from a knowledge of the wave conditions. Murray (1967)

suggested that the spreading coefficient is related to the entrainment

rate and this can be shown to be the case for our flume data. In

Figure 10 the determined values of are plotted directly against

the calculated values. Although the data are limited to only

three points, it is seen that there is a potential for predicting

values of from known wave conditions through such a relationship.

These estimates are necessarily highly uncertain at present until

more data are collected to further test and define the relationship
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Figure 10: The longitudinal mass spreading coefficient,

K, shown to be empirically related to the rate of

entrainment of sand, q5 , as evaluated from Madsen

and Grant (1976).
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of Figure 10.

The relationship between K and q5 of Figure 10 is a

rather indirect correlation between the spreading coefficient and

the wave orbital motions. In addition, as already discussed, the

evaluation of is presently based on questionable laboratory

data. Komar (1969) used dimensional arguments based upon a

random-walk diffusion model to relate the mass spreading coefficient

of sand under waves directly to the orbital parameters. Taking

d as a measure of the random-walk distance, and u ' d0/T as

a measure of the rate, Komar obtained the form d/T to be related

to the spreading coefficient. This model is tested in Figure 11

with the data collected in the present study. It is seen that

the agreement is very comparable to that of Figure 10 and thus

provides an alternative, and more direct, method for predicting

K from known wave conditions.

Since the method of injection in the field was by application

of a single mound of tracer in the middle of the grid, spreading

occurs in two dimensions and the theoretical distribution predicted

by equation (4) is no longer appropriate. If it is assumed that the

top surface of the tracer is suspended in a horizontal disc-like

patterns by the passing wave, the resulting theoretical spreading

pattern may be developed by analogy to diffusion from a line source.

In this scheme material spreads in two dimensions. Using the

appropriate initial and boundary conditions, the solution of

equation (1) is



1000

800

600

500

400

300

200

F-

80

60

50

40

30

20

Prediction Curve for
Mass Spreading Coefficient
Based on Wave Orbital
Parameters

117

40 I I I I I

.1 .2 .3 .4 .5 .6 .7 .8

Mass Spreading Coefficient, K cm2/sec

Figure 11: The longitudinal mass spreading coefficient, shown

to be related to d/T, based on random-walk considerations.



q r2

C(x,y,t) = - E. (11)

4rrK '\, 4Kt /

where r2 = x2 + y2 and K is the mass spreading coefficient,

assumed to be the same in the x and y directions. E is the

exponential integral which is tabulated in Abramowitz and Stegun

(1965) or may be obtained from series expansion. It is clear that

K K where K and K are respectively the spreading

coefficients in the wave direction and at right angles to the wave

direction.

Tracer is moved by advection as well as by diffusion

processes. This can eventually cause a displacement of the tracer

concentration maximum away from the injection site. Initially,

however, an advection produces asymmetries in the distribution of

tracer away from the purely symmetrical distribution given by

equation (11). Such an asymmetry due to advection is seen in

Figure 7 where there is a net advection in a north direction at

right angles to the direction of wave advance. The presence of an

advection further complicates the analysis for the determination

of mass spreading rates.

If the argument of E. is sufficiently small (at large t),

equation (11) may be approximated as

q 14Kt yq
C(x,y,t) = 1n (12)

4irK r2 i 4TrK

where y = 0.5772.... is Euler's constant. Values selected for the
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argument of t = 3600 sec, r = 200 cm and K < 1.0 reduce the argument

to less than 3.0 so the approximation of equation (12) can be made

here.

The tracer release rate q in equation (12) was calculated

using the methods of Madsen and Grant (1976), just as before. The

wave conditions during the time of tracer spreading in Figure 7

were used in these calculations. Using this value of q , equation

(12) yielded a spreading coefficient K = 0.3 cm2/sec when applied

to the observed spread of Figure 7. This corresponds well to the

K for the same tracer release rate as predicted by Figure 10,

based upon the laboratory data. The resulting theoretical pattern

does not correspond well with the observed distribution, however,

predicting concentrations far below that actually sampled. Additional

experimentation will be required in order to resolve this discrepancy.

SUMMARY OF CONCLUSIONS

The spreading coefficients of sand under the influence of

monochromatic waves have been determined from experiments using a

sand tracer tagged with fluorescent coatings. The experimental

spreading coefficients, combined with estimates of the tracer release

rate can be used to predict the theoretical tracer distribution

using a disperison model based upon one-dimensional spreading from

a plane source.

The values of K obtained may be useful as order-of-magnitude

estimates for spreading of sedimentary material under similar wave
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conditions. The magnitude of the diffusion coefficient has been

shown to be related to the entrainment rate of the tracer material

a result that was to be expected. A random-walk model which

allows a more direct prediction of the spreading coefficient from

the wave orbital motions was also successful. Both relationships

are based on only three laboratory data points, however, so

additional laboratory and field studies are required to provide

testing and to improve the predictive capability. Further field

measurements are especially needed to provide data on two-dimensional

spreading and on spreading with a superimposed advection.
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