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Abstract. Observations of the temporal evolution of the geometric properties
and migration of wave- formed ripples are analyzed in terms of measured
suspended sand profiles and water velocity measurements. Six weeks of bedform
observations were taken at the sandy (medium to coarse sized sand) LEO-15 site
located on Beach Haven ridge during the late summer of 1995 with an autono-
mous rotary sidescan sonar. During this period, six tropical storms, several of
hurricane strength, passed to the east of the study site. Ripples with wavelengths
of up to 100 cm and with 15 cm amplitudes were observed. The predominant
ripples were found to be wave orbital scale ripples with ripple wavelengths equal
to 3/4 of the wave orbital diameter. Although orbital diameters become larger
than 130 cm during the maximum wave event, it is unclear if a transition to non-
orbital scaling is occurring. Ripple migration is found to be directed primarily
onshore at rates of up to 80 cm/day. Suspended transport due to wave motions,
calculated by multiplying acoustic backscatter measurements of suspended sand
concentrations by flow velocity measurements, are unable to account for a suffi-
cient amount of sand transport to force ripple migration and are in the opposite
direction to ripple migration. Thus it is hypothesized that the onshore ripple
migration is due to unobserved bedload transport or near-bottom suspended
transport. Bedload model calculations forced with measured wave velocities are
able to predict the magnitude and direction of transport consistent with observed
ripple migration rates. Sequences of ripple pattern temporal evolution are exam-
ined showing mechanisms for ripple directional change in response to changing

wave direction, as well as ripple wavelength adjustment and erosion due to
changing wave orbital diameter and relative wave-to-current velocities.

1. Introduction

Bottom bedforms are an important part of the interactions
between bottom boundary layer hydrodynamics and sediment
transport. In particular, wave-formed ripples are the predominant
bedform found in many coastal locations where the water is shal-
low enough to allow wave stresses to dominate over those caused
by mean currents.

Previous laboratory studies such as those by Bagnold [1946],
Carstens et al. [1969], Mogridge and Kamphuis [1972], and
Miller and Komar [1980a] and field studies such as those by
Inman [1957), Dingler [1974], and Miller and Komar [1980b]
have led to a wealth of data on ripple geometry that has been
recently reexamined by Wiberg and Harris [1994]. Clifton and.
Dingler [1984] identified three different classes of ripples. Orbital
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scale ripples have wavelengths (A) that scale directly with the
wave orbital diameter (d). Anorbital ripples have wavelengths that
depend on grain size (D) alone. Suborbital ripples are a transi-
tional stage between these two states and depend on both d and D.

Most of the previous observations have been conducted by
divers, which limits the temporal sampling. Alternatively, photo-
graphic systems have been used and have been able to produce
time series of ripple evolution and occasionally ripple migration
rates [Boyd et al., 1988]. The photographic time series measure-
ments by Wheatcroft [1994], Boyd et al. [1988], and Amos et al.
[1988] of the seafloor have been used to investigate the relative
roles of waves and mean currents in forming different types of
bedforms in varying oceanographic conditions. However, photo-
graphic systems are often unable to produce adequate images dur-
ing periods of high suspended sediment concentration
[Wheatcroft, 1994]. Recently, rotary sidescan sonar systems such
as that described by Hay and Wilson [1994] have been used to
measure bedform evolution in locations where a cable to shore is
possible. We have adapted this type of sidescan sonar system for
autonomous use on the continental shelf.
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Figure 1. LEO-15 bathymetry. The tripod location on the
southern end of Beach Haven ridge is marked by an X. Depth
contours are labeled in meters, and the grid spacing is 2.87 km.

This rotary sidescan sonar system allows high resolution, rapid
sampling of bedform morphology, and migration over extended
periods. The tripod on which this sidescan sonar system was
mounted also contained current meters and acoustical and optical
sensors to measure sediment concentrations. This system was
deployed from August 24 to September 9, 1995, at the Long Term
Ecosystem Observatory (LEO-15) site off the coast of southern
New Jersey (Figure 1). During this time period, six tropical
storms, some of which attained hurricane strength, passed to the
east of the study site. The geophysical environment at LEO-15
consists of a system of sand ridges extending north and east from
the coast. The LEO-15 site is located in 11-m deep water on the
southern end of Beach Haven ridge (shown as the closed contour
in Figure 1). These ridges consist largely of medium sand on top
of a bed of holocene lagoonal mud between the ridges [Duane et
al., 1972]. ‘

The purpose of this paper is to analyze these observations of

bedforms in the context of previous observations of wave-formed

bedforms and to relate the bedforms to the sediment transport pro-
cess. The paper is organized in five sections. The first section
describes the equipment deployed during this period at LEO-15
along with relevant calibration and processing information. The
second section covers the evolution of ripple geometry in which
observations of ripple wavelength and height are compared to pre-
vious empirical models. While most previous work has focused on
ripple geometry, the sidescan sonar system is also able to resolve
ripple migration rates. The third section examines ripple migration
and associated sediment transport rates. The fourth section dis-
plays several individual images to illustrate mechanisms for ripple
directional change, wavelength evolution and erosion. The final
" section places the observations in a climatological context by
examining wave climatology data from the National Data Buoy

Center
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[ftp://seaboard.ndbc.noaa.gov/data/climatic/44009.txt.gz,
1997], buoy 44009.

2. Instrumentation and Current Meter Data
Processing

Since sediment transport involves the interactions of bottom
boundary layer hydrodynamics, suspended sediment dynamics,
and bedform morphology, it is necessary to observe all of these
components. At LEO-15 a multi-instrument tripod was deployed
that contained a vertical array of benthic acoustic stress sensor
(BASS) [Williams et al., 1987] current meters and electromagnetic
current meters (EMCM) to measure water velocities, an acoustic
backscattering system (ABS) to measure vertical profiles of sus-
pended sediment concentration and local seafloor elevation, and a
rotary sidescan (sector-scanning) sonar (SSS) to image bedform
geometry and migration. It is worth noting that SCUBA divers
reported 1- to 2-foot visibility through much of the deployment;
thus it is unlikely that photographic systems would have produced
adequate bedform images. Biofouling of these systems became a
serious problem by the end of the deployment. Thus after yearday
260, analysis is stopped. The acoustic SSS bedform measurements
were generally more robust to biofouling than the EMCM and
BASS current meter measurements.

2.1. Sector-Scanning Sonar

The sector-scanning sonar images a sea-floor area of approxi-
mately 35 m? by projecting a beam of sound with 0.8° beam width
in azimuth by 30° high in elevation on a center axis aimed 60°
above vertical, as shown in Figure 2. Since the inner edge of the
main beam is at an angle of 45° to the vertical, there is a region of
100 cm radius in the center that is not imaged.

The beam is rotated around through 351° in 390 0.9° steps. The
range resolution of the instrument is 1 cm by sampling the enve-
lope of the returned signal at 75 kHz. Combined with the 0.8° azi-
muth beam width, this gives resolution cells ranging from 1.4 x
2.0 cm at 100 cm from the center of the image to 1.1 X 5.1 cm at
the maximum range of 350 cm. Photographic systems are gener-
ally able to achieve a higher resolution at the expense of sampling
a smaller area. The system operates at a frequency of 2.25 MHz.
Roughness features that are much larger than the acoustic wave-
length of 0.66 mm scatter in the geometric regime. Since the bed-
form features of interest at LEO-15 have typical wavelengths of
10 to 100 cm, the images can be interpreted simply by considering

Figure 2. Rotary sidescan (sector-scanning) sonar and acoustic
backscattering system.
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Figure 3. Sector scanning sonar image (top) and 12-day time
series of ABS vertical profiler data (bottom). The sector scanner
image shows some of the largest ripples observed with
wavelengths of 1 m, and the ABS shows changes in seafloor
elevation as the ripples migrate past the acoustic beam. Light areas
in both images represent high acoustic returns. In these images the
SSS was located directly over a ripple crest, while the ABS is
located over a trough.

areas of high acoustic backscattered intensity (light areas in the
image) as surfaces facing toward the sonar transducer head and
areas of low acoustic intensity as surfaces facing away from the
sonar head. This is clearly visible in the image (Figure 3) of 100-
cm wavelength ripples taken on yearday 253, 1995. The acoustic
shadows from the tripod legs are also noticeable in this image.

This system was originally designed by Simrad/Mesotech for
use in imaging the insides of pipes and was adapted for coastal
seafloor imaging applications with a cable to shore by Hay and
Wilson [1994]. It was modified for autonomous use on the conti-
nental shelf by adding a PC 104 controller and a 2 Gb hard disk
data storage system which allows sampling a new image every 30
min for a 6-week deployment such as this one conducted at LEO-
15 [Irish et al, 1997].

2.2. Acoustic Backscattering System

The tripod contained both acoustic backscattering (ABS) and
optical backscattering systems (OBS) to measure suspended sedi-
ment concentrations. The OBS system, with its maximum scatter-
ing response to sediments of radius a~ 1 yum and a’l geometric
scattering falloff in intensity per unit sediment volume for larger
sediment sizes, is unsuitable for detecting sand in the presence of
small quantities of finer sediments (Figure 4). Bottom samples
reveal finer sediment in the trough adjacent to Beach Haven ridge
which can be advected over the ridge by mean currents. While this
suspended mud has great impact on visibility and optical backscat-
tered (OBS) intensity it does not influence sand ripple dynamics.
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Therefore OBS measurements are not used in this paper. The
median grain diameters (Dsg) measured at LEO-15 are typically
1.1 to 1.6 ¢ (D5o~465 to 330 um) with standard deviations of +0.5
to £1.0 ¢ (2 ¢ = 250 pum to 0.1 ¢ = 933 pm). Larger broken shell
fragments or entire shells that generally do not compose a signifi-
cant percentage of the total mass, but can occasionally skew the
size statistics, were not included in the grain size analysis
[Craghan, 1995].

The 2.5 MHz ABS system is located 110 cm above the seafloor
within the imaged area of the sector-scanning sonar. It has a verti-
cal resolution of 1 cm and a beam width of 30°, as defined by the
half power points (-3 dB). The instrument sampled for 4 minutes
every half hour at a rate of 2 Hz. The acoustic intensity (/) mea-
sured by this system is calibrated to give a measure of suspended
sand concentration (C). This can then be multiplied by the velocity
measurements to estimate suspended sediment transport rates. The
return from the seafloor also gives an estimate of the local eleva-
tion. A series of ripples of 10 to 15 cm height migrating past the
ABS beam are shown in Figure 2.

The ABS is calibrated in a tank with known concentrations of
sediment from LEO-15 with a procedure similar to that described
by Lynch et al. [1994]. Generally, a single-frequency acoustic sys-
tem cannot measure concentration independently of sediment size
since the Raleigh scattering dependence on grain size (I/Ce<d? for

ka<<1) is stronger than the linear dependence on concentration.

However, the median grain size (~400 pm) from bottom samples
at LEO-15 is near the scattering maximum at ka=1 where & is the
acoustic wavenumber (Figure 4). In this region the scattering is
roughly independent of grain size, which allows the use of a single
frequency concentration estimate. An estimate of the error in con-
centration due to uncertainty in grain size can be obtained by not-
ing that for sediment sizes within one standard deviation of the
median (light-shaded region in Figure 4) there is a maximum fal-
loff in intensity of 50%. Thus if the median grain size of sus-
pended sediment is within one standard deviation of the median
grain size of the bottom sediment, the acoustic concentration esti-
mates of suspended sand should be accurate to within approxi-
mately a factor of 2.
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Figure 4. Acoustical and optical scattering intensities per unit
sediment volume as a function of sediment diameter (D) on the
bottom axis and ka on the top axis. Intensities are normalized to
have a maximum of unity. The acoustic results are generated using
the expressions given by Sheng and Hay [1988]. The range of
sediment diameters for which acoustic scattering intensity is
within 50% of its maximum value is lightly shaded. This is
approximately equal to the median grain size + 1 s.d. The darker-
shaded region indicates the range of median grain diameters
typically found at LEO-15.
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2.3. Current Meters and Current Meter Data Processing

Two types of current meters were used to measure water velocities
on the tripod deployed at LEO-15. A Marsh-McBirney EMCM
sensor was located 500 cm above the seafloor, and a vertical array
of BASS sensors were located at 44, 80, 166, and 250 cm above
the seafloor. Both systems had a burst sampling rate of 4 Hz. The
BASS sampled every hour with a burst length of 15 min while the
EMCM sampled every 30 min for 8 min coherently with the ABS
system. Since the BASS used a longer burst, the lowest BASS sen-
sor is used to calculate burst-averaged quantities. Burst averaged
root mean squared (rms) wave velocities (u,,m;) are calculated
from the vector wave velocities by

S 2

i (0] )
The overbar is used to denote burst averaged quantities throughout
the paper, and the wave velocity is calculated from the two hori-
zontal velocity axes (17 ):

uw, rms

Uy = U—Uc ' )

where the vector mean current velocity (l;c) with an alongshore
component (v,) and an across-shore component (u,) is defined as

a
Uec =

(©)]

The vector wave velocity is rotated into a coordinate system
that is aligned with the dominant wave direction, and the dominant
component of instantaneous wave velocity is defined as u,,, The
dominant wave direction is calculated by rotating the two-axis
coordinate system until the variance is maximized along one axis.
The dominant wave direction does not vary more than 30° from
directly onshore. Wave period (T=2m/w) is calculated from the
energy-weighted mean frequency (®) from the spectrum (”i, ;) of
wave velocities by [Madsen et al., 1988]

2
Emiuw, i
- 2
2 uw, i
Since wave orbital diameter (d,,) is an important factor for rip-

ple geometry, it is calculated directly from the wave velocity
record by first integrating u,, to get an Eulerian particle trajectory:

;N4

o) “

t
x,(t) = Io u,(r)ar (5)

This displacement time series (x,,(f) is then high-pass filtered
using a filter with a 22-s cutoff to keep only wave velocities and
remove infragravity motions. The significant orbital diameter
(do,1/3)> Which is equivalent to the orbital diameter based on sig-
nificant wave height, is then calculated by

2
do,1/3 = 4*\/;4; (6)

The rms orbital diameter (d;, s, i-€., d, based on the rms wave
height) can also be calculated by d,, ;,3=1.42d,, s [Longuet- Hig-
gins, 1952].

The results of these calculations for uy, s T, do 173, and iicon
data from the lowest BASS sensor are shown in Figure 5. While
the rms wave velocity reached peaks of 20 cm/s during the periods
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Figure 5. Current meter time series: (a) wave velocities, (b) wave
period, (c) wave orbital diameters, and (d) mean currents
calculated from the BASS sensor 44 cm above the seafloor. (e)
Wave and current (constant drag coefficient) skin friction Shields
parameter based on H,,,; (left y-axis) and based on Hy (right y-
axis). The critical Shields parameter for initiation of motion of
Gz{it = 0.04 is also shown as a dash-dotted (H,,,) and dotted (H,
3) line for each case.

near yearday 241 and near yearday 253, the wave period became
much greater (up to 16 s) during the latter period, and thus the
orbital diameter is also much larger (up to 2 m) during the latter
period. Mean currents in the alongshore direction, with peaks of
up to 20 cm/s, are stronger than the weaker tidal currents in the
across-shore direction with peaks of 5 to 8 cm/s. The peak along-
shore currents are sometimes correlated with peaks in wave veloc-
ities, for instance, near yearday 243 and 240. However, at other
times, for instance near yeardays 256 and 259, there is a substan-
tial phase lag since the waves are generated by storms located far
offshore.

One of the important parameters in sediment transport that can
be estimated from the current meter records is the bottom stress.
The total bottom stress can be divided into a form drag component
and a skin friction component, where the skin friction is primarily
responsible for sediment motion. When the bottom stress due to
waves is much greater than that due to current, the wave skin fric-
tion stress can estimated by:

W = 3050 Q
Here p is the water density, and the wave friction factor (f; 5) is that
developed by Swart [1974] with the grain roughness defined by 2.5
times the median grain diameter (Dsg). The wave velocity used in (7)
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is defined by (u,, ,, = ﬁuw’ ms )- Using this definition of wave
velocity is equivalent to calculating wave velocity based on the
rms wave height (H,,,,). An alternate representation of the wave
velocity is U,y = 1.42ﬁuw’ ms - Lhis calculation is consis-
tent with using the significant wave height (Hy/3) which is also
consistent with the calculation of d,, ;3. For the purpose of deter-
mining initiation of sediment motion and predicting sediment
transport, the skin friction bottom stress is often nondimensional-
ized by taking the ratio of the stress to the immersed weight per
unit area, that is, the Shields parameter:

Tsf

sf w
% = 3G 1)sDy ®
where g is gravity and s=p/p is the ratio of sediment grain density
to water density.

The component of skin friction bottom stress due to the mean
currents (‘cif ) was calculated in two different ways. The first
method used was the Grant, Glenn and Madsen (GGM) non-linear
wave current interaction bottom boundary layer model [Grant and
Madsen 1979; Grant and Glenn, 1983] as described by Madsen
and Wikramanayake [1991]. The second method was a constant
drag coefficient approach as described by Sternberg [1972]:

IS 2
sf_ Clitcrool
¢ (s=1)gDsy

where choo is the current velocity one meter above the seafloor
found from interpolating a log velocity profile fit to the BASS ver-
tical array of current measurements and C,=0.003. This method
was chosen since Amos et al. [1988] found it gave better separa-
tion of wave-versus-current dominated ripple types. The constant
drag coefficient gives peak current stress estimates that are about
twice that of the GGM method, while the mean ratio of the two
estimates is close to 1. However, both methods show that the cur-
rent stress is much weaker than the wave stress (Figure 5) with the
exception of the beginning of the deployment (before yearday
239) and a period near yearday 256. On the basis of the constant
drag coefficient approach, the maximum value of Tif / ’cfvf during
periods of active ripple evolution (i.e., after yearday 239) is 0.6.
This value occurred near yearday 256. The mean value over the
entire period from yearday 235 to 260 of this ratio is 0.09.
Although the combined wave and current Shields parameter can
be calculated from the vector sum of the wave and current stress,
for the purposes of predicting initiation of motion it is often suffi-
cient to consider only the wave stress since the addition of current
represents a negligible difference. The primary exceptions to this
occurs near yearday 255 to 256 and at the beginning of the deploy-
ment.

6 O]

3. Ripple Geometry
3.1. Temporal Evolution of Ripple Characteristics and Type

Features of the evolution of ripple patterns are best displayed
by examining sequences of images directly. Computer animated
movies of the hourly images provide a detailed view of these pro-
cesses [Traykovski, http://www.oal.whoi.edw/leol5.html]. Repre-
sentative images of the different stages of ripple evolution are
shown in Figure 6. Active ripple pattern changes and evolution is
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seen to occur throughout the period from yearday 238 to beyond
yearday 260, despite the fact that vaf, based on Hy, often dips
below the critical Shields parameter of Gi{it = 0.04 (Figure 5).
This critical Shields parameter for the initiation of motion was cal-
culated from the modified Shields curve [Madsen and Grant,
1976] for sand with D5y=400 pm, and is consistent with the value
for combined flows used by Amos et al. [1988] for a slightly
smaller sand size (D5(~200um). If the Shields parameter is instead
based on Hy3, the Shields parameter is consistently above the crit-
ical Shields parameter during the period when ripples are actively
evolving. This makes physical sense because the calculations
based on H,,; de-emphasize the contribution of the larger waves
in a burst which are responsible for moving the majority of the
sediment.

The deployment begins with relic ripples (Image 1), most likely
left over from a strong “North Easter” storm that occurred one
week prior to the deployment. The ripples have similar wave-
length to actively evolving ripples on yearday 252 (Image 9), but
the crests of the relic ripples were more rounded. By yearday
239.2 (Image 2) GSM{ 1,3 has exceeded Bi{it and wave ripples have
begun to form. These short-crested three dimensional (3-D) wave
ripples’ are similar to the variable bifurcated ripples and chaotic
ripples described by Boyd et al. [1988] They occur primarily as a
transitional stage at the beginning of a storm event. During year-
day 239 these 3-D wave ripples become more organized into long
crested two dimensional (2-D) wave ripples (Image 3). This is the
predominant ripple pattern seen at LEO-15 during this deploy-
ment. These are vortex ripples, as they have sharp crests that shed
vortices regularly, as seen by clouds of sediment in the ABS burst
data.

From yearday 240 to yearday 242 the wave direction changes
through 30° from a slightly down coast direction to straight
onshore. The ripples adapt to this change in wave direction by
changing direction (Images 4 to 6) with a transitional stage con-
sisting of sinuous 3-D ripples (Image 5). This sinuous pattern
allows the ripple to change direction without sections migrating
unreasonably long distances. By Image 6 the sinuous kinks in
Image 5 have reconnected in the new direction. The crests are
nearly straight and aligned with the directly onshore wave direc-
tion. While these sinuous 3-D ripples occupy a similar transitional
role as the variable bifurcated ripples described by Boyd et al.
[1988], they are generally better organized into regular patterns,
with more sinuous continuous crests, and fewer crest bifurcations.
Lee Young and Sleath [1990] presented a model for serpentine
(sinuous) ripples based on the interaction of waves and mean cur-
rents from an oscillating tray flume experiment. Here a similar rip-
ple pattern is generated by the changing wave direction. However,
the fundamental physics of vorticity being swept along the ripple
crest presented by Lee Young and Sleath [1990] may be quite sim-
ilar in both mechanisms of serpentine ripple formation. A simple
physical model for the wavelength of the along-crest oscillations
generated as the ripple change direction is shown in Figure 7.
From the intersection of the two ripple patterns the along-crest
wave length p can be found to be

A+ A2+ 200 cos(0)
p = \/1 2 12 (10)

. 2
sin 0
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Figure 6. Representative sector-scanning sonar images. The thick white line near the center of each image
represents the wave orbital diameter scaled by 3/4 and is aligned in the wave direction. The small plot below the
upper left of each image displays the relative wave rms velocity (thick line) and current velocity (thin line).

For exaniple, during the period yearday 240.3 to 241.7 (Figure 6,
Image 4 through 6) the ripples turned through 30° while changing
wavelength from A, = 50 ct to A, = 70 cm. Equation (10) predicts
an along crest oscillation wavelength of p=232 ¢m while the mea-
sured value from Image 5 is 220 cm.

On yearday 243 the largest alongshore currents of the deploy-
ment are present and small current ripples are visible in the

troughs of the wave ripples (Image 7, particularly near the missing
sector of the image). Because of the sector scanner geometry,
these ripples are only imaged when the acoustic beam points per-
pendicular to their crests. Presumably, these current ripples are
also present in the troughs of all the wave ripples. Amos et al.
[1988] presented a classification of wave versus current ripple
domination in terms of fo and Gf:f . In this case the values of
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Figure 6. (continued)

ef{ = 0.08 and Oif = 0.02 place these ripples in the wave ripple
with superimposed, subordinate current ripples category of Amos
‘et al. [1988], which is consistent with our observations. For most
of our deployment, Gif is below 0.01 which according to Amos et
al. [1988], is the region of wave-dominated ripples, as is consis-
tent with our observations.

The period from yearday 244 to yearday 253 is marked by an
increase in wave orbital diameter up tc a maximum of 200 cm on
yearday 253. The 2-D wave ripples increase in wavelength, up to a
maximum of 100 cm (Image 9) in response to this forcing. On
yearday 254 the waves have turned to a slightly down-coast direc-
tion again, and have decreased orbital diameter to about 80 cm.
With this evolution of the wave forcing, instead of forming sinu-
ous 3-D ripples as in Image 5 and turning to match the new wave
direction, each of the large ripples begins to split along their crests

into two ripples with half the wavelength (double the wavenum-
ber) of the original ripples. These half-wavelength ripples are par-

~ allel to the original crests (Image 10). This can be best seen by

examining the leftmost crest in Image 10. In between the crests of
the split ripple a set of subordinate diagonal cross ripples that
matches the new wave direction has begun to form. The primary
difference in the evolution of wave forcing, and thus ripple pat-
tern, between the period near yearday 241 (Image 5) and the
period near yearday 254 (Image 10) is that in the first case the
waves changed direction without substantially changing orbital
diameter, while in the second the waves also changed orbital
diameter as they changed direction.

The transitional pattern shown in Image 10 only lasts for sev-
eral hours, because by yearday 255.4 (Image 11) the alongshore
current speed becomes similar to the rms wave velocities. This has
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Figure 7. Along-crest variation length scale schematic. The
dashed lines are the steady-state ripple patterns generated by
waves before a directional shift through an angle 8. The thin solid
lines are the steady state ripple pattern after the directional change.
The thick lines are the transitional state (as seen in Figure 6, image
5) with along-crest oscillations of wavelength p.

the effect of disorganizing the nearly 2-D wave orbital ripples into
a more isotropic 3-D pattern. By yearday 256 the current has
become substantially stronger than the rms wave velocities and
has almost completely eroded the wave orbital scale ripples. The
poorly organized bedforms in Image 12 may be current ripples,
but this image does not clearly show the current formed ripples
that were visible in Image 7. Presumably, this period of ripple ero-
sion is a period of large alongshore transport since the current is
strong enough to flatten the 2-D wave ripples. In terms of relative
wave versus current stress on yearday 256, Gif = 0.015 and
Gi{ = 0.025 . At this value of the wave Shields parameter the cur-
rent Shields parameter must exceed 0.04 for current ripples to
dominate, according to Amos et al. [1988]. This disorganized bed-
form pattern does not last long as the waves begin to form new 3-
D wave ripples on yearday 257 (Image 13), which eventually
organize into 2-D wave ripples as previously.
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3.2. Temporal Evolution of Ripple Direction and Wavelength

From the rotary sidescan image data it is possible to measure
time series of the geometric characteristics of the ripples such as
wavelength and direction. A ripple direction estimate is found by
manually locating end coordinates of a line normal to the ripple
crests starting from the center of the image. The coordinate system
is aligned such that a direction of 90° indicates a ripple with its
crest running parallel to the average coastline orientation of 36°T.
The projected distance along this line between several pairs of
adjacent ripple crests is then used to estimate the ripple wave-
length. If 3-D wave ripples are present, the wavelength is defined
by the maximum separation between two adjacent crests. Enough
pairs of points are chosen so that the standard deviation of the esti-
mate is below 2 cm. In this procedure the first crest picked for a
given image is the same as in the previous image so an estimate of
ripple migration displacement between images can be found.
Since the ripples only move a few centimeters per hour, as seen in
the ABS altimetry record (Figure 6), there are no difficulties iden-
tifying the same ripple in consecutive images. When a ripple crest
leaves the image, a new crest near the origin is tracked.

A high degree of correlation between ripple wavelength and
scaled significant wave orbital diameter (0.75d,, 1/3) is generally
evident in the time series shown in Figure 8. This indicates that the
wavelength of these ripples does scale with wave orbital diameter.
During periods when 3-D wave ripples are present the scaling fac-
tor appears to be smaller than 0.75.

Hysteresis effects (i.e. relic ripples) are visible at certain times
during the deployment, as indicated in Figure 8. Most notably, at
the beginning of the deployment 100-cm wavelength ripples were
clearly visible in the sonar image from a storm which had occurred
1 week prior to the deployment. Near yeardays 242 and 253,
delays of about one day are visible in ripples reacting to decreas-
ing wave orbital diameter, before a step-like transition to the 2-D
wave ripple state occurs. Step-like transitions are also noted dur-
ing the onset of storms between 3-D wave ripples and 2-D wave
ripples. However, once 2-D ripples have formed the ripples are

A, 0.75 do’ v (cm)

° rel. to coast

Wave dir.
Ripple dir

235 240 245

250 255 260
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Fﬁgure 8. Temporal evolution of ripple features. (a) Ripple wavelength (A) and scaled significant wave orbital
diameter (0.75d,, ;,3). Wave ripple type (2-D wave, 3-D wave), and periods of hysteresis (Hyst.) or relic ripples are
indicated by the shaded regions. (b) Ripple direction and dominant wave direction.
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able to gradually adjust wavelength to match the increasing orbital
diameter. This is somewhat consistent with the observation of
Boyd et al. [1988] who noted “Storm arrival is accompanied by
abrupt bed reorganization. In contrast as the storm moves away, a
gradual step-like transition occurs through a characteristic
sequence of reorganization and decay types.” Here the abrupt reor-
ganization is the change from 3-D to 2-D wave ripples, and Boyd
. et al.’s step-like transitions at the end of a storm are similar to the
step-like transition from periods of hysteresis to the next ripple
type.

The temporal evolution of ripple direction (Figure 8) also gen-
erally follows the dominant wave direction. Similar hysteresis
effects to those seen in the wavelength time series are visible in
the ripple direction time series. During the period from yearday
239 to 240, the ripple direction changes very closely match the
wave directional changes. The largest discrepancy between ripple
direction and wave direction occurs during the periods from year-
days 235 to 238 and 253 to 256. During the first period the ripples
are relic ripples and are not in equilibrium with the hydrodynamic
conditions. During the latter period large (A=1 m) ripples are first
being eroded by waves with a shorter orbital diameter and then by
large currents. The ripple pattern during this period is character-
ized by large 2-D wave ripples matching the original direction and
the subordinate wave ripples matching the new wave direction as
described in section 2.1 (Figure 6, Image 10).

3.3. Empirical Models for Ripple Wavelength

Several authors have suggested linear relations between orbital
diameter and ripple wavelength with similar scaling factors for
wave ripples in a range of conditions. Clifton and Dingler [1984]
summarized several data sets from both laboratory and field stud-
ies and suggested that ripple wavelength scales linearly with
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orbital diameter until wave orbital diameter/grain size (d/D)
reaches a value of 2000. In the range of 2000<d/D<5000 the rip-
ples go through a transitional stage, which they called suborbital
ripples. For values of d/D>5000, ripple wavelength scales directly
with grain size and Clifton and Dingler [1984] suggested a scaling
of A=400D to 600D. Wiberg and Harris [1994] found a best fit
with a scaling of A=535D.

For the scaling parameter relating A to d,, 1,3 Inman [1957] sug-
gested a value of 1. Komar [1974] suggested a value of 0.8 as a
better fit to the data. On the basis of only flume data, Miller and
Komar [1980a] found a value of 0.65. Miller and Komar [1980b]
also justified the use of d, based on H| 3, since they found that using
Hy3, as opposed to H, gave better agreement to the relationship
A=0.65d,, between field studies with irregular waves and laboratory
studies with regular waves.

Wiberg and Harris [1994] classify ripple type based on the
ratio of ripple height () to wave boundary layer thickness (3,).
Since J,, is roughly proportional to d,, the classification ratio used
is dy/m. Limits of dy/n = 20 and d,/m = 100 are used to define the

transitions from orbital to suborbital and suborbital to anorbital
scale ripples. Classifying our data set based on observed n and

d,,,1/3 Tesults in all the ripples being classified as orbital scale rip-
ples (see section 3.6. for'a discussion of observed ripple heights).
For orbital scale ripples the predicted ratios of Ngg/Agp =.17 and
Aor/dy=-62 are both constant and thus M,z,/d,=0.1 is also con-
stant. Therefore dy/Myy, cannot be used to predict a transition to
suborbital or anorbital ripples. Wiberg and Harris [1994] resolved
this problem by using the ratio of orbital diameter to anorbital rip-
ple height (dy/n,y,) to define the transition. An empirical relation-
ship was found to relate anorbital steepness to the ratio d/n,p,:

d )2 + 0.4421n(nd ) —2.28] 1)

] .
are exp[- 0.095(ln
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Figure 9. (2) Ripple wavelength (A) as a function of wave orbital diameter (d, 1/3), with both quantities scaled by
measured median grain size D5;=400 pm. Points represented by open circles are during times of hysteresis (relic
ripples) as determined from the time series. (b) Same as.Figure 9a, but hysteresis points not displayed and linear axis
scaling. Points represented by crosses are 3-D wave ripples with a scaling of A=0.384,, 1,3 shown as a dotted line.
Points plotted as dots are 2-D wave ripples with a best fit line of A=0.76d,, 1,3 shown as dashed line. The thick solid
line is the Wiberg and Harris [1994] empirical model with the orbital scaling of A=.62d, and anorbital scaling of
A=535D continued beyond the transitional (shaded) region as thin lines.
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Figure 10. Temporal evolution of ripple wavelength as a function
of wave orbital diameter with both quantities normalized by
median grain size (Dsg=40 Oum). The 2-D (dots), and 3-D
(crosses) wave ripples, and relic ripples (open circles) data points
are connected by lines in the order of occurrence. The time of
selected points is shown. The thick arrows are a conceptual model
for the temporal evolution. The diagonal upward thick black lines
are the trajectories along the orbital ripple scaling relations of
A=0.384,, 1,3 and A=0.76d,, ;3. The horizontal line with an arrow
pointed to the left is the hysteresis path. )

Since Ayp, =535D and dy/Myye = 20 and dy/Myp, = 100 define the
transitions, (11) can be used to find the transitional points of dy/
D=1754 for orbital to suborbital and d/D=5587 for suborbital to
anorbital. These values are fairly close to Clifton and Dingler’s
[1984] transitions at &/D=2000 and 5000. 7

To examine where our data falls in the context of this type of
model, the ripple wavelength (A) normalized by measured median
grain diameter (D5;=400 pm) is plotted against significant wave
orbital diameter normalized by median grain diameter (d,, 1/3/Ds0)
in Figure 9a. The data points during periods of hysteresis are clus-
tered along horizontal bands of constant ripple wavelength at A/
Ds;=1700 and 2600. The hysteresis point located in the upper left
corner of Figure 9 are also characterized by 6f{< Bi{it , as defined
in section 1.3. The remaining data points fall into two clusters
depending on ripple type. The 2-D wave ripple data points are
well fit by a linear model of A=0.76d, 1,3 and have a correlation
coefficient of R?=0.86. The 3-D wave ripple data points are also
well fit by a linear model with a different slope of A=0.38d,, 1,3
and have a correlation coefficient of R?=0.80. A slightly better fit
to the 3-D wave ripple data points can be achieved if a linear
model with an offset is used: A=0.46d,/3-5.0. While negative
wavelengths are impossible, it is not implausible that the curves
do not need to be extrapolated to pass through the A=0, d=0 point
because of thresholding effects.

3.4. Temporal Evolution in A/D, d /D Space

As an alternate method of examining effects such as hysteresis,
one can examine the temporal evolution of the relation between A/
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D5 and d, 1/3/Dsg. The evolution of ripple wavelength over one
storm event from yearday 238.2 to yearday 243.15 is shown in
Figure 10. The ripples start as 3-D wave ripples and increase wave-
length in response to increasing wave orbital diameter roughly
along the 3-D wave ripple orbital relation line of A =0.384,, ;/3. By
yearday 239.3 the ripples become organized into 2-D wave ripple
and increase wavelength along the 2-D wave ripple orbital relation
line of A =0.76d,, 1,3 By yearday 241.5 the ripples are close to
their maximum wavelength, for this particular storm, of approxi-
mately 68 cm (M/Dsp=1700) due to waves with d,1/3=88 cm
(d,,1/3/D5y=2200). During the next day, a hysteresis period occurs
as the wave orbital diameter diminishes and the ripples maintain a
constant wavelength. By yearday 243 a strong current event com-
bined with waves with d,, 1/3/D5p=1700 reduces the ripple wave-
length by a factor of 2/3. While the ripples do not exactly follow
this type of three step triangular trajectory in AMDsg, d, 1/3/Dsp
space for every storm, it is a fairly typical sequence of events. The
hysteresis (relic ripples), in particular, where the ripples maintain
constant wavelength for some period while the wave orbital diam-
eters are diminishing is seen at the end of all the storm events in
this data set.

3.5. Maximum Ripple Wavelength and Transition
to Suborbital Scaling

The data show a maximum ripple wavelength of about 100 cm
(MDsy=2500) despite the fact that the wave orbital diameter
exceeds 130 cm (d,, 1/3/D5p=3250) for 10 hours near yearday 253
(Figure 8). There are more than 10 hourly sampled ripple wave-
length points in Figure 8 and Figure 9 at the maximum wavelength
of 100 cm due to hysteresis effects. With the waves only exceed-
ing the linear relation for a short time it is not clear that this is
indeed the maximum wavelength ripple that will form at LEO-15
and that the data points with A=100 cm for d,, ;3 greater than 130
cm are in the transitional region. If the waves were to get signifi-
cantly longer than 130 cm for extended periods of time and ripple
wavelengths remained at 100 cm, this would be a clear indication
of a transitional stage with a maximum wavelength of 100 cm.
The probability of seeing such large waves at LEO-15 for an
extended time is discussed in section 6.

According to the models, the transition to suborbital scaling
should occur just after the orbital diameter exceeds the diameter
which would cause the maximum predicted ripple wavelength. If
we are indeed seeing a transition to. suborbital ripples near an
orbital diameter of d, 1/3=130 cm (d,, 1;¥/Ds5y=3250), scaling the
data by the median grain size of D5;=400 um would indicate a
transition in the data at about d, 1/3/Dsg=3250 as opposed to
d,,1/3/D5¢=2000, as predicted by the Wiberg and Harris [1994]
model (Figure 9a). For a D5;=400 um grain size scaling, the max-
imum wavelength predicted by the model is 47 cm (A/D5y=1175).
This is much smaller than the maximum observed wavelength of
100 cm. However, if a larger grain size scaling of Dgs=800 um is
used, the transition does occur near &/D=2000 and the data,
including the maximum observed wavelength of 1 m, is well fit by
the Wiberg and Harris [1994] model, as seen in Figure 9b. This
larger grain size of Dgs=800 um is approximately one standard
deviation above the median grain size. For our data, scaling the
model by the observed median grain size D5y=400 pm results in
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Figure 11. (a) Ripple wavelength as a function of significant wave orbital diameter with both quantities normalized
by measured median grain size D5;=400 um. The Nielsen [1981] model is shown as the solid lines with wave periads
varying from 10-16 s. The Grant and Madsen [1982] model, also with periods from 10-16 s, is shown as the dashed
lines. (b) Same as Figure 9a (the Wiberg and Harris [1994] model), but normalized by Dgs=800 pm. The best fits to
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the 3-D and 2-D wave ripple data are shown as the dotted and dashed line, respectively.

an incorrect prediction of a transition to suborbital ripples as well
as an under-prediction of the maximum ripple wavelength.

The largest wave orbital scale ripples that were included in the
references to field data sets that Wiberg and Harris [1994] used to
construct their empirical model were the A=100 cm ripples
observed in Dsp=500 pm sand by Inman [1957], which are also
somewhat larger than the maximum predicted ripple wavelength
of A=68 cm for Dsy=500 um sand.

Miller and Komar [1980a] suggested an empirical formula for
maximum ripple wavelength based largely on laboratory studies
of

A = 0.0027D"%. (12)

With D5y=400 um sediment this formula predicts a maximum rip-
ple wavelength of 65 cm, which is also considerably smaller than
the 100 cm wavelengths observed at LEO-15.

While Clifton and Dingler [1984] and Wiberg and Harris
[1994] suggest that anorbital ripple wavelength scales with grain
size alone, and thus the transitions can be defined in terms of /D,
other authors describe anorbital ripple wavelengths as functions
related to bottom stress: Based on field data by Inman [1957],
Dingler [1974] and Miller and Komar [1980b], Nielsen [1981]
found A/A as a function of mobility number (y):

13)

1>

( 693 — 0.371n"y )
= exp| ————
1000 +0.75In "y

Mobility number is a measure of bottom stress forces (e velocity2)
acting to move the sediment relative to gravitational forces stabi-
lizing the sediment and is defined as
2
_ _(Aw)
V= (S—l)gD (14)
where A=d/2 is the wave orbital excursion amplitude, ® is the
wave frequency, g is gravity, and s=py¢/p,, is the ratio of sediment

density to water density. With this type of model the transition to
the anorbital type of scaling depends not only on grain size and
wave orbital diameter, but also on wave period. At longer wave
periods the transition to anorbital scale ripples occurs at larger
orbital diameters, as shown in Figure 11. This also allows the
model to predict larger maximum wavelength ripples at longer
wave periods before a transition occurs.

Our data show a maximum wavelength of 100 cm near yearday
253. During this storm, the wave periods reached 14-16 s. With
wave periods of 16 s Nielsen’s [1981] model predicts a maximum
wavelength of 96 cm (A/D5;=2400), consistent with our observed
maximum wavelength of 100 cm.

Although the Grant and Madsen [1982] model does not explic-
itly contain a linear relation between orbital diameter and ripple
wavelength, the equations for /A and 1/ define a nearly linear
reiation in their “equilibrium range.” The slight variations from a
linear relation are seen by the varying position, as a function of
wave period, of the dashed lines in Figure 11a. This model defines
a transition to a regime of lower ripple steepness at a “break-off”
skin friction wave Shields parameter value. Since the Shields
parameter is dependent on both wave period and velocity, this
model, like the Nielsen [1981] model, defines a transition that
does not only depend on dy/D. The Grant and Madsen [1982]
model predicts the maximum observed ripple wavelength with a
wave period of approximately 13 s.

The physical justification for the larger maximum wavelength
ripples at longer wave periods could be that with the lower veloci-
ties associated with longer-period waves with the same bottom
orbital diameter as shorter-period waves with higher velocities, the
sediment transport is dominated by bedload rather than suspended
transport. Presumably, the bedload mode is more conducive to
orbital scale ripples, while fully suspended transport favors anor-
bital ripples or sheet flow conditions. This may be due to the fact
that as suspended load more sediment is able to by-pass the ripple
trough. Bedload-forced formation of orbital scale ripples may also
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be related to the required scaling by a larger grain size to make the
LEO-15 data agree with the empirical models that do not take
wave period into account, since the larger grains are more likely to
be transported as bedload rather than suspended load.

3.6. Ripple Height

The second important parameter that is used to describe the
geometry of nearly 2-D wave ripples is ripple height (n). The
instruments deployed on the LEO-15 tripod allow two different
methods of estimating the temporal evolution of ripple height.

The bottom return from the ABS data can be used to estimate
the distance to the local seafloor from the sonar head (Figure 2 and
Figure 3). As a ripple migrates past the beam, a height can be
determined from the difference between crest and trough eleva-
tion. This gives a discrete time series with each height estimate
generated at the time between the passage of a crest and trough.
The 30° beam width of the ABS gives a footprint of 50 cm, as
defined by the half power points. This could produce an error of a
few centimeters in estimating the depth of the trough with large
ripples and completely averages out the height variations associ-
ated with ripples of wavelength much less than 50 cm. Data from a
second acoustic backscattering system with a very narrow beam
(2-cm footprint) that was operational until yearday 243 gives a
similar height estimate to the ABS system since most of the rip-
ples observed at LEO-15 had wavelengths greater than 50 cm.

The second height estimate is generated from the intersection
of the SSS beam pattern with the seafloor. The first bottom return
in the SSS data is generated when the lower edge of the beam pat-
tern, which is angled down at 45°, hits the bottom. This appears in
the sector scanner images as the edge between the black region in
the center of the image and the grey area where the sound beam is
hitting the bottom (Figure 3). The variations in distance of this
edge from the center of the image are clearly visible as the beam
rotates around to point at the ripple trough and then the ripple
crest. This distance is represented by the line AB in Figure 12. If
the variations in the length of line AB as the sector scanner rotates
around are multiplied by a factor of cos(45°), a series of elevation
estimates (h-C) can be generated around the r~1 m radius circle
where the SSS beampattern intersects the bottom. Here { is

Ripple Cross Section

Ny PaR

Ripple
Crest

Trough

Figure 12. An estimate of ripple height can be calculated from
each sector scan image by examining changes in the distance AB
from the transducer head (A) to the point of intersection of the
lower edge of the beam pattern with the ripple surface (B). The
distance AB changes as the transducer rotates to aim the beam at
different locations on the ripple surface.
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Figure 13. Evolution of ripple heights. (a) Ripple heights (dots
are the ABS altimeter estimates, dash-dot line is the SSS sidelobe
estimate, and thick line is the average of the two estimates) and
ripple wavelength scaled by 0.15 (thin solid line) as a function of
time. (b) Ripple steepness (n/A) as a function of time. The open
circle points are not reliable as described in the text, and are not
included in the calculation of the mean (thin line, at n/A=0.15).

defined as the local surface elevation above the ripple trough. The
standard deviation of the A-{ estimates is then multiplied by a fac-
tor of 2.4/2 to give an estimate of ripple height (). This is based
on assuming a sinusiodal ripple profile, since for a sine wave the
height is equal to 24/2 times the elevation standard deviation (for
a triangular ripple profile assumption, the factor would be 2.3).
However, assuming a sinusiodal profile gives reasonable agree-
ment with the ABS estimate, thus 2./2 is used.

While the SSS ripple height estimate generates hourly esti-
mates of ripple height as opposed to the ABS estimate which
depends on migration speed, the SSS estimate has an error
depending on whether the SSS is located over a ripple trough or
crest. The SSS estimate is low-pass filtered with a smoothing filter
that has a timescale of the longest ripple migration crest-to-crest
time. The ABS estimates are interpolated with an interpolator that
also has a similar timescale. The ABS and the SSS height esti-
mates are averaged to give a single time series for calculation of
ripple steepness, as shown in Figure 13.

The periods of high apparent steepness near yeardays 239 and
255 are probably not very significant since the ripple height esti-
mate has the most error when the ripples are small and migration
rates are low. Given the errors inherent in both methods of esti-
mating ripple heights, the mean steepness of n/A=.15 for the entire
deployment is the most confident statement that can be made
about ripple steepness. The periods of small ripples and high
steepness denoted by open circle points in Figure 13b were not
included in this mean. This quantity agrees reasonably well with
average steepness for wave orbital ripples of 1/A=0.17 reported by
Wiberg and Harris [1994], n/A=0.18 reported by Nielsen [1981],
and M/A=0.16 reported by Grant and Madsen [1982]. Just as a
transition. to anorbital ripple scaling was not evident in the wave-
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Figure 14. Ripple migration as related to wave and current parameters. (a) Ripple crest displacement, X, (thick
line), U3,, (thin dashed line) and U3,, cxcess (thin line). (b) Ripple crest velocity v,, (thick line, left y-axis), and u3,
(thin line, right y-axis.) (c) Root mean square wave velocity (Uy, mys) (d) Alongshore (v,, thin line) and cross-shore
(u,, thick line) current velocities from BASS burst averages 44 cm above the seafloor. The cross-shore current is
dominated by the semi-diurnal tide, is relatively weak, and thus transports little sediment compared to waves.

length data, no evidence for a transition to a decreased steepness
regime is evident in the steepness data.

4. Ripple Migration

Although the geometrical properties of wave ripples are impor-
tant for their effect on the boundary layer hydrodynamics, and thus
sediment transport, perhaps one of the important mechanisms for
cross-shore material transport is the migration of ripples. Ripple
migration displacement is found by tracking the coordinates of a
particular ripple crest as discussed in section 2.1. Displacement is
only measured in a direction normal to the ripple crests. Since the
ripples are generally aligned with crests running nearly parallel to
the coast, the direction of migration is referred to as simply on-off-
shore, even though there may be some small alongshore compo-
nent. The coordinate system used in this paper has the positive
directions oriented offshore and up-coast.

The cumulative ripple migration displacement (X,,,) found by
summing the hourly interimage displacements from time zero
(yearday 238) to the time indicated on the x-axis is shown in Fig-
ure 14a. This figure also shows the rate of migration (v,,) com-
puted from the temporal derivative of the smoothed cumulative
migration displacement. The direction of migration is seen to be
consistently onshore with the only apparent exception occurring
near yearday 240. This is a period during which the ripple direc-

tion is turning rapidly (Figure 8b), and thus a particular section of
ripple may be moving offshore as the ripple pattern evolves.

The total onshore migration of the ripples is 600 cm over a
period of 25 days, thus giving a average onshore migration rate of
24 cm/day. Peak rates of 80 cm/day in the onshore direction are
seen around yearday 250 when the ripples have the longest wave-
lengths observed throughout the deploymerit (Figure 14b).

The ripple migration rate is seen to be greatest when the wave
energy is highest (Figure 14c) and does not appear to be related at
all to either component of current velocity (Figure 14d). In partic-
ular, ripple migration is in the across-shore direction (aligned with
the waves) and currents in the across-shore direction are domi-
nated by the weak (5 cm/s) semidiurnal tides. This would indicate
that current is not a forcing mechanism for ripple migration. In
addition, purely linear monochromatic wave motion with no
superimposed current would result in equal velocities in either
direction and thus no transport. Wave nonlinearity as waves enter
shaliow water results in asymmetric velocity distributions about
the mean velocity with larger onshore velocities for shorter peri-
ods and longer periods of weaker offshore velocities. This can
clearly result in a net transport of sand and thus possibly force rip-
ple migration, particularly if there exists a threshold for sand
movement that is exceeded more often by the onshore velocities.

- To determine if wave nonlinearity is a direct forcing mecha-
nism for ripple migration, one could examine wave skewness (s)
calculated from the BASS sensor 44 cm above the bed.
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Skewness, however, weights large velocity waves equally to small
velocity waves because of the Uy, s iN the denominator. Physi-
cally, waves with larger velocities would be expected to mobilize
greater amounts of sand so a better forcing mechanism may be the
burst averaged uw3 shown in Figure 14b.

16)

3
uw - suw, rms

In the coordinate system with negative u directed onshore, nega-
tive u3, indicates larger onshore velocities. The u3, record shows
several negative peaks near yearday 250 and 259 consistent with a
period of fast ripple migration. The u3 time series shows a high
degree of variability at the semidiurnal tidal frequency, especially
near periods of rapid migration, such as near yearday 250. The
tidal variability in 3, is most likely forced by the tidal flows
across the ridge, as out going (positive) tidal currents can cause an
increase in wave steepness which in turn increases (negative) u3, .
This is evident in Figure 14b just after yearday 250. If tidal vari-
“ability exists in the ripple migration velocity record, it is not seen
since a substantial amount of smoothing is required in taking the
derivative of the measured displacement record (X,,,) to get migra-
tion velocity (v,,). The smoothing is required because of high-fre-
quency noise in X,

Since X, is the actual measured ripple displacement, it is more
appropriate to look at a forcing function that can be directly com-
pared to X,,,, such as the cumulative time integral of the wave forc-
ing. In Figure 14a the cumulative integral of E, is plotted with a
single scaling constant to fit the ripple migration data.

14
U3, (1) =J ud(r)dr

o

an

While the general shape of U3,, time series matches the ripple dis-
placement fairly well, U3,, would indicate greater migration dur-
ing the most extreme event near yearday 250 and less migration
during the other times (capital variables are used to denote
cumulative quantities). A second similar function was also
investigated.

!
2 ,
U3w, excess(7) = J‘ (“w, excess) Uwdl
0
(18)
u |uwl — Uerit ’uwl > Uiy

W, eXcess=
0 [t4,,] < iy

The critical velocity (u) for initiation of sediment motion of
approximately 25 cm/s was found by using the methods discussed
in section 2.2. This function should emphasize the larger waves
more than U3,, since waves with velocities below 1, are not
included in the mean. However, both U3, and U3y, cxcess 8ive
fairly similar results. Both of these proposed forcing functions are
attempting to relate ripple migration to an integrated wave statis-
tic. This does not account for the possibility that larger ripples
may require greater amounts of wave motion to force ripple
migration at the same rate as smaller ripples. This concept will be
discussed further in the next section.
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4.1. Sediment Transport Due to Ripple Migration
and Suspended Sediment Transport

To further investigate a possible forcing mechanism for ripple
migration, suspended sand transport itself can be examined. Since
the observation system measures both water velocity and vertical
profiles of sand concentration, instantaneous Eulerian transport
rate calculations can be performed by multiplying these two quan-
tities together, assuming that sediment moves at the water velocity.

3(2) = u(2)C(z).

The sand concentration profile is measured from 80 cm above the
bed to within a few centimeters of the bed, where the bottom
return contaminates the acoustic backscattering measurement of
suspended sediment.

Suspended sediment transport rates were calculated with both
the mean current velocities (z_fc(z) ) and wave velocities (u,,). The
depth dependence of the steady current was calculated by fitting a
log profile to the BASS current meter vertical array. It was found
that the net sediment transport due to the mean currents was a fac-
tor of 5 less than the transport due to wave velocities [Traykovski,
Wave Forced Suspended Sediment Transport at the Sandy Inner
Continental Shelf LEO-15 Site, submitted to J. Geophys. Res,
1998]. The net suspended sediment transport due to the current is
also mostly in the alongshore direction with only a small compo-
nent in the across-shore direction. Since the wave velocity contri-
bution to sediment transport is much larger than the current
component and the ripples migrate in the across-shore direction of
the wave propagation, only the wave component of transport is
considered as a possible forcing function for ripple migration.

For u,, the velocity is assumed to be constant with depth over
the lower 80 cm of the water column. Since most of the longer-
period waves at LEO-15 are shallow water waves, this should be
valid outside of the thin wave boundary layer. By examining wave
velocities along the BASS vertical array it was confirmed that
wave velocities were relatively constant with depth over the lower
portion of the array. The height of the wave boundary layer over
large orbital scale ripples is not well-defined for wave orbital scale
ripples since wave boundary layer models predict a boundary
layer thickness smaller than the ripple height. In fact, the Wiberg
and Harris [1994] wave ripple model defines wave orbital ripples
as having heights larger than the wave boundary layer. The bound-
ary layer that does exist is probably a transient boundary layer that
forms on the upstream face of ripple before the flow detaches at
the ripple crest. The amount of suspended sediment transported by
the wave velocities in a burst is calculated by

19)

Tb
msuspended,w(z) = ZO C(Z)uwAt (20
Here Ar is the temporal burst sampling interval of 0.5 s and T} is
the burst length of 240 s from the ABS sampling schedule. The
units of my, are g/cmz, and m is related to the average sediment
transport rate by

1

a=7m @1)

Figure 15a shows the cumulative sum of depth-integrated, burst-
integrated wave-induced transport
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Figure 15. Suspended sand transport and Ripple sand transport. a) Temporal evolution of cumulative net depth-
integrated suspended transport (Mgypended,w)- The scale for Mggpendedy» 1 On the right y-axis. Miippie is the sand
transport associated with ripple migration based on the assumption that ripples transport their entire volume of sand.
The scale for My is on the left y-axis. Also shown are the bedload model forced with wave stresses (Myedioad,wr
left y-axis) calculated by the instantaneous wave velocities (u,,(2)) and forced with combined wave-current stresses
(Myedioad,we» left y-axis)  (b) Depth dependent transport m,, ,,,ye for periods yearday 235 to 245 (dashed line), 245 to
255 (dotted line), 255 to 260 (dash-dotted line), and 238 to 260 (thick line). Negative transports are onshore.

AT,

suspended, w(z’ t ) Tb

Zmax
m
z=0

M suspended, w(t) = 2:) 2 _

=2

(22)
min ~ %t

The units of Mgygpended,w are g/cm width. The time ¢ is the time
from the beginning of the deployment. The factor of (ATy/Ty) is
the ratio of the burst length (7}) to the inter-burst time (AT}) of
30 min. This accounts for the fact that burst sampling only occurs
for a fraction of the total time and assumes stationary statistics for
estimating the total transport, which may not be fully valid since
the suspension process depends strongly on the tails of the wave
velocity distribution. The depth variable z is defined as the dis-
tance from the instantaneous local bottom, and z, is the distance
from sonar transducer. The change of variables from z to z, in (22)
places the temporal averaging across depth bins into a coordinate
system relative to the instantaneous local bottom elevation. The
lower limit of depth integration, z.;,,, is set at 6 cm above the max-
imum bottom return to avoid calculating transport with range cells
that are contaminated by the bottom return. The upper limit of
integration, zp,y, is set 80 cm above z.,;, since the wave-induced
transport is generally close to zero at this height.

As a first-order estimate of the error in the suspended sediment
transport calculation caused by integrating only to within 6 cm of
the bottom, the calculations in (20) and (22) were repeated with
the depth-averaged sediment concentration in the bottom 3 cm (6-
9 cm above bottom) extrapolated down an additional 5 cm. This
had the effect of increasing Mgyspenged,w from 260 g/cm to 360 g/
cm. While this is a substantial difference, it is of the same order as
the potential factor of 2 error from the ABS concentration esti-
mate. .

To examine the depth dependence of this process, the time-inte-
grated net depth dependent mass transport can be calculated by

AT,
t b
mg, suspended, w(t’ Z) = 20 msuspended, W(Z’ t)_’IT 23)

This quantity is plotted for the time intervals yearday 235 to 245,
245 to 255, 255 to 260, and for the whole deployment in Figure
15b. These three periods were chosen since there is offshore trans-
port in the first, onshore in the second and offshore again in the
third. By examining the thick line in Figure 15b it is evident that
for the entire deployment the transport is directed offshore above
z=7 cm and onshore below z=5 cm. The positive y direction in Fig-
ure 15 is offshore, thus the total cumulative wave-induced trans-
port (Mgyspended,w) OVer the entire deployment is directed
offshore. During the period from yearday 250 to 254 where
onshore ripple migration displacement is greatest, the wave-
induced suspended transport is also large but in the offshore direc-
tion. Over the entire period yearday 238 to 260 the amount of sus-
pended transport is a factor of 20 less than the transport associated
with ripple migration (My;p,1c), as seen in Figure 15a.

The total mass of sediment per unit cm width associated with
the ripples that migrated past the SSS system at any time ¢ can be -
estimated as

t
Mipnie(t) = J.o ps(1-¢€)CV, dt (24)

where pj is the sediment density in g/cm3, € is the porosity (€=.35)
[Sleath, 1984], - { is the instantaneous ripple elevation, and Vi 1s
the rate of migration. Miipple is plotted in Figure 15a.

Equation (24) can be derived by examining the continuity

equation for sediment mass (Figure 16), [Engeleund and Fredsoe,
1982]

dq

3
3 = Pi(1-e)5L 25)

If the bedforms are assumed to migrate with velocity Vp, and

maintain constant shape (i.e., { = F(x-V, 1)) then

0
ps(1-€)5-6 = —p (1 - 8)Vm%c (26)
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Ripple profile migration:
Onshore -a— _

Flux (gq):
.x O
Figure 16. A simple conceptual model for relating bedload

transport to ripple migration. The migration of the ripple profile
over half a wave cycle is related to the temporally integrated flux
convergence over the half wave cycle. The diagram is shown for
the onshore half cycle of wave motion.

and thus

g =p,(1-¢)V,L+q, 27

Here gy is an arbitrary constant of integration which is set to zero
on basis of the assumption that the ripples transport their entire
volume of sand with them. This is not generally the case. In unidi-
rectional flows, bedforms can migrate the opposite direction to the
net transport. For low shear stresses, where most of transport
occurs as bedload, g is often assumed to be zero in unidirectional
flows [Fredsoe and Deigaard, 1992]. If there is no exchange of
sediment from one ripple to the next, this is a valid assumption.
- For wave orbital scale ripples the bedload transport is limited to a
distance equal to or less than one ripple wavelength, while sus-
pended load may be able to travel a slightly longer distance in
each wave cycle. While the ABS instrument is unable to resolve
the thin layer of sediment transport with a few centimeters of the
ripple surface, it is unlikely that sediment is transported from one
ripple to the next in this thin layer. Reasons for this include the
high velocity shear within the wave boundary layer and the gener-
ation of eddies in the lee of each ripple that limit the transport dis-
tance. Outside of this thin layer the ABS does not observe a
sufficient amount of suspended sediment transport to make the
constant of integration (gg) substantially different from zero. From
qualitative laboratory observations it is evident that with wave
orbital ripples most of the sand exchange from one face of a ripple
to another occurs over the crest of the ripple and not the trough
[Bagnold, 1946]. With these constraints the sand transport associ-
ated with the ripple migration should approximately equal the vol-
ume of sand contained in the ripples times the migration rate.
Unfortunately, the ABS system is unable to observe the thin
layer of bedload or near-bottom suspended transport that is
responsible for forcing the ripple migration, and the ripple trans-
port is in the opposite direction and an order of magnitude larger
than the wave-induced sand transport 6 to 80 cm above the bottom
that the ABS does observe. Thus it is hypothesized that bedload or
near-bottom suspended transport that is not well observed by the
ABS and current meter system is the dominant form of cross-shelf
transport for the medium to coarse grained sediments that occur on
the ridge at LEO-15 and that it is the forcing mechanism for ripple
migration.
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4.2. Bedload Modeling

Since bedload or near-bottom suspended transport was not
measured directly, to test the hypothesis that it is forcing ripple
migration, one can compare the sediment transport associated with
the migration of the ripples to sediment transport predicted by a
bedload model. Dimensionless bedload flux (&) models typically
take a form of ‘ ‘

sf
s 159,

®p = Cp|0Y] - 00 Tz if [6Y]> 00
|07 (28)

@, = 0 it |6 <6,y

where dimensionless bedload flux is defined as
0

2 29)

Qp= —————
5 p,DJeD(s-1)

and Qp s the bedload flux in g/cmss, Gf{ is the wave skin friction
Shields parameter, 8, is the critical Shields parameter (6,=0.04),
and Cp is a constant of proportionality. The quantity ij =0y 18
the excess Shields parameter above the critical threshold. The
well-tested (for flat beds, and steady flow) Meyer-Peter and
Muller [1948] formula suggests use of (28) with Cp=8. To extend
this type of formula to spectral waves with nonzero skewness
Nielsen [1992] suggests using

ey = VDm0

2~ D=1 G0)

to calculate an instantaneous Shields parameter. In (30), f; 5 is cal-
culated on the basis of H,,, for a burst, and the wave period calcu-
lated by (4). A zero degree phase lag between stress and velocity
is also assumed. Since u,,(f) are the instantaneous wave velocity
samples within a burst, (30) generates a time series of instanta-
neous Shields parameters within the wave cycle. From the time
samples of instantaneous Shields parameter within the bursts the
cumulative bedload transport is calculated as

t AT,
Mbedload(t) = ZO QB(t)T—bAt (€2))
Myedioad is compared to the sediment transport associated with rip-
ple migration (My;pp1e) in Figure 15a. In order to make the magni-
tude of Myegioaq agree with My over the period yearday 238 to
260 a scaling factor of Cp=8 x 62 was used instead of the 8 sug-
gested by the Meyer-Peter and Muller [1948] formula. While
Nielsen [1992] recommended the use of «/iuw, rmsi,,(t) , based on
the rms wave height, for the velocity-squared factor in (30) other
possibilities exist. Table 1 shows the required scaling constants for
the velocity-squared factor based on the rms wave height, the sig-
nificant wave height, and the actual instantaneous wave velocity.
The motivation for using the instantaneous wave velocities is from
Madsen [1991], who suggested bedload responds virtually instan-
taneously to time varying velocities associated with waves. The

fact that the scaling constants are substantially larger than 8 indi-

cates that either scaling for this type of bedload formula needs to
be substantially larger for the bedload transport associated with
orbital scale ripple migration, or that a significant portion of the
transport is occurring as near-bottom suspended load.
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Table 1. Velocity-Squared Factors and the Associated Bedload
Model Scaling Constants.

Wave l-!c.x ght Velocity-squared Cp
Definition factor
Hims A/éuw, sy, (1) 8 x62
Hip 14221, s, (£) 8x21
* Instantaneous u,,(t) 8 x 10

Another possibility for the difference in the magnitude of trans-
port between the data and the model with Cg=8 is that there is
velocity enhancement as the flow passes over the crest of the rip-
ple. This type of velocity enhancement is particularly important
when the wave stresses are near the critical stress for initiation of
motion. However, if sediment is in motion only near the crest,
there exists a trade-off in increased bedload transport due to the
increased flow velocity and in decreased bedload transport due to
the spatial average over the ripple wavelength. If sediment is in
motion over the entire face of the ripple the flow enhancement at
the crest is balanced by flow speed reduction over the trough and
the spatially averaged transport rate does not increase substan-
tially.

Nielsen [1992], on the basis of data from Du Toit and Sleath
[1981], suggested a velocity enhancement factor of
1/(1-7mn/A) based on velocity measurements over orbital scale
vortex ripples. Thus the enhanced Shields parameter is given by

o

—— 32)

(1-mn/A)
Using this Shields parameter and the original model scaling con-
stant of Cp=8 gives an Myqioaq that agrees well with M. This
calculation does not account for the reduction in bedload transport
due to spatial averaging over a ripple wavelength and thus overes-
timates Mpedioad- The use of a flow enhancement factor is also not
universally agreed upon in the literature. Wiberg and Harris
[1994], on the basis of measurements by Ikeda [1991], suggested
that a flow enhancement factor should only be used for anorbital
ripples. In a recent paper, Li et al. [1997] used this flow enhance-
ment factor to predict initiation of bedload motion over a rippled
bed.

Comparing Figure 152 (Mpple and Mpegioad) to Figure 14a
(Ripple migration X,, and U3,,), one can see there is better agree-
ment of the shape of the curves in Figure 15a. This is due to the
fact that while the shape of Myegioaq and U3,, are similar, the rip-
ple migration transports less sand during periods of slow migra-
tion when the ripples are small and more sand during periods of
fast migration when the ripple are larger. This forces the slope of
Miipple to become steeper than the slope of X,,, in the period around
yearday 250 and flatter elsewhere. In general, the shape of curves
Miipple and Mpeqioaq agree well, thus this type of bedload model
with the appropriate velocity squared factor and scaling constant
can be used as a predictive tool for sediment transport associated
with ripple migration in conditions similar to those found at LEO-
15 during this deployment.

To test the possible role of bedload caused by mean currents,
the bedload flux model calculations were also performed with the
combined stress estimates generated using the GGM model for the
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stress due to currents and (30) for the stress due to waves. In Fig-
ure 15 it is shown that the model results for the combined case and
for waves alone are virtually identical indicating that the contribu-
tions from mean currents is negligibly small.

The fact that the ripple migration is onshore and is forced by
bedload and near-bed suspended transport, and that the suspended
sand transport above 5 cm off the bottom is offshore during the
period of largest waves can be interpreted in terms of a vortex
ejection process as described by Bagnold [1946], Inman and
Bowen [1963], Nielsen [1992], and others. Flow separation and
vortex formation is occurring at LEO-15 as indicated by the sharp
crested ripples (Figure 2.) High-frequency ABS images of plumes
of suspended sediment rising to A0 to 80 cm above the bottom are
also consistent with a vortex ejection process. One possible expla- .
nation of the observed phenomena is shown in Figure 17.

The observations of ripple migration directed onshore with sus-
pended transport directed offshore (presumably carrying the finer
fractions) are consistent with Craghan’s [1995] observations of

" grain size distributions across Beach Haven ridge where the coars-

est sediments are found on the landward flank and become pro-
gressively finer over the crest. This consistency assumes the ripple
migration is forced by bedload and carries coarser sediments and
the suspended transport consists of finer fractions as consistent
with a vortex ejection mechanism.

Wave orbital particle trajectory

Coarse
Onshore Sand Offshore
-—— —
Figure 17. Vortex ejection and bedload forcing of ripple

migration mechanism. The greatest velocities are in the onshore
direction. This onshore portion of the wave cycle moves fine and
coarse sand over the crest (1) where most of the coarse sand is
deposited to force the ripple migration, as seen by the dashed line.
This is the dominant cross-shore transport mechanism. However,
some of this sand (particularly the finer fractions) that passes over
the crest is entrained into a vortex in the lee of the ripple (2). This
vortex is ejected upward into the water column during the wave
reversal and is transported offshore in the next half of the wave
cycle as it decays and sand settles out (3). The grain size
dependence of this process is described by Bagnold [1946] and
could account for the offshore suspended transport during periods
of high wave velocity. While this process reverses every half wave
cycle, the stronger onshore velocities associated with nonlinear
waves allows the onshore phase to dominate.
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1.5

Figure 18. Annual significant wave height versus dominant
period frequency of occurrence distribution from 9 years of
National Data Buoy Center [1997] buoy 44009 hourly
observations located at the mouth of the Delaware Bay in 30 m of
water. The total area under the contours integrates to 100%, and
contours are labeled in percent. The hatched area is the transitional
region from wave orbital scale ripples to anorbital scale ripples
defined with D=800 um. The dash-dotted and dotted lines are the
Shields critical limits for initiation of motion for grain sizes of 400
and 800 pm, respectively.

5. Wave Ripple Climatology for LEO-15

The data analyzed in this paper was taken over a 6 week period
during an active hurricane season. Wave climatology can be used
to examine whether the observed wave orbital ripples are the dom-
inant type of bedform at LEO-15 in other seasons or over a longer
timescale. Data of this type is readily available from the National
Data Buoy Center’s [1997] wave buoy 44009 located in 30-m
depth water at the mouth of the Delware Bay approximately 100
km south of LEO-15. Figure 18 displays the frequency of occur-
rence distribution versus wave period and significant wave height
taken from 56,788 hourly records during a 9-year period from
October 1984 to December 1993. Also plotted on this figure is the
Shields critical stress threshold for initiation of motion for the
observed median grain size of Dsy=400 pm and one standard devi-
ation larger (Dgs=800 pm). The transitional region (2000 < d/D <
5000) from wave orbital scale ripples to anorbital ripples based on
wave orbital diameter scaled by a grain size of Dgs=800 um is
shown as the hatched region. A scaling based on Dgs is used
since this scaling predicts a transition from orbital ripples to anor-
bital ripples that is not inconsistent with the observations from
LEO-15. The critical stress is found from the wave height and
period by using linear wave theory to find velocities. The 2.5 grain
diameter wave friction factor (f, 5) is used to relate velocity to skin
friction shear stress.

By integrating the part of the frequency of occurrence distribu-
tion that lies above the critical stress it is seen that 74% of the
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observations fall into this category based on a grain size of 400
um. Thus stresses are typically large enough to form wave orbital
ripples that are in equilibrium with wave forcing. By integrating
the part of the distribution that lies above the lower limit of the
transitional region it is seen that 18% of the observations fall into
this category. In our data set, 90% of the points lie above the criti-
cal stress and only 2% are in the transitional region defined with a
grain size of 800 pm

Thus if a transition occurs, it will only happen in the more
severe storms at LEO-15. Although our deployment occurred dur-
ing an active tropical storm season, all of these storms passed well
offshore of the LEO-15 site, generating long-period swell but not
locally large waves. The dominant periods of the waves during the
most severe event in the deployment were 16-18 s, but the signifi-
cant heights were rarely over 2 m. A winter or late fall deployment
would be more likely to catch the severe northeast wind storms
that would generate locally large waves. Such a deployment could
help determine whether the maximum observed ripple wavelength
of 100 cm is truly the maximum wavelength possible before a
transition to anorbital scaling occurs, or whether the ripples can
grow longer than 100 cm. The wave climatology indicates that
until further information is available on the transition to anorbital
scaling, a wave orbital scale ripple model is valid at LEO-15 for a
large percentage of the time.

6. Conclusions

Wave orbital scale ripples with A/d=0.74 and n/A=.15 are
clearly the dominant type of bedform observed at LEO-15. The
only exception to this is during periods when the current stress
becomes significant relative to the wave stress (i.e., ‘cf:f / ‘rivf»«O( 1))
or during periods when the bedforms are not in equilibrium with
the wave forcing. Although it is unclear whether a transition to
anorbital ripple scaling is occurring, models such as those by Clif-
ton and Dingler [1984] and Wiberg and Harris [1994], with the
transition occurring at d/D~2000 and with D defined by the
median grain size (Dsq) do not predict this data set well since this
transition predicts a maximum wavelength of 45 cm while the
maximum observed wavelength is 100 cm. Scaling the relation d/
D Dby a grain size one standard deviation above the median (Dgs)
allows the model to predict the maximum observed wavelength of
100 cm before a transition occurs. This indicates that scaling these
types of models by median grain size alone may not be appropriate
and some measure of the width of the grain size distribution
should be included. In the case of LEO-15 the presence of the
larger grains allowed the ripples to grow larger than the model
predicted. Models such as those by Nielsen [1992] or Grant and
Madsen [1982] that use wave period are able to predict the correct
maximum wavelength, even when scaled by the median grain size.
Collecting data during severe winter storms with large wave
orbital diameters would help clarify the issue of an orbital-anor-
bital transition. Also, collecting data grain size distribution spatial
variability across ripples crest and troughs, along with formulating
detailed models of the relative roles of suspended sediment and
bedload in the ripple formation process, may help determine the
appropriate scaling for a transition. A laboratory study with nar-
row and wide grain size distributions with the same median size
and varying wave period with constant orbital diameter could also
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help clarify the roles of grain size distributions and wave period on
ripple geometry.

Although understanding bedform geometry is important for its
effect on near-bed hydrodynamics and thus the sediment transport
process, the migration of ripples may be the dominant mode of
cross-shore sediment transport at a site such as LEO-15 with
medium to coarse sand. If the assumption that the volume of sand
contained in the ripples is transported with the ripple is correct,
then the ripple transport accounts for an order of magnitude more
mass transport than the net suspended transport. Transport models
are able to relate this mode of sand trarisport with a forcing func-
tion related to (excess sl:ress)l'5 with an appropriate scaling con-
stant. Better instrumentation is needed to carefully measure
bedload and near-bottom suspended transport and to relate these
transport modes to ripple migration. The observations indicate a
process where ripples migrated onshore yet suspended sediment
travels offshore during storms. Vortex ejection is a possible mech-
anism for this transport pattern, but it should be emphasized that
while the existing observations are consistent with this hypothesis,
high-resolution two- or three-dimensional observations are
required to better understand these processes.
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