CHAPTER 123

WAVE-FORMED RIPPLES IN NEARSHORE SANDS

John R. Dingler1
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ABSTRACT

Ripples are generated and modified by wind-generated waves and
their profiles are controlled by the nature of the near-bottom wave
motion and by the size of the bed material. Wave-formed ripples develop
under a definable set of conditions called the ripple regime. The
ripple regime is bounded by those conditions that initiate grain motion,
low~wave intensity, and by those that cause the disappearance of ripples,
onset of sheet flow. Sheet flow occurs when intense wave motion causes
several grain layers to be in motion. Three distinct ripple types occur
in nearshore areas of fine sand - relict ripples, vortex ripples, and
transition ripples. Vortex and transition ripples lie within the active
ripple regime, whereas relict ripples do not.

Ripples in fine sand were studied in the field at La Jolla, Cali-
fornia, where profiles were obtained using a newly developed high-reso-
lution sonar capable of vertical resolution of the order of one milli-
meter. Simultaneous profile and wave-pressure measurements permit cor-
relation of the ripple profiles with individual waves and with the wave
spectrum. The sonar, with its rapid scan capability (v one meter per
second), gives instantaneous measurement of the actively changing bed
features in nearshore waters. The combination of bottom scans and wave-
pressure measurements extends previous wave-ripple studies to include all
of the nearshore ripple regime.

The relation between the wave and ripple data from this study is
best shown by plotting ripple steepness 1/A against the wave form of the
Shields relative stress criterion 6. Vortex ripples (n /X % 0.15) occur
for O values less than 40 but greater than the minimum value which is de-
termined by the onset of grain motion.

The transition from vortex ripples to sheet flow commences at a ©
value around 40 and ends at O v 240, where @, is the critical value for
the onset of sheet flow., With transition ripples, the decrease in steep-
ness is caused by a decrease in ripple height, since the ripple wave-
length remains essentially constant. Beds that become planar as a result
of intense wave conditions (0 > 240) re-ripple in a few wave cycles once
the intensity decreases. For this reason, bottom scans taken before
equilibrium is reestablished show ripples that have a low steepness.
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During some experiments where no sheet flow occurred between scans,
migration of transition ripples was measured and found to range between
zero and four centimeters per minute, increasing with increasing values
of the theoretical bottom wave-drift current. Whenever migration was
observed, it was in the direction of wave propagation, i.e., onshore.

Ripple symmetry is the ratio of the horizontal crest-to-trough
distance B (in the direction of wave travel) to the ripple wavelength A.
A B/Xx value of 0.50 indicates a symmetric ripple. Measured values of
B/A ranged from 0.36 to 0.61 with 74% of the values in the range 0.45 -
0.55, and 55% in the range 0.47 - 0.53.

INTRODUCTION

When progressive surface gravity waves shoal, interactions occur
between the oscillating fluid and the bottom sediment. When these
interactions become sufficiently intense, ripples develop on bottoms
composed of sand. The oscillatory nature of the flow produces ripples
that are generally symmetric in cross section, a geometry that is dis-
cernible from the distinctly asymmetric ripples formed by unidirec-
tional flows., If the wave conditions remain constant for a long enough
period of time, the ripples reach an equilibrium state with constant
values of height and wavelength. The equilibrium ripple geometry is
a function of the sand size and the character of the wave action above
the bottom.

As shoaling progresses the near-bottom orbital velocities become
more intense. This produces a ripple regime within which ripple sizes
change systematically and within which each ripple is in equilibrium
with the waves over it. For time periods of the order of a wave period,
the movement of a ripple is characterized by an onshore-to-offshore
oscillation of the ripple crest as first the wave crest and then the
wave trough pass over the ripple. Any net movement of the ripple over
longer time periods is related to differences in the crest and trough
orbital velocities that occur in shallow water.

Flow conditions commensurate with the ripple regime occur over
much of the nearshore, and the profile of the ripples varies within
this region (Figure 1l). In deeper water, where the wave action is
generally too weak to move the sand, the bed generally contains relict
ripples which formed under earlier, more intense wave action and
which are gradually reworked by organisms. Ripples form once the wave
action is of sufficient strength to move sand. Although the ripple
height n and wavelength A change as the wave intensity increases, the
ripple steepness n/\A remains relatively constant (vortex ripples) until
_the bottom is subjected to the very strong flows that normally occur
in relatively shallow water. As the flow strength increases beyond
the conditions where vortex ripples occur, the ripples become less
steep (transition ripples) until finally the ripples disappear as several
grain layers are in motion (sheet flow regime). In deeper water the
ripples tend to be relatively short crested, giving the bed a three-di-
mentional appearance (Inman, 1957). By the time transition ripples
develop, ripple crests are quite long and the bed has become markedly
two-dimensional in appearance.
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Previous Work

Hunt (1882) and Darwin (1883), using laboratory wave tanks, were
among the first to show that symmetrical ripples could be produced by
oscillatory water motiong. The work of Bagnold (1946) quantified the
relation between ripple size and flow conditions. Bagnold's work has
been extended by subsequent investigators, and now many aspects of oscil-
lation ripples can be predicted with some degree of accuracy.

Bagnold's classic experiments on oscillation ripples demonstrated
the relation between orbital diameter and ripple wavelength when flow
conditions are near the threshold of grain motion (Figure 2). Once
graing begin moving, ripples form and their wavelength is approximately
equal to the orbital diameter. Increases in orbital diameter cause
an increase in wavelength until a limiting value is reached, and the
limiting value is grain size dependent. Over the range of orbital dia-
meters studied by Bagnold, the wavelength was not a function of the
period of oscillation. Bagnold did not extend the experiments to more
intense flow conditions to determine whether the wavelength remained
constant until sheet flow occurred.

Inman (1957), in a comprehensive field study of wave-formed ripples,
obtained the ripple wavelengths by marking with grease pencil on clear
plastic laid on top of the ripples. The near-bottom orbital displace-
ments were measured in situ, while the wave period was obtained from the
record of a fathometer mounted on a small boat. The results of Inman’'s
work are shown in Figure 3. Except for a few points, ripple wavelength
generally decreases with increasing orbital diameter. The Inman field
data was produced under larger orbital diameters than the Bagnold labo-
ratory data. Combining the two data sets reinforces Bagnold's obser-
vation that the ripple wavelength can only increase to a certain point
with increasing orbital diameter. Then, rather than remain constant,
as might be inferred from Bagnold's data, the wavelength actually de-
creases again. These aspects of ripple wavelength are integrated into
a conceptual model of sedimentary structures by Clifton (1976).

Inman's rough estimates of ripple height gave a steepness value on
the order of 0.15 except in the more intense flow regimes where the
steepness began to decrease. Carstens, and his coworkers (1969),
looking at oscillation ripples on sand beds using a pulsating water
tunnel, also observed that the ripple steepness decreased from 0.15
under the most intense flows.

Most nearshore sands are composed of material with density similar
to that of quartz (density of 2.65 gm/cm3). It is important, however,
that the variation of ripple form with grain density be studied for
application to heavy mineral environments and to movable bed modeling.
Mogridge and Kamphuis (1972) showed that variations in ripple height
and wavelength can be significant, but that the ripple steepness is only
weakly affected by grain density since the height and wavelength varia-
tions tend to cancel out. They further state that the importance of
grain density diminishes as the wave period increases since fluid acce-
lerations become less important at the longer periods.
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Present Study

Previous studies show that the equilibrium ripple wavelength is a
function of the grain size of the sediment and of the near-bottom orbi-
tal diameter of the oscillating fluid. Some of the earlier studies also
suggest that the ripple steepness decreases systematically prior to sheet
flow (it is zero at the onset of sheet flow). This study, undertaken as
part of a doctoral program at the Scripps Institution of Oceanography
(Dingler, 1974), establishes criteria for the limits of the ripple
regime and describes the ripple geometry in the transition zone between
constant steepness ripples and sheet flow. The lower limit of the
ripple regime (onset of grain motion) was studied in a large wind-wave
channel using oceanic wave periods and heights (Dinglexr, 1974), The
upper limit (onset of sheet flow) and the ripple profile in the transi-
tion zone were determined by field measurement using a newly developed
profiler. Most of the experiments were performed in the vicinity of the
Scripps pier where the sediment is a well-sorted fine quartz sand.

THEORETICAL CONSIDERATIONS
Wave Relations
The wave and ripple parameters used in this study are sketched in
Figure 4. The near-bottom orbital velocity u at any point is related
to the maximum velocity u, and the phase of the wave by
u = uy cos (ot)
where t is time, ¢ = 27/T is the angular frequency of oscillation and T

is the wave period (linear wave theory; Airy, {1845]). The maximum velo
city, which occurs during crest and trough passage, is given by

w =To OB
m T 2 sinh (kh) . (1)

where dg is the orbital diameter, h is the water depth, H is the wave
height, k = 21/L is the wave number and L is the wave length at the
point of interest. The value of kh is obtained for a given depth and
period by iterative solution of the wave dispersion relation

2
21 h _
h } g kh tanh(kh)

where g is the acceleration of gravity. In shallow water (h/L < 1/20)
deviations from linear theory become significant with the exception
that the near-bottom velocities are still reasonably predictable from
linear theory (LeMehuate, et al., 1969; May, 1975).

When the wave train consists of waves of varying amplitudes and
frequencies, Fourier analysis techniques are used to analyze the time
series of the wave record. The technique used in this study follows
the procedure of Cooley and Tukey (1965) with the final output being a
plot of the mean-square elevation of the water surface <n2> per fre~
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quency band Af. Since the mean energy per unit area of water surface E
is related to <n2> by

E = pg<n?> = 1/80gH% ¢
where Hypg is the root-mean—-square wave height, <n2> is proportional to
the available wave energy given that the fluid weight per unit volume

og remains essentially constant for sea water. Then, uy is related to
2
<n“> by

o g2m?)
Ym sinh (kh)

Another commonly used parameter, the significant wave height Hy /30 is
assumed to be given by .

H1/3 = V2 Hype-

Dimensional Analysis

The ripple steepness n/A is a function of seven independent vari-
ables. These seven variables are (1) fluid related: the fluid vis-
cosity 4 and density p; (2) sediment related: the grain density psg
and grain size D; and (3) flow related: the near-bottom orbital dia-
meter d,, the period of oscillation T, and the acceleration due to gra-
vity g (note that grain-shape factors are not included in this analysis,
although a completely general analysis would include shape and packing).
Since upy, dp and T are related in linear theory (Eguation 1), only
two of these three variables are required to specify the wave conditions.
As the immersed weight of the sediment depends on a density difference,
the factor converting volume to immersed weight vyg,

Ys = (pg = plg

replaces gravity as an independent variable. The complete dimensional
functional relation is given by

n/>\ = f(p, U, Pgs Ds dol T, Ys)

and this is non-dimensionalized to give the functional relation

2
WA= glexsPd YT dn, pg).
N oD D 0 (2)
Equation (2) will be represented in shorthand notation by

n/x =@ (X1, X3, X3, X4).

A fifth dimensionless variable, the wave form of the Shields relative
stress criterion O, is obtained by combining X5 and X3.
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0 = m2X3/X, = puh/ygD.

The dimensionless variable X; is equal to Rez/G, where Re = pupD/U
is a Reynolds number. Although Re and O include flow parameters, X; is
formed by the fluid and granular properties only. It therefore reflects
the influence of viscosity independent of the stage of the fluid-granu-
lar motion, and remains constant throughout the stages of the flow. The
dimensionless variable X, indicates the influence of wave period. The
dimensionless variable X3 indicates the importance of the drag force
Fp to the inertial force Fy in an oscillatory system. Thus,

2.2
Fp "~ D“u

and

Fr ~ p3(ausat),

For oscillatory flow
du/dt = uy osin(kx - ot).

Then

52. ~ D2 fupcos (kx - gt)]2 .
Fy D3upo sin(kx - qt)

Comparing maximum values, even though they are 90° out of phase, yields

o}

Fp n Um d X3
Ff D 2 2

The dimensionless variable X4 is the "specific mass" and indicates the
influence of the mass of grains pg relative to that of fluid p. Since
pg is associated with inertial forces of the grains, its nondimen-
sional form X, may be significant whenever grains are subjected to non-
gravitational accelerations.

EXPERIMENTAL PROCEDURE AND DATA ANALYSIS

The results of this study are based primarily on field data as bed
forms in the large wind-wave channel at Scripps were influenced by the
channel boundaries during intense flow conditions. Most of the study
was conducted in the high-energy nearshore environment at La Jolla, Cali-~
fornia, where flow conditions were suff1c1ent to produce both ripples
and a flat bed (Figure 5).

Ripple Profiling

Oscillation ripples on beds of fine sand tend to have elevations of
the order of a centimeter and lengths of the order of a decimeter.
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Ripple wavelengths can be measured rather accurately in situ with a
meter stick, but ripple heights are almost impossible to measure
manually because the weight of the meter stick flattens the crests and
because constant water motion from the waves disrupts the measurement.
To overcome this difficulty, a sediment .surface profiler using high
frequency sound waves (4.5 MHz) was developed (Dingler, et al., unpub-
lished manuscript). The vertical resolution of the sonar was ascer-
tained to be at least 1 mm. The sonar head was mounted in an open
aluminum framework that sat about 25 cm above the bottom (Figure 6).
The frame was easily transported and relatively scour free. Visual
observations during field experiments under various flow conditions
indicated that the flow disturbance caused by the sonar frame did not
reach the sand bed.

Procedure

Most of the experiments were undertaken in the vicinity of the
Scripps pier. Two Scuba divers entered the water at the end of the
pier and the sonar frame with attached pressure sensor was lowered to
the divers. The divers carried the sonar away from the pier in order
to eliminate effects of the pier on the flow field and oriented the
frame on the bottom normal to the ripple crests (Figure 6). A surface
sample of sand was collected from each site.

Each experiment lasted at least 8.5 minutes. The procedure was
repeated as many as three times at stations spaced about 70 m apart (on-
offshore). Often wave intensities were such that sheet~flow conditions
extended far enough offshore to permit only one experiment.

Sonar scans occurred about once a minute and each scan required
from three to six seconds to complete. Generally, the scans were made
to coincide with lulls in wave activity in order to minimize profile
errors caused by crest movement during the passage of moderate to large
waves. Also, under intense flow conditions, there was sufficient sand
in suspension just above the bottom that the sonar responded to the
suspended load rather than to the bed forms.

Data Reduction and Analysis

All the data was cabled to a shelf station where it was transmitted
to the laboratory via the Shore Process Laboratory SAS system (Lowe, et
al., 1972). The data was first digitized at a sample rate of 125 times
per second with a 10 bit resolution. Then it was recorded on both strip
chart and on magnetic tape. Each ripple profile was plotted from tape
on graph paper and the data on the plots reduced by hand. Averages and
standard deviations were obtained for ripple height, wavelength and
asymmetry, and the averages were used in subsequent calculations.
Finally, by following individual ripple crests from profile to profile
an estimate of the migration rate for the ripples was obtained.

In some experiments the bed was smoothed by intense fiows and sub-
sequently re-rippled. In these cases the use of spectral wave para-
meters would be inappropriate. Instead, the analog pressure record was
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directly analyzed and the wave parameters calculated from a few large
waves that occurred before the scan of interest.

RESULTS AND DISCUSSION

Oscillation ripples occur over a range of definable flow conditions.
The lower limit is the onset of grain motion and the upper limit is the
occurrence of sheet flow. Within these limits the ripples have a cross-
secticnal geometry that is predictable when the flow intensity and grain
size are known. Based on steepness, two types of ripples are found:
vortex ripples (ripple steepness Vv 0.15) and transition ripples (ripple
steepness < 0.15).

Ripple Geometry

Two data reduction procedures were used on the wave data in this
study. In the first procedure the flow parameters were calculated from
the wave spectrum and represent the root-mean-square values as recorded
over an interval of 8.5 minutes. In the second procedure the near-bot-
tom flow parameters were calculated from a short section of the wave
record preceding the sonar scan and represent the "instantaneous" con-
ditions prior to the measurement. In subsequent discussions the latter
procedure will be referred to as the "single wave" procedure. It was
employed only when flat bed conditions had been observed at some time
during the experiment.

The nature of field experimentation generally precludes systematic
variation of one dimensionless variable while holding the others con-
stant as can be done in the laboratory. In the dimensionless functional
relation

n/A = ¢(Xlr Xy, X3, X4)

the dimensionless variables X and X4 are independent of the flow condi-
tions. By selecting field locations where the sediment is material of
quartz density and where the grain-size variations are small, the effect
of the variables Xy and X3 can be analyzed independent of X; and X4.
When the data for fine sand is plotted as

WA = 0y 3 %B)

on log-log paper, values of a = -1, b = 2 produce a coherent trend to the
data. This is not surprising as this combination of the two dimension-
less groups is proportional to the relative stress © (Equation 3) which
is an important variable in many fluid-granular interactions.

Ripple steepness is plotted as a function of relative stress in
Figure 7. Although the data shows a consistent trend when plotted in
this manner, the steepness values begin to decrease at a lower value
of the relative stress than in the studies of Inman and Carstens, et al.
This occurs because there is a fundamental difference in analysis pro-
cedures. Bed forms for fine sand respond rapidly (i.e., in one or two
wave periods) to changes in wave characteristics. The "single wave" pro-
cedure, which emphasizes instantaneous conditions, is thus similar to
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the constant wave conditions of the laboratory. The spectral analysis
procedure, on the other hand, considers waves of varying height and
period occurring over a time period of 8.5 minutes. To emphasize the
importance of larger waves on the ripple geometry, Inman used an orbital
diameter parameter based on the significant wave rather than the root-
mean-square wave. When Figure 7 is modified to emphasize the importance
of the larger waves on the ripples (Figure 8), correlation is signifi-
cantly improved for those conditions where the data sets overlap.

Figure 9 is a five minute record of the second experiment of 26
October 1972 at a water depth of 3.4 meters. The top trace is the wave
record as measured at the pressure sensor. The second trace shows the
output of the sonar head as it sat at the onshore end of the track.

The third trace gives time relative to the start of the experiment. The
times of the scans are indicated by arrows and the scans are shown in
the bottom four traces. At the time of scan 1 the bed was rippled and
the steepness value fell on the equilibrium curve of Figure 8. Subse-
quently, a set of large waves produced sheet flow and a flat bed (scan
2). Following the passage of several smaller waves the bed again was
rippled, although the steepness had not yet reached an equilbrium value
(scan 3). Before equilibrium was reached a set of two large waves almost
re-leveled the bed (scan 4). This series of bed profiles shows that in
fine sand the bed responds rapidly to intense flow and a bed can be
flattened and re-rippled in a time equivalent to a few wave periods.

The transformation of a fine sand bottom from transition ripples
to a flat bed occurs over one or two wave periods. Assume that the
bottom is subjected to waves of variable height and of sufficient in-
tensity that transition ripples occur following the passage of inter-
mediate height waves, while the largest waves produce sheet flow and a
flat bottom. Once the flat bottom occurs, it persists during periods
of the smallest waves because they are not of sufficient intensity to
move the sand. As the wave conditions intensify, sediment begins to
move and vortex ripples start to form. If these wave conditions were
to persist for a sufficient time (minutes), the ripples would eventually
reach an equilibrium configuration with a steepness of about 0.15. This
wave pattern does not persist for more than a few wave cycles in such
a variable system and only transition ripples form.

Transition ripples occur for relative stresses greater than 40, but
less than the critical value for sheet flow. The decrease in steepness
of the transition ripples is attributable to decrease in ripple height
since the experiments show that the ripple wavelength itself remains
constant for these flow conditions (Figure 10). At a critical relative
stress value of 240 sheet flow prevails and a flat bed again forms.

The growth of the ripples from a flat bed to transition ripples is sche-
matized by dashed lines in Figure 8.

The effect on ripple steepness of the dimensionless variable
X1 = pYSDs/u2 was not determined conclusively because of a lack of good
study sites with coarse sand. The only usable information on the impor-~
tance of larger grain sizes came from some preliminary laboratory experi-
ments and from a few field experiments. All of the laboratory and all
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but two of the field data points were for vortex ripples (Figures 7 and
8). The two transition ripple values fall with the fine sand values,
which suggests that ripple steepness does not strongly depend on the
dimensionless variable X;. This is consistent with the findings of
Mogridge and Kamphuis (1973).

Because the grain density remained constant for the field experi-
ments, X4 was not evaluated. Mogridge and Kamphuis state that this
variable is not important with respect to the ripple steepness although
X4 does have a significant effect on the ripple height and wavelength.

The criterion for the onset of grain motion under progressive waves
has been shown to be
1

2 2+ 3 —
YsTe 24 do [31PYgD” |7
b~ 9 pZ

when the grain diameter is less than the (theoretical) thickness of the
wave-formed boundary layer (Dingler, 1974). Rearrangement of this rela-
tionship in terms of the threshold relative stress 0. gives
1
8¢ = 0.0027 (y&/pu)3 T. (4)

For the case of material of quartz density (pg = 2.65 gm/em3) in a typi-
cal nearshore enviromment (p = 1.0 gm/cm3, p = 1.1 centipoise), equation
(4) reduces to

O¢ = (1.7 sec ~1) T.
In Figure 8 this relation has been superimposed upon the curve for the
equilibrium ripple steepness to indicate the lower limit of the ripple

regime for various wave periods.

Ripple Migration

Ripple migration under oscillatory flow conditions might be expec-
ted to occur when a net fluid flow is superimposed on the oscillations.
The bottom wave-drift current has been shown to produce an onshore rip-
ple migration in the laboratory (Inman and Bowen, 1963). Ripple migra-
tion is a critical aspect of sediment transport over the shelf since the
rate of grain migration is inherently related to the burial and exposure
of the grains by the moving ripple form (Inman and Bagnold, 1963).

Study of ripple migration for transition ripples is complicated by the
occasional destruction or near destruction of the ripples and by the
associated high sediment concentrations in sheet flow. The migration
rate of the sand thus involves both movement of the ripple form and
movement by sheet flow.

The intermittent scanning of the bottom prevented ripple migration
measurements for every experiment. Yet in several experiments, the
position of individual ripple crests could be traced from scan to scan
and the migration rates of these ripples showed a positive correlation
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with the theoretical bottom wave-drift current ug (Table 1).
ug = 5/4 w2 T/L. (5)
A better understanding of the nature of the bottom wave-drift current
over rippled beds is necessary before a more detailed study of ripple
migration rates can be attempted.
Table 1
Ripple migration rates obtained from repeated sonar scans.

The bottom wave-drift current ug is calculated from
Equation 5 using rms values from the wave spectral analysis.

Experiment ug, cm/sec Migration rate
cm/min
1 4.7 4.2
6 3.2 1.2
11 2.8 0.5
9 1.2 0.0

Ripple Shape and Variability

Analysis of the ripple profiles included the measurement of the
. horizontal distance from crest to onshore trough B, which when divided
by the wavelength A, is indicative of the symmetry of the ripple form.
The ripple symmetry factor B/) is 0.50 for a symmetrical ripple, less
than 0.50 when the ripple has a steep onshore facing crest, and greater
than 0.50 for a steep offshore facing crest. The measured values of
8/X ranged from 0.36 to 0.6l with 74% of the values in the range 0.45 -
0.55, and 55% in the range 0.47 - 0.53. There was no correlation bet-
ween the symmetry value and the relative stress for the spectrally re-
lated ripples, but this can be attributed to the fact that the ripple
scans followed specific waves while the relative stress was based on
8.5 minutes of wave record. Even though the ripple height and length
do not change with every wave for non-sheet flow conditions, a large
wave crest or trough could slightly modify the steepness factor by a
slight onshore or offshore movement of the ripple crest. Some uncer-
tainty in the measurement of B due to the flat nature of ripple troughs
also contributed to the range of symmetrxy values. The B/A values for
the "single wave" ripples showed some correlation with the relative
stress such that a B/) value of 0.42 corresponded to the lowest relative
stress value and B/A increased to 0.48 with increasing relative stress.

Standard deviations were calculated for the ripple parameters n,
B, and A. For comparative purposes these values were expressed as the
coefficient of variation that is defined as the ratio of the standard
deviation to the mean value. For all the data, the values of the co-
efficient of variation for n and B were generally between 0.10 and 0.25
while for A they were often less than 0.10. Some of the variation in
the ripple elevation is probably due to the fact that the elevations
were generally so small that their measurement has a lower relative
accuracy than that of the other parameters. The B measurements were
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more variable than the A measurements because of the greater difficulty
in determining the exact location of the lowest part of the trough.

CONCLUSIONS

From this study of wave-formed ripples in a high-energy nearshore
sand environment these conclusions are drawn:

1. Once ripples form, their steepness is controlled by the relative
stress. The steepness remains constant until the relative stress reaches
a value of 40, then decreases to zero (flat bed) for sheet flow.

2. Sheet flow, which produces flat beds, commences at a value of the
relative stress of 240.

3. Relative stresses greater than 240 cause ripples in fine sand to
disappear and the bed to become flat after the passage of one or two
large waves. A rippled bed reappears after the passage of a few smaller
waves.

4. Ripple migration rates in fine sand range from zero to 4.2 cm per
minute. The migration is always onshore and can be correlated with the
theoretical bottom wave~drift current.

5. Grain size appears to have negligible effect on steepness of vortex
or transition ripples. It should be noted however, that the maximum
ripple wavelength and height are grain size dependent.

6. Ripple symmetry ranged from 0.36 to 0.61 with 55% of the values
falling in the range 0.47 - 0.53 and 74% in the range 0.45 - 0.55.

7. A sonic bed profiler operating at 4.5 MHz is capable of resolving
the ripple elevation to at least 1 mm and works well in both the labora-
tory and the field.
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