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[1] Measurements made using sonar altimeters mounted on an amphibious surveying
vehicle are analyzed for root-mean-square (RMS) bedform roughness. Observations for 22
days over a 500 m � 700 m area are used to quantify the cross-shore distribution of
roughness and its variability. Large bedforms (with amplitudes 5–50 cm) occur frequently
in shallow water (<2 m water depth). However, the patchiness of these bedforms is also
largest in shallow water. This is likely owing to the spatial and temporal variability of the
waves and currents, of the sediment grain size distributions, and of the large-scale
nearshore morphology. Large bedforms were observed to exist only for mobility numbers
<150, above this threshold the RMS roughness was <2 cm and the bed was interpreted to
have transitioned to sheet flow conditions. However, the state of the bed (e.g., large
ripples, small ripples, flat bed) was not predictable for mobility numbers between about 30
and 150. Existing models for orbital ripples do not predict the observed large bedforms
and have little predictive skill for these data. INDEX TERMS: 4546 Oceanography: Physical:

Nearshore processes; 4558 Oceanography: Physical: Sediment transport; 3020 Marine Geology and

Geophysics: Littoral processes; KEYWORDS: seafloor roughness, bedforms, nearshore, surf zone, megaripples,
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1. Introduction

[2] Bedforms on a barred beach are highly variable, both
spatially and temporally, but this variability is poorly under-
stood. A better understanding of bedforms in the nearshore
would be valuable for interpretation of sedimentary sequen-
ces in the geologic record and for estimating seafloor
roughness and resulting friction factors when predicting
wave energy dissipation, nearshore current generation, sedi-
ment transport, and the resulting bathymetry change.
[3] Bedforms generated by steady currents (e.g., in rivers)

have been studied in detail and regime diagrams can be used
to determine roughly what types of bedforms will appear
under certain flow conditions [e.g., Middleton and South-
ard, 1984; Fredsoe and Deigaard, 1992]. Bedform regimes
under purely oscillatory flow also have been identified [e.g.,
Clifton, 1976; Nielsen, 1992]. However, in the natural surf
zone, steady currents, wave driven oscillatory currents,
wave asymmetries, and breaking-induced turbulence com-
bine to create a complicated environment for sediment
transport and bedform development, and prediction of bed
state is difficult. Owing to the difficulty in studying this
high-energy and highly variable environment, few observa-
tions of seafloor morphology have been made and little is
known about bedforms in the nearshore.

[4] Clifton et al. [1971] made observations using SCUBA
of the cross-shore variability of nearshore bedforms on an
Oregon beach during relatively mild conditions. They
observed that bedforms change in size, shape, and symme-
try across the nearshore. Far offshore, where waves were
sinusoidal and the water was deep (>5 m), small symmetric
oscillatory ripples were observed (2–5 cm high, wave-
lengths of 10–20 cm, straight but short-crested). Progress-
ing toward the shore, waves begin to shoal and the observed
ripples became asymmetric. Just before breaking, where
wave skewness (peaked wave crests with strong onshore-
directed velocities and broad flat troughs with smaller
offshore-directed velocities [Elgar et al., 1988]) is maxi-
mum, megaripples were observed (30–100 cm high, wave-
lengths of 1–5 m, lunate shaped). Beneath the breaking
waves, the bed was planar owing to large velocities,
turbulence and sheet flow conditions. Inside the surf zone,
oscillatory velocity asymmetries, turbulence and steady
currents create a complex fluid environment. Here, Clifton
et al. [1971] observed a complex rough bed with large
symmetric ripples (15–20 cm high, wavelengths of 30–60
cm, straight and long-crested), megaripples, and large holes
(10–50 cm deep, 1–2 m across). Similar observations of
cross-shore changes in bed state come from studies of strata
within the bed [Greenwood and Sherman, 1986; Davidson-
Arnott and Greenwood, 1976].
[5] More recently, Hay and Wilson [1994] observed

changing bedform regimes in the nearshore with a rotating
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side-scan sonar at a fixed location. As the wave energy
decreased at the end of a storm, their instrument frame went
from being inside the surf zone, with large waves breaking
far offshore, to being outside the surf zone as the waves
became smaller and broke closer to shore. They observed
flat beds, small regular vortex ripples, cross ripples (both
large and small ripples) and megaripples. Timescales for
changes in bedform regimes were on the order of 1–3
hours. Thornton et al. [1998] made observations with a
side-scan sonar and a single altimeter mounted on an
amphibious surveying vehicle (the CRAB, see Figure 1).
They observed highly variable bedforms in both the cross-
shore and alongshore. Some of the observed patterns were
similar to those of Clifton et al. [1971], but some were quite
different.
[6] Clifton [1976] developed a regime model for bedforms

under waves in the nearshore, which depends on peak flow
velocity under waves um, flow asymmetry �um (defined as
the difference between the maximum forward flowing
velocity and the maximum backward flowing velocity under
a wave), wave period and sediment size. However, he
acknowledged that his model did not include combined flow
(waves plus currents), was poorly tested for breaking waves
and high-energy conditions, and was approximate and
should be used cautiously as a predictive tool. This model
was developed for use in interpreting sedimentary structures
and therefore ancient flow conditions. This type of model
also would be useful in predicting bed configuration under
shoaling and breaking waves. Models which predict the
energy transformation of waves as they enter shallow water
and the wave-induced circulation in the nearshore often
include roughness owing to sand grains, some include
roughness owing to sediment motion in the boundary layer,
few include morphology-induced roughness [Nicholson et
al., 1997; Young and Gorman, 1995], and none consider the
large features such as megaripples. This is owing to the lack
of any theory to quantitatively predict the roughness for any
given conditions.
[7] In this paper, unique observations of large bedforms

are used to characterize the roughness of the seafloor in the
nearshore. The observations of Clifton et al. [1971] are
shown to be one case of cross-shore variation in bed
morphology. Similarities between these observations and
previous observations suggest that bedform processes are
similar in natural surf zones. This more comprehensive data
set is used to show that temporal variability and spatial
patchiness are large. An average observed cross-shore rough-
ness profile and its variability are discussed. The working
hypothesis for this study, as well as all the previous work
discussed above, is that the state of the bed morphology is
dependant in some predictable way on geological and hydro-
dynamical conditions. Thus, a cross-shore array of electro-
magnetic current meters is used to examine the dependence
of roughness on the flow field. Interestingly, this intuitive
hypothesis is only weakly supported by this study.

2. Observations

[8] The temporal and spatial variability of bedforms on a
barred beach were studied for 5 weeks in September and
October 1997 near Duck, N. C., during the SandyDuck
nearshore field experiment. Approximately daily surveys of

a 500 m � 700 m area were made with a linear, lagged array
of seven sonar altimeters mounted along the rear cross beam
of the CRAB, (Coastal Research Amphibious Buggy, Fig-
ure 1). The CRAB, with a footprint of about 8 m, is
designed to measure the large-scale morphology (e.g.,
sandbars) using DGPS with an accuracy of 4 cm RMS in
the vertical and 3 cm RMS in the horizontal. The survey
area is measured along 20 cross-shore lines, which are
separated by 20–50 m.
[9] The altimeters (1 MHz with automatic gain control

[Gallagher et al., 1996]) have <1 mm vertical resolution,
but an effective resolution of �2 cm (peak to peak). This is
owing to the variability of the sediment bed, for example,
dilation, bedload transport, and grain roughness [Gallagher
et al., 1996]. The altimeters are sampled at 48 Hz and, with
CRAB speeds of 0.5–1 m/sec, the bed is sampled every
1–2 cm. The data are corrected for the motion of the CRAB

Figure 1. CRAB. The CRAB is about 12 m tall, 8 m wide
at the rear wheels (forward is toward the left), and the
diameter of the tires is about 1.7 m. It is shown during the
SandyDuck nearshore field experiment with an array of
downward looking sonar altimeters mounted (on pipes)
across the rear cross beam. The separations between the
altimeters in the lagged array (from left to right) are 1.8, 1.5,
0.6, 0.15, 0.3, and 0.9 m. See http://www.frf.usace.army.mil
for more information on the CRAB.
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using pitch, roll, and yaw measurements (Thornton et al.
[1998] found that these corrections were small O(1cm)) and,
because there are spurious acoustic returns from the water
column, a median filter is applied [Thornton et al., 1998].
[10] The altimeter data and CRAB profiles are time

synced and combined to give detailed cross-shore profiles,
which include both large-scale (bars) and smaller-scale
(megaripples) morphology (e.g., Figure 2a), with an effec-
tive vertical and cross-shore resolution of 2–4 cm. The
separation of sonar altimeters in the lagged array ranges
from 0.15–5 m (Figure 1) making resolution of megaripple
length scales possible. However, length scales will not be
discussed here. In this paper, vertical relief (RMS rough-
ness) averaged over the seven sonar altimeters will be
examined, thus alongshore resolution of roughness is deter-
mined by separation between the CRAB survey lines (20–
50 m). In addition, a cross-shore array of electromagnetic
current meters was used to examine the flow field.
[11] Observations of bedforms using the sonar altimeters

sometimes agree with Clifton et al.’s [1971] observations of
bedforms in the nearshore (suggesting similarities in the bed
processes between the two different beaches). For example,
in Figure 2a, a cross-shore profile from one sonar altimeter
has a relatively smooth bed furthest offshore (x > 260 m,
small ripples are poorly resolved so the distinction between
small ripples and flat bed is not made), and has large
bedforms just before the bar (x = 220–260 m). On the
outer slope of the bar, where waves shoal and possibly
break (x = 175–220 m), the bed is quite smooth, likely
owing to high velocities near the bed and resulting sheet
flow conditions. Inside the surf zone (x = 130–175 m) large
bedforms are observed again.
[12] The large bedforms observed in Figure 2a are mega-

ripples [Clifton et al., 1971] and, as shown in detail in Figure
2b, have cross-shore lengths of about 2 m and amplitudes of
20–40 cm. The flat bed further offshore is shown in detail in
Figure 2c. In general, spectra of short (�10 m) cross-shore
sections of the seafloor in the nearshore have a peak at low
wave number (wavelengths of 1–5 m) and decay with
increasing wave number (Figures 2d and 2e, from the 10-m
long, high-pass filtered profiles in Figures 2b and 2c, dashed
lines, and averaged for the seven sonars). During Sandy-
Duck, wave-orbital ripples (heights of 1–10 cm, lengths of
0.1–1 m) were often visible but not always well resolved
with the CRAB altimeters, so discussion of the wave-orbital
ripple band will not be made in detail. Note that the orbital
ripple band is included in the bed roughness estimation
(below), but because the features are relatively small, their
contribution to the total variance of the seafloor (the inte-
grated spectrum) is small. Thus, bed fluctuations in the
megaripple band are the most energetic, and megaripples
are the largest source of bed variability at scales <10 m.
[13] The RMS bed level fluctuation is calculated as the

square root of the integrated spectrum averaged over the
seven altimeters (Figures 2d and 2e), giving an estimate of
variability over the 10 m-long sections of bed in Figures 2b
and 2c. Using overlapping, 10 m-long sections of bed
profile, the RMS bed roughness is calculated every 1 m.
The amplitude variation of bedforms across the profile in
Figure 2a is well characterized by the RMS bed roughness
profile (Figure 2f), where the large bedforms (x = 220–270
m and x = 130–175 m) have an RMS roughness of 7–10 cm

and the smooth portions of the bed (and possibly small
ripples) have an RMS roughness of <2 cm. The visually
observed bedform amplitudes (Figure 2b and Clifton et al.
[1971]) and the measured RMS roughness values differ by
about a factor of 4 because the ripple height distribution is
approximately Rayleigh [Thornton et al., 1998].
[14] The daily survey area consists of 20 grid lines that

extend from the shoreline to about 5 m water depth. Thus, for
each daily CRAB survey, 20 roughness profiles are calcu-
lated and a map of RMS roughness is generated (Figure 3,
using linear interpolation and MATLAB plotting routines).
Also shown in Figure 3 are depth contours, which outline the
large-scale bathymetry (black lines). During the SandyDuck
experiment there were two bars, one in 3.5 m water depth at

Figure 2. (a) Example of a combined (CRAB plus
altimeter) cross-shore profile (October 7, y = 1030 m in
Figure 3, HS = 0.44 m) with elevation below mean sea level
versus cross-shore location (see http://www.frf.usace.army.
mil for more information on the Field Research Facility and
the coordinate frame). (b–c) Solid lines are examples of 10-
m long sections of Figure 2a (cross-shore locations x =
150–160 m and x = 400–410 m). These data are high-pass
filtered (dashed lines) with a cutoff wavelength of 10 m.
(d–e) Bed elevation spectra of the high passed sections
(dashed lines in Figures 2b and 2c) averaged over seven
sonars. Because the seven profiles are not independent
measures of bed forms (correlations between sensors in the
array are >0.6 for length-scales <1 m), the effective DOF �
10. The square root of the variance from integrated spectra
gives the RMS roughness. (f) RMS roughness versus cross-
shore distance. The RMS is calculated every 1 m from
overlapping (90%) 10-m long sections (as in panel 2b), to
produce this RMS roughness profile from the depth profile
in panel 2a.
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about x = 300 m and another in 1 m water depth at about
x = 180 m. The outer bar was broad and flat, whereas the
inner bar was better defined with a steep offshore slope
(1/15). This large-scale morphology did not change signifi-
cantly for the duration of the observations presented here.

2.1. Spatial Patterns

[15] The profile in Figure 2f is from alongshore location
y = 1030 m in Figure 3a, and the described pattern from
Clifton et al. [1971] is not consistent throughout the survey
area. The bedforms in the outer trough (x = 220–260 m) are
only seen at that location (and a couple others, y = 680,
1280 m) as a small patch of bedforms. The observed
roughness distribution in Figure 3a is typical, with rough-
ness highest in shallow water and patches in deeper water.
However, there are variations on this pattern. An example
when the offshore roughness patches were more prevalent is
shown in Figure 3b. Large roughness on the offshore face of
the outer bar and almost no roughness in shallow water are

shown in Figure 3c. A fourth example shows large bed-
forms on both the outer face of the outer bar and in the inner
trough (Figure 3d).
[16] The significant wave height HS, measured in 8 m

water depth, is shown in Figure 4 and the survey times of
these four examples are represented by the dotted lines.
These observations suggest that large bedforms are preva-
lent in the nearshore, but their spatial distribution changes.
It is hypothesized that the reasons for variations in rough-
ness distribution include changes in the offshore wave
height (and resulting changes in cross-shore distribution of
wave and current magnitudes), patchiness of sediments, and
3-D variations in the flow field, large-scale morphology, and
wave breaking. The observations of Clifton et al. [1971],
Clifton [1976], Hay and Wilson [1994] and Thornton et al.
[1998] are in agreement with this hypothesis and provide
specific cases from different surf zones with bed config-
uration depending, at least qualitatively, on the variables
mentioned above.

Figure 3. Maps of RMS roughness (centimeters) for the 500 m � 700 m survey area. Black lines show
contours of large-scale bathymetry. Daily surveys of the area with the CRAB (Figure 1) consisted of 20
grid lines, thus 20 roughness profiles (e.g., Figure 2f is from y = 1030 m in Figure 3a) are used to generate
these maps. (a) October 7, HS = 0.44 m. (b) October 2, HS = 0.88 m. (c) October 16, HS = 1.65 m.
(d) October 25, HS = 0.75 m.
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[17] To examine the cross-shore variation of roughness,
each daily roughness map (e.g., Figure 3) was averaged in
the alongshore to give a mean daily roughness profile. Four
mean profiles (corresponding to maps in Figure 3) and their
standard deviations are shown in Figure 5. In Figure 5a, the
alongshore-averaged seafloor roughness is observed to be
highest in the shallow water (x < 200 m) inside the inner
bar, and the relatively low standard deviation indicates that
this is consistent throughout the survey area (as can be seen
in Figure 3a). However, for x = 200–250 m, the standard
deviation is similar in magnitude to the mean roughness,
(i.e., the variation is the same size as the roughness)
indicating the lower roughness values are not consistent
throughout the survey area. This relatively high standard
deviation is owing to the patches in Figure 3a (x = 200–260
m, y = 1030 m, y = 1285 m, and y = 680 m). The significant
wave height measured in 8 m water depth for this day was
HS = 0.44 m (October 7, Figure 4).
[18] Figures 5b–5d show alongshore-mean roughness and

standard deviation profiles corresponding to the examples in
Figures 3b–3d. The same trend is seen in Figure 5b as in
Figure 5a, but the roughness values and their standard
deviations are larger across the profile. The large bedform
patches irregularly distributed throughout the survey area
during this small storm-wave event (October 2, HS = 0.88 m,
Figure 4) increased both the mean roughness and the spatial
variability. The roughness in Figure 5c is dominant offshore
(x = 400–500 m) and the shallow water bedforms are only
patchy, as indicated by the relatively large standard deviation
between x = 180–250 m (October 16, HS = 1.65 m, Figure
4). High roughness levels from bedforms in both shallow
water (x = 140–220 m) and much deeper water (x = 350–
450 m) separated by a relatively smooth stretch of seafloor
are seen in Figure 5d (October 25, HS = 0.75 m, Figure 4).
The standard deviation is similar to the mean profile indicat-
ing that, where bedforms exist, they are spatially variable.
[19] To further generalize the roughness in the nearshore, a

single time-averaged (over the 22 daily alongshore-averaged
roughness profiles, four of which are shown in Figure 5)

profile is calculated to try to identify a suitable estimate of
the cross-shore distribution of roughness in the nearshore
(Figure 6). During this time the large-scale morphology did
not change significantly, although the significant wave

Figure 4. Significant wave height measured in 8 m water
depth for the SandyDuck experiment. Vertical dotted lines
show the times for the surveys shown in Figures 3 and 5.

Figure 5. Alongshore-averaged RMS roughness versus
cross-shore distance. Averaging the RMS roughness maps
(e.g., Figure 3) in the alongshore direction gives a single
daily mean RMS roughness profile (solid line) and its
standard deviation (dashed line). (a) October 7, HS = 0.44
m. (b) October 2, HS = 0.88 m. (c) October 16, HS = 1.65 m.
(d) October 25, HS = 0.75 m.

Figure 6. Time-average (over all days) of alongshore-
averaged (each day) RMS bed roughness versus cross-shore
distance. Averaging the daily mean RMS roughness profiles
(e.g., Figure 5, solid lines) for 22 days gives a temporal
average of the mean cross-shore RMS roughness (solid
line). The dash-dotted line is standard deviation of this
temporal average and represents the temporal variability.
The dashed line is the mean of daily standard deviations (as
represented by dashed lines in Figure 5) and represents the
mean alongshore variability.
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height ranged from 0.4–3.3 m (Figure 4). The time-aver-
aged, alongshore-averaged roughness profile shows a sig-
nificant increase in roughness associated with the shallow
sandbar (x < 200 m, water depths < 2 m). This is likely due to
bedforms generated by surf zone processes (wave asymme-
tries, combined currents and waves, breaking induced turbu-
lence, etc.) The temporal variability, calculated as the
standard deviation of the temporal average, is also largest
in shallow water (dash-dotted line, Figure 6), as is the spatial
variability calculated as the mean of alongshore standard
deviations (e.g., dashed lines in Figures 5a–5d, shown as
dashed line in Figure 6). The relatively high variability of
bedforms in shallow water is likely owing to the high
variability of surf zone processes in both space and time.
Thus, the largest bedforms exist inside the surf zone, but
their spatial distribution is patchier and their temporal
variability is larger than the smaller offshore bedforms.

2.2. Fluid Forcing

[20] Consistent with Clifton’s [1976] regime-type model,
as well as previous studies of bedforms in fluvial and purely
oscillatory flows, these examples qualitatively support the
hypothesis that the distribution of bedforms depends on the
variation of the near bed fluid velocity as a function of wave
shoaling and breaking. For example, comparing the bed-
forms in Figure 3d (HS = 0.75) to those in Figure 3a (HS =
0.44 m), the formation of a patch of bedforms between x =
350–420 m is hypothesized to be owing to increased near-
bed water velocities at that depth associated with the higher
waves. For even larger waves (Figure 3c, HS = 1.65 m), the
near-bed velocities and breaking induced turbulence in
shallow water (depths < 2 m) become so large that the
bed is planed off owing to sheet flow conditions and that the
conditions for large bedform formation have moved to
deeper water (depths > 4 m).
[21] To test this hypothesis, near bottom currents meas-

ured along an array at y = 830 m were used to calculate
various fluid parameters. Roughness in the vicinity of the
current meters (usually within about 15 m) was compared
with mean velocity, RMS velocity, velocity skewness and
asymmetry, as well as estimates of sediment transport [e.g.,
Bailard, 1981]. None of these quantities showed a signifi-
cant relationship with the amplitude of the bedforms (not
shown). Mobility number represents the ratio between the
mobilizing force of the fluid and the stabilizing force of
gravity and is given by

Y ¼
U2 þ V 2
� �
s� 1ð ÞgD ;

where U and Vare the total (wave and current) instantaneous
measured velocity components in the cross-shore and
alongshore direction, s is the specific gravity (ratio of
sediment density to water density, 2.65 for quartz sand), D is
the mean grain diameter (surface samples taken twice during
the experiment at the current meters), g is the acceleration of
gravity, and h i denotes time average (over 3 hours for this
study). Bed roughness is plotted versus Y in Figure 7a. For
Y greater than about 150, the RMS roughness is less than 1
cm and megaripples do not exist. For 30 < Y < 150, RMS
roughness ranges from <1 cm to about 8 cm, indicating that
both large bedforms and relatively smooth beds can occur.

When Y is less than about 30 the bed again becomes
relatively smooth. The threshold of sediment motion (forD =
0.2 mm, typical at Duck) is about Y = 10 (dashed line,
Figure 7a).
[22] Shields’ parameter, a normalized estimate of shear

stress, was also calculated. Maximum combined flow (i.e.,
wave and current) shear stress, t, was calculated following
the technique of Soulsby et al. [1993] and using the for-
mulations of Fredsoe [1984] and Grant and Madsen [1979].
The input parameters for this calculation, which were derived
from the data, include mean current velocity, wave-orbital
velocity (RMS velocity was used), angle between the waves
and currents, depth (h), and peak period. The drag coefficient
for steady flow over a flat bed is estimated as

Cd ¼
0:4

ln 33h=ksð Þ � 1

� �2
;

Figure 7. (a) RMS roughness versus mobility number.
The solid line (regular waves) and the dash-dotted line
(irregular waves) show the empirical relationships from
Nielsen [1981] for wave-orbital ripple height. The dashed
line shows the threshold for sediment motion for D = 0.2
mm. The dotted lines show the threshold for transition to
sheet flow as reported by Dingler and Inman [1976] (DI),
and Nielsen [1992] (N). (b) RMS roughness versus
maximum combined flow Shields’ parameter calculated
following Soulsby et al.’s [1993] technique and using the
models of (dots) Fredsoe [1984] and (open circles) Grant
and Madsen [1979]. The dashed line shows the threshold of
motion for D = 0.2 mm. The dotted lines show the threshold
for transition to sheet flow as reported by Soulsby [1997]
(S), and Nielsen [1992] (N).
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where the roughness length ks = 2.5D, (for these conditions
Cd = 0.0008–0.0013). This estimate of shear stress was then
normalized to give Shields’ parameter

q ¼ t
r s� 1ð ÞgD ;

where r is the water density. The Shields’ parameter is
plotted versus roughness in Figure 7b.
[23] Mobility number and Shields parameter are com-

monly used as nondimensional measures of sediment trans-
port conditions and bed state. For example, Nielsen [1981]
suggested that orbital ripple height (in quartz sediments) is
dependent on mobility number, based on field and labora-
tory observations. He proposed an empirical dependence for
regular waves

h
A
¼ 0:275� 0:022Y0:5 for Y < 156

(with h = 0 for Y > 156), and for irregular waves

h
A
¼ 21Y�1:85;

where h is the ripple height and A is the orbital amplitude of
the fluid near the bed. These estimates of bedform height are
divided by

ffiffiffi
2

p
so they are comparable with observed RMS

bed roughness and are plotted in Figure 7a. Typical
conditions at Duck are used (0.2 mm sand and 10 s wave
period) and the results were not sensitive to reasonable
changes in these values.

3. Discussion

[24] Existing models for ripples under purely wave driven
conditions do not predict the occurrence of large bedforms
[Li and Amos, 1999]. For example, the empirical expression
for wave-orbital ripple height under regular waves [Nielsen,
1981] indicates the existence of wave-orbital ripples for the
same range of mobility numbers where megaripples, large
wave ripples, and possibly wave-orbital ripples are
observed, but does not suggest the variability of bed state
that is observed (Figure 7). Nielsen’s [1981] relationship for
irregular waves does not represent the observed bedforms.
[25] In steady flows, bedform regimes that change with

flow, grain size, and water depth are well established, and
flume experiments suggest there is a sharp transition from
small ripples (vortex ripples) to larger ripples (megaripples
and dunes) and then to sheet flow [e.g., Middleton and
Southard, 1984; Raudkivi, 1990; Reineck and Singh, 1975].
In nature, small ripples are often superimposed on larger-
scale ripples [e.g., Southard et al., 1990; Hay and Wilson,
1994; Li and Amos, 1999]. Even in cases where they exist
simultaneously, there is a definite break in size between
small and large ripples [Allen, 1968; Middleton and South-
ard, 1984]. The observations presented here (Figure 7),
under combined flows, do not show a sharp transition in
ripple heights from small ripples to large ripples; that is, for
30 < Y < 150 two distinct populations of ripple size are not
observed.
[26] For Y > 150, large bedforms do not exist and this is

interpreted as the transition to flat bed or sheet flow

conditions. This is in general agreement with the literature.
Dingler and Inman [1976] found the transition to sheet flow
at Y = 240 (calculated using wave-orbital velocity ampli-
tude from measured significant wave height and linear
theory). Nielsen’s [1992] values for the transition to sheet
flow, Y = 156 and q ffi 1.0, are based on wave-orbital
velocity amplitude of regular waves. Soulsby [1997] noted
(and it is observed here, Figure 7) that Nielsen’s values are
not compatible with each other. Soulsby [1997] gives qs ffi
0.8 (the skin-friction Shields parameter) as being the
approximate criterion for the transition to sheet flow in
both steady flows and oscillatory flows. Here, the observed
threshold is Y ffi 150 and q ffi 0.5. Although lower than
most values noted above, this is in agreement with the
observations of Li and Amos [1999], who found that
Nielsen’s estimate of q ffi 1.0 was accurate for only the
smallest grain sizes (D = 0.01 mm) and that the threshold
for sheet flow decreased with increasing grain size. They
developed an empirical expression for critical Shields’
parameter in purely oscillatory flow as a function of grain
size, based on many different observations found in the
literature. From this, the predicted critical value for the
conditions at Duck is q ffi 0.8. Li and Amos [1999] also
found that the critical sheet flow Shields’ parameter was
about 50% smaller under combined waves and currents (a
small subset of the observations that they compiled) than
that predicted for pure waves, even after accounting for
combined flow nonlinearities by calculating shear stress
using work by Grant and Madsen [1986]. They presented
an empirical expression using only the combined flow data
that predicts a critical value of q ffi 0.4 for the observations
presented here. Li and Amos [1999] could not provide an
explanation for the latter effect.
[27] The spatial patterns and associated offshore wave

heights suggest the intuitive hypothesis of a relationship
between the flow field and the bed morphology. The gross
observation that the bed becomes flat above a certain
threshold supports that hypothesis. However, the observed
weak relationship between mobility number, Shields’
parameter, (or any other measure of the flow field) and
RMS bed roughness is surprising. There are a number of
possible factors affecting these observations. The fluid and
bed observations are spatially separated by about 15 m, thus
it is possible that the fluid measurements do not represent
the local conditions over the bedforms. However, an exami-
nation was made of bed elevation changes below the current
meters using collocated stationary sonar altimeters. This
qualitative comparison indicates that there are similar types
of bed features beneath the stationary altimeters and the
CRAB-mounted altimeters about 85% of the time. Another
explanation could be that sediment characteristics were not
well resolved. Sediments were measured only twice during
the experiment (collocated with the current meters), thus
temporal and spatial variations in local sediment character-
istics could be unresolved. The fluid characteristics were
based on 3-hour averages, from the 3 hours preceding the
bed measurement. It is assumed that the bed is in equili-
brium with the flow, because almost all conditions are
above the threshold of sediment motion (Figure 7) and
therefore, sediment is always moving. However, under very
low energy conditions or conditions that are changing
quickly, an average from the previous 3 hours may not
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represent the appropriate flow conditions for the observed
bed configuration.

4. Conclusions

[28] Observations indicate that large bedforms occur
frequently in the nearshore and that their distribution is
highly variable. These features have been observed in
Oregon, the Great Lakes and North Carolina [Clifton et
al., 1971; Hay and Wilson, 1994; Thornton et al., 1998]
suggesting that the bedform processes are similar in surf
zones with very different characteristics (e.g., slope, grain
size, wave energy, etc.). In general, spectra of bedforms in
the nearshore have a broad peak at low wave number
(corresponding wavelength 1–5 m) and decay at high wave
numbers, meaning that large bedforms, when present,
dominate the energy spectrum (for wavelengths <10 m)
and that their length scales are variable. Bedforms are
largest and most prevalent inside the surf zone (water depths
<2 m) and their amplitudes and occurrence decrease off-
shore. However, the variability (both spatial and temporal)
of the bedforms is also largest in shallow water.
[29] The RMS bed roughness shows a weak dependence

on mobility number and Shields parameter. For 30 < Y <
150 both small ripples and large ripples can exist, but no
sharp transition is observed between a small ripple regime
and a large ripple regime. Large bedforms (RMS amplitude
>2 cm) disappear for Y > 150 and q > 0.5. These observed
values are slightly lower than those found in much of the
literature [e.g., Nielsen, 1992; Soulsby, 1997]. However, it is
in agreement with the work of Li and Amos [1999] who
compiled data from many studies and found critical Shields’
parameter to depend on grain size and to be lower in
combined flows than that for waves alone.
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