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[1] Extensive measurements of ripple characteristics and dynamics along with associated
suspended sediment fluxes and hydrodynamic conditions were made in the shoaling and
surf zones of a macrotidal coarse grained beach at Sennen Cove, Cornwall, England
(median grain diameter 0.69 mm). Suborbital vortex ripples were observed during the
majority of the study period with height �5 cm and length �35 cm. The scale and shape
of the ripples did not vary significantly as the bed shear stress increased during wave
shoaling and breaking. However, ripple migration rates (onshore directed) were strongly
dependent on their location relative to the breakpoint, increasing from �0.1 cm min�1

under shoaling waves to 2 cm min�1 in the outer surf zone during low-energy conditions.
Farther inside the surf zone, ripples persisted but migration rates slowed, probably owing
to the presence of the offshore-directed mean flow which impedes landward migration of
the ripples. Under low-wave conditions (during which measured sediment fluxes peaked
around the outer surf zone and decreased through the saturated surf zone), bed form
transport rates under shoaling waves were of the same magnitude as net suspended
sediment fluxes but at least an order of magnitude smaller in the outer surf zone. Under
high-energy conditions (during which suspended sediment fluxes in the surf zone were
offshore directed owing to the presence of the seaward directed mean flow), bed form
transport rates were several orders of magnitude smaller than suspended fluxes.
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1. Introduction

[2] Small-scale bed forms, or ripples, are ubiquitous
features in the nearshore zone fronting sandy shorelines
and are of fundamental importance to sediment transport
processes [cf. Fredsoe and Deigaard, 1992; Nielsen, 1992].
Firstly, bed forms represent roughness elements for wave-
and current-driven flows, controlling to a large degree the
structure of the boundary layer [Grant and Madsen, 1986].
Secondly, through the generation of near-bed turbulence,
bed forms significantly affect the suspended sediment
profile, and the magnitude and direction of suspended
sediment fluxes [e.g., Vincent et al., 1991]. In addition,
bed form migration can provide a means of quantifying the
bed load component of the total transport [e.g., Dyer and
Soulsby, 1988]. Not surprisingly, therefore, considerable
attention has been devoted toward obtaining methods for
predicting ripple occurrence and geometry from hydrody-
namic and sediment parameters [e.g., Allen, 1970; Dingler,
1974; Miller and Komar, 1980; Nielsen, 1981; Grant and
Madsen, 1982; Wiberg and Harris, 1994; Williams et al.,
2004].

[3] Early investigations, based on laboratory experiments
and diver observations, have led to the formulation of
various ripple classification schemes. The earliest of these
is based on the ratio of ripple height to ripple length,
referred to as the ripple steepness h/l [Bagnold, 1963].
Sharp-crested vortex ripples are characterized by the largest
steepness (h/l = 0.15) and develop under relatively calm
wave energy conditions. Post-vortex ripples have rounded
crests and are characterized by smaller steepness values
(h/l = 0–0.15). Their steepness decreases progressively
under increasing wave energy conditions, in the so-called
break-off range, and the rippled bed eventually develops
into a plane bed when bed stresses exceed a certain
threshold [Nielsen, 1981]. An alternative ripple scheme is
that developed by Clifton [1976] and Clifton and Dingler
[1984], which comprises three different types of wave
ripples: (1) orbital ripples with a wave length proportional
to the wave orbital diameter; (2) anorbital ripples with a
wave length proportional to the sediment size; and (3) sub-
orbital ripples with intermediate wave length. Wiberg and
Harris [1994] interpreted the different ripple types in terms
of the protrusion of the ripples through the wave boundary
layer: orbital ripples have heights greater than twice the
boundary layer thickness that would occur on a plane bed,
whereas anorbital ripples have heights less than one quarter
of the boundary layer. Suborbital ripples are transitory.
Wave ripples in the nearshore zone mostly fall into the
range for suborbital and anorbital ripples, but orbital ripples
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may be found in relatively deep water (>10 m) and/or in
coarse sediments (>1 mm).
[4] Recent field investigations using a variety of acoustic

bed-sensing devices [Thorne and Hanes, 2002] have sig-
nificantly elucidated our understanding of the dynamics of
wave ripples. In the shallow nearshore zone (depths up to
5 m), the performance of conventional ripple geometry
predictors has been found to range from poor [Osborne
and Vincent, 1993] to reasonable [Crawford and Hay, 2001;
Hanes et al., 2001]. One of the difficulties with ripples on
natural beaches is the presence of time lags between the
development of a particular seabed state and changes in the
hydrodynamic forcing, resulting in ripples that are in
disequilibrium with the hydrodynamic conditions [Hay
and Bowen, 1993]. The mismatch between sea bed mor-
phology and hydrodynamic forcing is particularly relevant
on beaches where the water level changes rapidly owing to
the presence of a large tidal range [Osborne and Vincent,
1993]. On such beaches, enhanced sediment resuspension
during the falling tide is often observed owing to waves
encountering an ‘‘oversteepened’’ bed [Davidson et al.,
1993; Masselink and Pattiaratchi, 2000]. Recent field
studies have also indicated that upper plane bed conditions,
which are generally considered to be typical of energetic
surf zones [Clifton, 1976], are rarely observed. Instead,
various 2D or 3D configurations involving large megarip-
ples are commonly present in the surf zone [Thornton et al.,
1998; Hanes et al., 2001; Gallagher, 2003; Ngusaru and
Hay, 2004].
[5] Data collected by acoustic bed-sensing devices allow

accurate quantification of ripple migration rate and direc-
tion. Typical migration rates in shallow (c. 5 m) and deep
(>10 m) water are O(1) and O(0.1) cm min�1 respectively,
and ripples can migrate onshore [Vincent and Osborne,
1993; Traykovski et al., 1999; Hanes et al., 2001], as well
as offshore [Hay and Bowen, 1993; Crawford and Hay,
2003]. Ripples tend to migrate fastest under energetic wave
conditions and positive relationships have been obtained
between ripple migration rate and wave orbital velocity Um

[Traykovski et al., 1999], and derivatives of Um, such as the
Wave Reynolds Number, Shields Parameter or Mobility
Number [Vincent and Osborne, 1993]. The direction of
ripple migration has been related to the velocity skewness
and, according to Crawford and Hay [2001], offshore
(onshore) migrating ripples are related to negative (positive)
short-wave skewness.
[6] Under conditions where sediment is not intermittently

suspended or does not bypass ripples, the rates of bed form
transport and bed load transport should be equal [Huntley et
al., 1991]. This assumption seems to hold for the lower
shoreface [Amos et al., 1999], but only a few studies have
attempted to test it in shallower water. Traykovski et al.
[1999] monitored ripple migration in 11 m water depth over
a 6-week period and found that the Meyer-Peter and Müller
[1948] equation underpredicted the observed bed load
transport by at least 1 order of magnitude. It was suggested
that the discrepancy between measured and predicted bed
load transport arose because suspended transport also con-
tributed to ripple migration. Hay and Bowen [1993] ob-
served bed level changes over three successive storms in 2 m
water depth and found that the bed load transport rates
derived from migrating ripples were 2 orders of magnitude

less than that predicted by the bed load equations ofMadsen
and Grant [1977] and Watanabe [1982]. Both studies also
compared the ripple transport rate with observed suspended
sediment fluxes. Suspended sediment transport during the
study of Traykovski et al. [1999] was in the offshore
direction (owing to vortex formation) and a factor 20 less
than the bed load transport estimated from ripple migration.
Hay and Bowen [1993] only measured the mean suspended
flux (product of mean flow and mean sediment concentra-
tion) and found this to be 1 order of magnitude more than
the ripple transport rate.
[7] All recent field studies have been conducted on either

fine or medium sand substrates (D50 = 0.125–0.5 mm), with
ripple heights rarely exceeding 5 cm (the ripples monitored
by Crawford and Hay [2001] were even less than 5 mm
high). The characteristics of the bed material are, however,
of fundamental importance in controlling ripple character-
istics and behavior. The significance of the sediment size
has been demonstrated by Hay and Mudge [2005], who,
even after acoustically monitoring the sea bed for more than
70 days, not once captured long-crested vortex ripples in
fine sediments (i.e., 0.2 mm median diameter). The only
recent and in-depth study into ripple dynamics conducted in
coarse sand is that of Doucette [2002a], who made visual
observations of the sea bed evolution just seaward of the
step on a coarse sandy beach (D50 = 0.7 mm) over two sea-
breeze cycles. The shore-parallel ripples, which were classi-
fied as orbital ripples, were characterized by a height and
length of 0.05–0.15 m and 0.3–1.2 m, respectively, and
migrated in the onshore as well as the offshore direction with
rates of up to 0.2 cm min�1.
[8] There thus exists a real grain size gap in the nearshore

ripple literature and the purpose of this paper is to present and
discuss observations of bed form dynamics obtained from the
nearshore zone of a coarse sand beach. We will first describe
the bed forms and evaluate the applicability of existing ripple
classification schemes and predictive equations to explain
their geometry and occurrence. Subsequently, wewill present
an extensive data set on ripple migration rates and relate
these data to the hydrodynamic forcing. Finally, we will
compare the sediment transport rate derived from migrating
bed forms to bed load predictions and suspended sediment
flux measurements.

2. Field Site and Instrumentation

[9] A 3-week field experiment was conducted on Sennen
Beach, Cornwall, England. During the field campaign,
morphological, sedimentological and hydrodynamic data
were collected during 37 tidal cycles over a range of wave
and tide conditions in May 2005. Sennen Beach is a 2-km-
long embayed beach and the measurements reported here
were conducted in the center of the embayment (Figure 1).
The beach experiences a mean spring range of 5.3 m and
has an average significant wave height of approximately 1.4
m [Davidson et al., 1998]. The beach faces roughly west-
northwest and is exposed to Atlantic swell, but also receives
locally generated wind waves. The beach can be classified
as a low-tide terrace beach [Masselink and Short, 1993], and
is characterized by a steep upper part (tan b = 0.08) and a
gently sloping lower section (tan b = 0.03). The transition
between these two profile segments is located around the
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mean high water neap (MHWN) level and the steep part of
the beach profile is therefore mainly affected by high-tide
swash processes. The size and settling velocity distribution
of the bed material at the instrument location, determined
for a single sample collected during low tide 19, using
sieving and a settling tube, indicate a predominance of
coarse sediments: the median sediment size and settling
velocity were D50 = 0.6 mm and ws = 8 cm s�1, respectively
(Figure 2). The mean sediment size over the entire beach
and over the field period was 0.69 mm (s.d. 0.07 mm),
computed from the analysis of over 700 sediment samples
by Masselink et al. [2007], which suggests that the instru-
ment location is reasonably representative of the beach as a
whole.
[10] During the field survey, three instruments rigs were

deployed in a cross-shore transect across the intertidal
beachface. The middle (main) rig was located around
midtide level, which approximately corresponds to mean
sea level (MSL), such that over a tidal cycle it was exposed
to periods of both breaking and shoaling waves. The
auxiliary rigs (SLOTs) were located 15 m either side of
the main rig. The bed form morphology was monitored
across a 2-m-long cross-shore profile using two acoustic
Sand Ripple Profilers (SRP) mounted 0.7 m above the bed
(Figure 3). Frequent visual inspections of the bed using a
mask and snorkel were made to confirm that ripples were
predominantly two-dimensional. Each SRP collected one
acoustic swath every minute with horizontal and vertical
resolutions directly underneath the SRP of 0.012 m and
0.0083 m, respectively. A single-point altimeter was
deployed 0.4 m above the bed to provide additional infor-
mation on the bed level. Water velocity was measured using
six miniature (0.032 m diameter discus head) Valeport
electromagnetic current meters (ECM) deployed to record
flow velocities at 0.03, 0.06, 0.09, 0.13, 0.19 and 0.29 m
from the bed (Figure 3). The water depth was measured
using a pressure transducer (PT) installed 0.02 m below the
sand surface. Atmospheric pressure, recorded with an
emerged PT, was subtracted from the calibrated data and
the water depth was determined by assuming that a pressure
of 0.01 Pa is equivalent to a 1 cm head of water. A vertical
array of miniature optical backscatter sensors (OBS) were
used to measure the suspended sediment concentration at

Figure 1. Location map and beach profile of Sennen
Cove. (top) Map indicating the cross-shore instrument and
survey transect and the offshore location of the ADCP;
(bottom) beach profile with high tide levels, cross-shore
position of the main (RIG) and auxiliary (SLOT) instru-
ments, and the location of morphological and sedimento-
logical sampling (vertical lines). ODN refers to Ordnance
Datum Newlyn (approximate mean sea level datum for the
UK), and MHWS and MHWN are the mean high water
level during spring and neap tides, respectively.

Figure 2. (a) Grain size and (b) sediment fall velocity distribution of sediment collected at the
instrument location.
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�0.02, �0.01, 0, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.09,
0.13 and 0.19 m from the bed. These were calibrated by
suspending known quantities of local sediment in glycerol
using the method developed by Butt et al. [2002]. The OBS
data were adversely affected by sunlight and only data
collected during night time could be used. The OBS sensors
were also used to record bed level changes, because when
individual sensors became buried by accretion, their output
was maximum. All main rig instruments were cabled to
shore-based computers where the hydrodynamic data were
synchronously logged at 4 Hz. The SLOTs were self-
logging and each incorporated an ECM, PT and OBS.
Offshore wave conditions were measured throughout the
field survey with an acoustic Doppler current profiler
(ADCP) moored 1 km offshore in �14 m water depth.

3. Data Processing, Analysis, and Description

3.1. SRP Data

[11] Within the nearshore region, a problem affecting
acoustic instruments is the scattering and attenuation of
the signal by bubbles and suspended sediment in the water
column. Therefore a degree of initial processing was re-
quired in order to minimize noise from the signal prior to
further analysis. An algorithm was developed on the basis
of successively applying a temporal and spatial filter to the
raw SRP data. First, the SRP swaths were visually checked;

the swaths recorded at the start and end of a run were
heavily contaminated by noise from the swash and inner
surf zones and were discarded. The SRP stores data using an
x-z coordinate system (x and z are respectively the cross-
shore distance and elevation below the SRP relative to its
centreline) and this was converted to a range R and angle f
for processing. The next stage was to apply a temporal filter.
A 5-min median filter was implemented whereby spurious
bed-return pings were removed by setting the pings sampled
at tn equal to the median of the pings sampled from swaths
between tn�2 and tn+2. A spatial filter, implementing a three-
point moving average, was then applied to smooth the
swaths. The SRP swaths were corrected for any tilt in the
sensor mounting and converted back to x-z coordinates. The
final stage of the preprocessing was to detrend the data and
interpolate onto a cross-shore profile at 0.01 m intervals.
[12] There are two principal approaches to derive ripple

geometry and dynamics: (1) identify individual ripples in
the data and conduct ripple-by-ripple analysis and (2) apply
standard time series analysis techniques to the spatial bed
level data. The latter approach was favored here for reasons
of expediency and objectivity, and is illustrated in Figure 4.
Ripple length l was determined from the spatial lag
corresponding to the strongest negative autocorrelation peak
multiplied by two. This method works very well most of the
time; however, occasionally, when ripples are irregular, the
length is overpredicted by a factor of two. To overcome this

Figure 3. Photo showing the configuration of the sensors on the instrument rig (PT, pressure
transducers; OBS, optical backscatter sensors; ECM, electromagnetic current meters; SRP, sand ripple
profiler; ADV, acoustic Doppler Velocimeter; and ALT, altimeter). The ADV was not used in this study.
The second SRP is mounted 1 m to the right and on the same rig as the SRP in the photograph. The
horizontal separation between the OBS sensors and the most distant ECM was 70 cm.
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problem the bed level profile was high-pass filtered using a
cutoff twice the estimated ripple length. The ripple height h
was estimated as the root mean square wave height equiva-
lent for ripples [e.g., Crawford and Hay, 2003] using

ffiffiffi
8

p
s,

where s is the standard deviation of the bed level profile.
Ripple steepness was given by the ratio of h to l. The crest
asymmetry G of the bed forms was defined as har3i/har2i,
where ar is the derivative of the bed level profile and hi
denotes time-averaging. This is analogous to the method
used by Hoefel and Elgar [2003] to parameterize crest
asymmetry in ocean waves. A positive (negative) value
for G indicates onshore (offshore) asymmetry. Ripple
migration rate Mr was determined using the cross-correla-
tion function between two bed level time series recorded 10
min apart. The lag (in cm) associated with the strongest
positive cross correlation was considered to represent the
overall migration distance of the ripple field. This distance
divided by 10 then provides the ripple migration rate in
cm min�1.
[13] During the 37 tidal cycles that data were collected,

bed form observations were available from 18 tides span-
ning a large range of wave conditions (wave breaker height
Hb = 0.3–2 m) and nearshore locations (shoaling and surf).
Two morphodynamic indices, the surf scaling parameter
� (=2p2Hb/gT

2tan2b) and dimensionless fall velocity W
(=Hb/wsT) were calculated and indicate that the beach state
ranged from dissipative wave-dominated conditions condu-
cive to the formation of nearshore bar morphology (W > 1
and � = 10–20) to intermediate/reflective conditions with

plunging breakers and onshore sediment transport (W < 1
and � = 5–10) [Masselink et al., 2007].
[14] The SRP recorded an acoustic swath every minute

and ripple geometry and dynamics were calculated for each
swath. The swaths were subsequently combined to produce
10-min block averages resulting in a total of 332 useable
data segments. Of the remaining tides, the SRPwas not active
for the first eight, and during several periods of highly
energetic waves, the SRP signal was irretrievably saturated
with noise from waves plunging on the instrument rig.
[15] The temporal evolution of the ripples during a

�3-hour period over the high tide of Tide 19 is illustrated
by Figure 5, which shows the postprocessed SRP swaths,
ripple height, length, steepness, asymmetry and migration
rate (the coincident hydrodynamic data are shown in
Figure 6). Tide 19 was chosen since it was one of the few
with coincident hydrodynamic, suspended sediment and
ripple data for the entire tide. The ripples undergo a brief
phase of growth during the first 30 min of the 3-hour period
when h and l gradually increase; subsequently, ripple
geometry stabilizes. The mean ripple height and length
were 5.5 cm and 35 cm, respectively, giving a steepness
of �0.16 and the ripples were onshore asymmetric. The
ripple migration rate Mr indicates three distinct dynamic
phases: (1) during the initial 30 min growth phase, the
ripples migrate rapidly onshore at Mr = 0.5–1.5 cm min�1;
(2) over the subsequent 2 hours, migration remains con-
stantly onshore with Mr = 0.25 cm min�1; and (3) during
the final 30-minmigration increases toMr = 0.5–1 cmmin�1.

Figure 4. Derivation of ripple geometry and dynamics from SRP data. (a) Preprocessed SRP swaths
recorded 10 min apart; (b) autocorrelation of the swath at t = 0 indicating the strongest negative
autocorrelation peak; and (c) cross correlation between the swaths with the strongest positive cross
correlation, which represents the migration distance, marked.
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These migration rates consistently exceed those reported
by Crawford and Hay [2001, Figure 12] and Traykovski
et al. [1999, Figure 14] and are probably due to the
shallower water depths experienced during this study and
the consequently stronger wave-driven oscillatory flows.

3.2. Hydrodynamic Data

[16] The continuous data collected by the hydrodynamic
instruments (time series of water depth h and cross-shore
flow velocity u) were calibrated, despiked and organized into
10-min segments corresponding to the ripple parameters. The
time series of u, measured 6 cm above the bed, was used to
calculate the maximum orbital velocity Um (=2su, where s
represents the standard deviation of u), the mean flow
velocity hui (where the brackets denote time-averaging),
velocity skewness hu3i and the acceleration skewness
aspike(=ha3i/ha2i, where a is the time series of acceleration).

Using the hydrodynamic indicators above, the Mobility
number y and Shields parameter q were computed

y ¼ U2
m

s� 1ð ÞgD ð1Þ

q ¼ 0:5fwU
2
m

s� 1ð ÞgD ; ð2Þ

where s the specific gravity of sand and g is the gravitational
acceleration. The wave friction factor fw is defined as
[Swart, 1974]

fw ¼ exp 5:213 ks=Að Þ0:194�5:977
h i

; ð3Þ

where ks is the Nikuradse roughness length defined as ks =
2.5 D, and A the wave orbital amplitude. The presence of a
rippled bed causes a velocity enhancement as flows pass
over ripple crests. The boundary layer is compressed at the
crests with the result that there is an increase in the bed
stress and therefore sediment transport. Nielsen [1992]
proposed a velocity enhancement factor of 1/(1 � ph/l) and
the enhanced Shields parameter q* is given by

q* ¼ q

1� ph=lð Þ2
: ð4Þ

[17] An example of the cross-shore hydrodynamics for
Tide 19 (note that this is the same tide for which the ripple
dynamics were discussed and presented in Figure 5) is
provided in Figure 6. While the significant wave height
Hs (=4sh, where sh is the standard deviation of the hydro-
static pressure record) remained constant at 0.35 m during
the period, the tidal modulation of h caused the relative
position of the instrument rig to vary over the tide. The
relative cross-shore position of the instrument rig can be
quantified in terms of the relative wave height H/h [Ruessink
et al., 1998]. This parameter varies fromH/h = 0.6–0.8 at the
start and end of the run when the rig was located in the surf
zone, to H/h 	 0.2 over the high tide when the rig is
seaward of the surf zone and subjected to shoaling waves.
The change in the location of the rig relative to the different
hydrodynamic zones is manifest in the flow velocity
parameters: Um and q peak around 2000 hours and
2300 hours, and hu3i and aspike, which parameterize vertical
and horizontal wave deformation, respectively, are also
maximum in the surf zone. The presence of ripples with a
steepness h/l ’ 0.16 during Tide 19 results in a bed stress
enhancement of a factor 4 when q* and q are compared. This
implies that the presence of a rippled bed will result in
greater transport, and particularly suspension, of sediments
compared to the plane bed situation.
[18] The relative wave height will play an important role

in the subsequent cross-shore parameterization of bed form
migration. It conceptually indicates the relative importance
of a number of cross-shore processes, including mean cross-
shore flows, wave orbital velocity, flow-sediment correla-
tion and wave deformation [Plant et al., 2001]. Here, on the
relatively steep beach at Sennen, we define the transition

Figure 5. Bed form evolution during a �3-hour period
over the high tide of Tide 19. (top) Surface diagram of bed
forms obtained from the SRP swaths. The color scale
indicates ripple elevation, with light and dark shading
denoting ripple crests and troughs, respectively, and
offshore is toward the top. The line graphs show the
corresponding evolution of: ripple height h, wavelength l,
steepness h/l, asymmetry G, and migration rate Mr. Solid
lines indicate the ripple geometry calculated for each SRP
swath, and the solid circles are the 10-min block averages.
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from shoaling to surf zone, the ‘breaker zone’, to occur at
H/h = 0.4–0.5, encompassing the range of values reported
by Thornton and Guza [1982], Smith and Kraus [1991] and
Plant et al. [1999].

[19] Comparing Figures 5 and 6 reveals a strong link
between Mr and the hydrodynamic forcing: when the
forcing is greatest at the beginning and end of the run, the
ripples migrate rapidly compared to the more quiescent

Figure 6. Example hydrodynamic time series recorded during Tide 19: (a) water depth h; (b) significant
wave height Hs; (c) relative wave height H/h; (d) maximum cross-shore orbital velocity Um; (e) mean
cross-shore velocity hui; (f) velocity skewness hu3i; (g) acceleration skewness aspike; and (h) the Shields
parameter q (circles) and enhanced Shields parameter q* (triangles) suggested by Nielsen [1992]. The
shaded regions represent surf zone data indicated by the horizontal dashed line in Figure 6c which marks
the start of the surf zone at H/h = 0.4.
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period over the middle of the run. This observation is
similar to findings of Traykovski et al. [1999] and Crawford
and Hay [2003], who both found a positive correlation
between Mr and hu3i; however, the importance of the
position of the ripples relative to the breakpoint requires
further investigation and will be examined in section 5.

3.3. Suspended Sediment Data

[20] Data obtained by the OBS sensors required a
significant amount of preprocessing prior to computing
the suspended sediment concentrations and fluxes. The
two main issues are contamination by daylight and changing
bed levels. Data runs severely affected by daylight are easily
spotted by their large offset values and saturated sensor
outputs, and were discarded from the analysis. Data collect-
ed around dawn and dusk are only moderately affected by
daylight and are characterized by a small nonzero offset that
progressively increases (sunrise) or decreases (sunset) with
time. These data were corrected by deriving a time series of
the offset based on 1-min data segments based on the 10%
exceedence of the suspended sediment concentrations, and
subtracting the offset time series from the suspended sedi-
ment data. Changes in the bed level were determined
through careful inspection of the OBS data, in conjunction
with the data collected by the stack of current meters, the
single-point altimeter and the SRP. Using the combined data
set, a time series of the bed level at the location of the OBS
sensors and current meters was derived, and this time series
was subsequently used to correct the bed elevations of these
sensors following Austin and Masselink [2007]. Linear
interpolation was then used to obtain time series of u and
c at 1-cm intervals above the local (i.e., intraripple) bed over
the lower 15 cm of the water column; therefore, while the
absolute elevation of the sensors changes over time, they
remain at a constant elevation above the local bed. The
adjusted time series were used for all subsequent analysis.
[21] The data were organized into 10-min segments and

time series of u and c were used to compute the net
suspended flux qnet = huci, the mean (current-related)
suspended flux qmean = huihci and the oscillatory (wave-
related) suspended flux qosc = hu0c0i, where the brackets
denote averaging and u0 and c0 represent the fluctuating (de-
meaned) components of u and c [cf. Jaffe et al., 1984]. The
total suspended fluxes (net, mean and oscillatory) were
obtained by summing over the lower 15 cm of the water
column. Further investigation of the oscillatory flux
component was conducted by computing the cospectrum
between current velocity and sediment concentration
[Huntley and Hanes, 1987].
[22] An example of the suspended sediment data analysis

using data from Tide 19 is provided in Figure 7. The
corresponding bed form and hydrodynamic data were dis-
cussed previously (refer to sections 3.1 and 3.2). Very
modest wave conditions prevailed during Tide 19, with
Hs = 0.25–0.3 m. For most of the time, the main
instrument rig was under the influence of shoaling waves
and at high tide h = 1.2 m. SRP data are available for
most of the run and indicate onshore migration of ripples
with a height of 4–6 cm and a wave length of 30–35 cm at
rates of c. 1 cm and c. 0.3 cm min�1 in the surf zone and
under shoaling waves, respectively (refer to Figure 5). Over
practically the entire data run, the net suspended sediment

flux was O (0.01 kg m�1 s�1) and in the onshore direction.
The mean suspended flux, attributed to the weak offshore-
directed mean flows, was in the offshore direction, but was
secondary to the onshore-directed oscillatory suspended
flux. The raw time series of u and c, both measured at
0.03 m from the bed, and the cospectrum between these two
signals clearly indicate that maximum suspended sediment
concentrations coincide with the onshore phase of the wave-
oscillatory currents and show offshore transport at infra-
gravity frequencies. The enhanced suspension during the
onshore stroke of the wave appears unrelated to the larger
onshore than offshore flow velocities (i.e., skewness), but
may be associated with the large positive flow accelerations
at the front of the wave (i.e., wave asymmetry). Two
additional factors are worth noting: (1) the sediment in
suspension cannot be significantly finer than the median bed
sediment, since there is very little fine material available
(greater than 95% of the bed sediment has a fall velocity in
excess of 5 cm s�1) and; (2) sediment suspension is
intermittent; therefore a time-averaged shear stress, based
on Um, will not be a good indicator of whether sediment
suspension occurs. Sediment is generally entrained during
the peak onshore phase of the flow and these peak velocities
(bed shear stresses) are greater than the time-averaged
velocities.
[23] Another interesting feature in the data is the tidal

asymmetry in the suspended sediment concentration. During
the ebb tide, the concentration of suspended sediments is
greater than during the flood and is probably related to the
time history of the bed morphology [Davidson et al., 1993;
Masselink and Pattiaratchi, 2000]. Comparison with the
time series of ripple geometry (Figure 5) indicates that
ripple height increases from 4.5 cm to 6 cm during the tide,
thereby suggesting that the elevated ebb tide suspended
sediment concentrations are a legacy of an increase in bed
roughness.
[24] Interpolated vertical suspended sediment profiles

were computed over the lower 15 cm of the water column
for the four intervals indicated in Figure 7, and the mean,
oscillatory and net suspended sediment flux profiles q were
calculated as the product of u and c (Figure 8). Hydrody-
namic conditions were energetic at the beginning of the tide
(q = 0.3) and the ripples least developed (h/l = 0.15).
Mixing length scales computed for each interval were O
(5 cm) and, as expected, similar to the ripple height.
Throughout the tide there was an increase in near-bed
sediment concentration from 1.5 to 4.4 kg m�3, with a
coincident increase in ripple steepness (h/l = 0.17). Net and
oscillatory sediment fluxes were onshore-directed over the
lower 15 cm over the water column and display a similar
vertical and temporal distribution to c. Mean suspended
fluxes were secondary to the oscillatory fluxes and were
directed offshore. The vertical profiles of c and q support
the suggestion that increased ripple development and hence
bed roughness during the ebb tide results in elevated
sediment concentrations and fluxes.

4. Ripple Occurrence and Geometry

[25] Similar to previous field investigations in sandy
nearshores [Vincent and Osborne, 1993; Thornton et al.,
1998; Hanes et al., 2001], our observations of the bed
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morphology fall into two main classes: ‘‘small’’ wave ripple
forms (SWR) with wave lengths less than 0.5 m and
‘‘large’’ wave ripple forms (LWR) with wave lengths larger
than 0.5 m (including plane bed). The overwhelming
majority of the ripples observed were SWR; LWR and
plane bed conditions were only observed on a few occa-
sions, under quite energetic surf zone conditions during
which the SRP struggled to return a reliable image of the sea
bed. The present analysis will therefore focus on the small
ripple type, although occasional reference will be made to
the large ripple and plane bed data.
[26] All 10-min observations of the bed morphology

collected throughout the field survey have been summarized
by histograms of the different geometric ripple parameters in
Figure 9. The histograms have been normalized by dividing
the number of counts in each class by the total number of bed
form observations multiplied by the class width, such that the
integrated area under the histogram equals unity. Ripple
heights range from 3 to �10 cm, and the lengths from 23
to 70 cm. The steepness, which is approximately Normally
distributed around 0.16, indicates that the observed bed forms
are classical vortex ripples. Ripple crest asymmetry indicates
mildly onshore-asymmetric bed forms where the landward
(seaward) slope is of steeper (shallower) gradient.

[27] Ripple classification schemes have focused on the
factors that determine the length and height scales of wave-
formed ripples using similar scaling factors across a range
of conditions. For example, Clifton and Dingler [1984],
found ripple length scaled linearly with orbital diameter
until orbital diameter/grain size (do/D) reached 2000; these
were termed orbital ripples. Between 2000 < do/D < 5000,
the ripples are in a transitional state, during which they are
termed suborbital. At values of do/D > 5000, the bed forms
are anorbital and scale directly with grain size. Wiberg and
Harris [1994] classify ripple type on the basis of the ratio of
near-bed orbital diameter to ripple height. Following this
classification, the transition from orbital to anorbital ripples
occurs when the boundary layer thickness increases above
the ripple height.
[28] Figure 10a plots l against do, nondimensionalized by

the grain diameter, and indicates Clifton’s [1976] subdivi-
sion of ripples into three types based on the relationship
between ripple spacing and orbital diameter.The ripples
recorded at Sennen are predominantly suborbital, for which
the ripple spacing depends on both do and D; however,
above do/D values of �5000, where ripple spacing becomes
independent of the orbital excursion, some anorbital ripples
exist. The plot of ripple steepness l/h against do/D confirms
the earlier suggestion of vortex ripples (Figure 10b). As

Figure 7. Example of suspended sediment data analysis during Tide 19. Time series of: (a) wave height
Hs (circles) and water depth h (line); (b) suspended sediment concentration 3 cm above the bed; (c) net
(circles), mean (diamond) and oscillatory (star) suspended flux over the lower 15 cm of the water column;
(d) 1-min raw time series of cross-shore current velocity u and c at 3 cm above the bed; and (e) cospectra
between u and c recorded at four time intervals: 2000–2100 (solid line), 2100–2200 (dashed line),
2200–2300 (dash-dotted line) and 2300–0000 (dotted line).
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orbital diameters increase, there is a tendency for the ripples
to progress toward being anorbital, but in contrast to Clifton
and Dingler [1984], who find the transition to anorbital
ripples is accompanied by the change to postvortex ripples,
the ripples at Sennen remain almost exclusively vortex
ripples.
[29] As an alternative scaling, including the effects of the

sediment characteristics, the ripple geometry is plotted as a
function of the near-bed Mobility number y (Figure 11).
Overall, there is a large degree of scatter using this scaling,
hence the log scales, but relationships exist between y and
ripple length (r2 = 0.35) and height (r2 = 0.21); however, the
ripples separate into two fairly distinct groups. At low to
moderate values of y, ripple dimensions gradually increase,
but as y rises above y = 45 there is a notable increase in h,
l and overall scatter. This may be a reflection of the early
development of plane bed or LWR conditions in the surf
zone, similar to the findings of Saulter et al. [2003] who
find the transition from SWR to LWR occurs at y = 80 and
the onset of plane bed conditions at y = 100.
[30] Various studies have attempted to predict ripple

geometry using a range of independent variables. Here we
compare our field measurements of ripple geometry with the
empirical models of Nielsen [1981] and Wiberg and Harris

[1994]. The Nielsen [1981] model uses the near-bed orbital
semiexcursion A and the Mobility number y to predict
ripple height and length under irregular waves [cf. Osborne
and Vincent, 1993; Hanes et al., 2001]. In addition, Nielsen
[1981] uses the Shields parameter q, to independently fit
curves for ripple steepness. The formulation of Malarkey
and Davies [2003], which redefines the Wiberg and Harris
[1994] model in a noniterative form, is used here.
[31] Following the method of Hanes et al. [2001], the

relative error D between the measured ripple geometry and
the values predicted using the Wiberg and Harris [1994]
and Nielsen [1981] models can be defined as

D ¼ exp 1=nð Þ
Xn
1

ln ðyÞ � ln ðŷÞð Þ2
" #0:5

8<
:

9=
;; ð5Þ

where ŷ is the measured value and y the predicted value.
The error is a multiplicative factor that indicates the
variation about the predicted value. For example, if D
equals 1.56, the average error is 56%. Table 1 shows the
relative error between the measured and predicted ripple
dimensions. The Nielsen [1981] model provides a very poor
prediction for h and l with relative errors of 3.26 and 3.3
respectively, but provides a reasonable estimate of h/l with

Figure 8. Example vertical profiles of suspended sediment concentration c and flux q over the lower
15 cm of the water column recorded at four time intervals during Tide 19: (a, b) 2000–2100, (c, d) 2100–
2200, (e, f) 2200–2300 and (g, h) 2300–0000. The flux is separated into net (circles), mean (diamond),
and oscillatory (star) components.
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D = 1.29. The Wiberg and Harris [1994] model performs
better with relative errors of 2.59 and 2.37 for height and
length, respectively, and the estimate of ripple steepness is
good with a relative error of 1.20. The poor performance of
both models at predicting ripple height and length is
attributed to the coarseness of the sediment and the
conditions under which the models were formulated. Both
models were formulated for medium sand beaches and are
heavily based on the results of small-scale laboratory
experiments. However, previous observations with field-
scale orbital amplitudes, have demonstrated poor correlation
between measured and predicted data [e.g., Osborne and
Vincent, 1993; Doucette, 2002a], which can only be
exacerbated by the coarse grain size at Sennen.

5. Ripple Migration

[32] The migration rate Mr was determined from the cross
correlation of bed-level time series recorded at 10-min
intervals (section 3.1) and is measured normal to the ripple
crests. The direction of migration is either onshore or
offshore since the ripple crests are assumed to be aligned
shore parallel (visual observations indicated that the angle
between wave ripples and the shoreline was always less
than 30�). Time series ofMr, (refer to Figure 5), indicate that
ripple migration may be correlated with various hydrody-
namic parameters such as y and hu3i, in agreement with the
findings of Vincent and Osborne [1993] and [Crawford and
Hay, 2003]. A least squares analysis was performed between

Mr and the hydrodynamic parameters defined in section 3.2.
Owing to the differing behavior of ripples close to the
breakpoint observed in Figures 5 and 6, the measured ripple
population was separated into shoaling and surf zone sub-
samples usingH/h, and regression analysis was conducted on
each group individually; the results, together with those for
just Tide 19, are shown in Table 2. It is clear that none of the
parameters are able to satisfactorily predict Mr for either the
entire population of ripples or those observed in the surf zone;
however, their skill increases when considering just those
ripples observed during shoaling. Um and hushortwave3 i explain
34% and 42% of the migration rate variance, respectively,
while the dimensionless parameters y and q, which are
largely based on Um, explain 20–32%. Of particular note is
the poor performance of hu3i, in direct contrast to the findings
of Crawford and Hay [2003] who reported a correlation
between Mr and hu3i of better than 0.7. Note, however, that
the data described by Crawford and Hay [2003] represent a
single storm event, whereas the present data set includes a
large number of tidal cycles. Selection of a single tidal cycle
from our data set, T19, produces higher correlations between
Mr and the hydrodynamic parameters than for all the data
combined. The two parameters able to explain the most
variance for the whole data set and, indeed, for the T19
data set, are the relative wave height H/h (r2 = 0.66) and
acceleration skewness aspike (r2 = 0.58).
[33] The relationship between the nearshore location,

parameterized by the relative wave height H/h, and Mr

Figure 9. Normalized histograms for ripple: (a) height h; (b) length l; (c) steepness h/l; and (d)
asymmetry G.
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and several wave-current parameters is further explored in
Figure 12. In the shoaling wave region (H/h < 0.4), all
parameters fall within a relatively narrow band with q,
aspike and Mr increasing landward and hui remaining
consistently low. At the breakpoint (H/h = 0.4–0.5) their
behavior changes and q, in particular, rapidly increases in
the onshore direction, and hui becomes negative. At the
same time, the scatter in Mr increases dramatically and
even includes offshore migration rates.
[34] The results illustrated in Figure 12 and Table 2

suggest that the migration rate of suborbital vortex ripples
across the nearshore cannot simply be related to the energy
level of the hydrodynamic forcing, but is strongly depen-
dant on their location relative to the breakpoint. Seaward of
the surf zone, ripples migrate onshore forced by a combi-
nation of orbital velocity (Um, and the related q, etc.) and
wave asymmetry effects (aspike). However, for the entire
data set, these parameterizations perform poorly owing to
the variation in energy levels over the fieldwork period. For
example, Um recorded close to the breakpoint under calm
conditions may be the same as that recorded in the outer

shoaling zone during a storm, but the ripple migration rates
in the former case are expected to be less than in the latter
case. The relatively low migration rates in the surf zone are
attributed to the offshore-directed mean flows [Doucette,
2002b], the velocity of which are generally an order of
magnitude greater than Mr.

6. Bed Load Transport

[35] The ripple migration rate can provide an estimate of
the sediment transport rate and direction under waves in the
nearshore. The mean transport associated with the migrating
ripples Qb can be estimated as

Qb ¼ 0:5 1� pð ÞrshMr; ð6Þ

where p is the sediment porosity, rs the sediment density
(2650 kg m�3 for quartz sand) and h the ripple height. The
transport due to ripple migration was calculated for every
10-min section of data and implicit in this method is the
assumption that ripple geometry remained constant during
each section. Figure 13 compares the estimated transport
rate due to ripple migration with that calculated using the
formulation for bed load transport under waves of
[Ribberlink, 1998]

QRIB tð Þ ¼ m jq0 tð Þj � qcð Þn q0 tð Þ
jq0 tð Þj

rs
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s� 1ð ÞgD3

p
; ð7Þ

where q0 (t) is an instantaneous Shields parameter suitable
for spectral waves with nonzero skewness computed
following Nielsen [1992]

q0 tð Þ ¼ 1

2

f2:5u tð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ju tð Þj2 þ jv tð Þj2

q
gD s� 1ð Þ ; ð8Þ

where qc is the critical Shields value (qc = 0.05), u and v are
the cross-shore and longshore flow velocity, respectively, m
and n are coefficients, where m = 11 and n = 1.65 according
to Ribberlink [1998] and D is the median grain size. The
bed load transport QRIB was then averaged over each 10-min
burst. The values of Qb recorded at Sennen (0.0007–0.08
kg m�1 s�1) are, as expected, significantly greater than
those reported from the inner continental shelf by Amos
et al. [1999] [0.00007 kg m�1 s�1] and around an order of
magnitude greater than the mean value measured in the
nearshore by Hay and Bowen [1993] (0.0002 kg m�1 s�1);
however, they compare well to the reported rate of Osborne
and Vincent [1993] (0.0035–0.013 kg m�1 s�1). According
to this study, the Ribberink bed load transport model
underpredicts ripple transport in the nearshore zone by
about one order of magnitude (r2 = 0.09). This is probably
due to the significant contribution of suspended fluxes to
the ripple transport, combined with the relatively large bed
shear stresses.

7. Suspended Sediment Fluxes

[36] During all runs with reliable SRP data, wave ripples
migrated onshore when under the influence of shoaling
waves. The ripple migration rate was found to increase up

Figure 10. Ripple observations placed within the ripple
classification scheme of Clifton and Dingler [1984].

C10022 MASSELINK ET AL.: RIPPLES ON A COARSE SAND BEACH

12 of 19

C10022



to the wave breakpoint and the sediment transport rates
associated with ripple migration were an order of magnitude
greater than those predicted by the Ribberlink [1998] bed
load transport model. It is of interest and significance to
compare these ripple transport rates to the suspended fluxes,
and to determine whether the migrating ripples contribute
significantly to the total sediment transport. In the case of
the data collected during Tide 19, discussed previously, the
ripple transport rates were 0.01 kg m�1 s�1 near the wave
breakpoint and 0.001 kg m�1 s�1 under shoaling waves.
The corresponding total suspended fluxes were 0.03 and
0.01 kg m�1 s�1, respectively. This indicates that, at least
for this particular data run, the ripple transport rates are
clearly secondary to the suspended fluxes; however, they
remain significant.

[37] All ripple and suspended flux data collected during
the field campaign were used to investigate the contribu-
tions of ripple transport and suspension transport to the total
sediment flux. The data were considered in 10-min seg-
ments and 591 suspended flux data segments and 144 ripple
data segments were included (Figure 14). It is noted that the
ripple and suspended flux data segments are not concurrent
(no daylight suspended flux data and very limited surf zone
ripple data).

Figure 11. Ripple geometry as a function of the near-bed mobility number y with solid lines indicating
linear regression between the data. The shaded region indicates the higher energy population of ripples at
y > 45.

Table 1. Relative Error Between Measured and Predicted Ripple

Dimensions

Geometry Nielsen [1981] Wiberg and Harris [1994]

h 3.26 2.59
l 3.3 2.37
h/l 1.29 1.20

Table 2. Results of Least Squares Analysis Between Ripple

Migration Rate and Hydrodynamic Parameters for Tide 19, for All

Data, and Split Into Shoaling and Surf Zone Regions

Parameter

r2

T19 All Shoaling Surf

Um 0.387 0.001 0.343 0.134
hui 0.126 0.002 0.01 0.075
hu3i 0.091 0.028 0.248 0.002
hushortwave3ia 0.589 0.08 0.418 0.125
aspike 0.716 0.098 0.582 0.001
y 0.383 0.003 0.318 0.145
q 0.321 – 0.286 0.122
H/h 0.896 0.072 0.663 0.032

aHere f > 0.05 Hz.
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[38] Even a casual inspection of the suspended flux data
revealed that the low-energy data are fundamentally differ-
ent from the high-energy data. Specifically, suspended
fluxes in the surf zone are generally onshore under low
waves and offshore under high waves. Such dissimilar
behavior is also evident from the beach morphological
response, which is characterized by mid-to-upper beach
accretion and erosion under low and high waves, respec-
tively [Masselink et al., 2007]. The data are therefore
divided into two main classes: (1) calm conditions with
Hs < 0.75 m; and (2) energetic conditions with Hs > 0.75 m;
this value was chosen because it separates periods of berm
erosion from berm accretion [Masselink et al., 2007].
[39] Using H/h as an indication of cross-shore location,

with the surf zone starting at H/h = 0.4–0.5, Figure 14
shows the cross-shore variation in the net suspended flux
and the ripple flux under low- and high-wave conditions.
For the purpose of the present paper, the salient feature of
Figure 14 is that over most of the nearshore zone, the ripple
transport is clearly of secondary importance to the sus-
pended fluxes; however, being approximately 30% as large
as the measured suspended fluxes, it transports a significant
volume of sediment. Only under shoaling waves some
distance away from the surf zone are the two types of

sediment fluxes comparable. Another characteristic feature
is the difference between the suspended fluxes under calm
and energetic conditions. Under low-wave conditions, the
suspended flux is mainly onshore, both within and outside
the surf zone, whereas under energetic conditions, the
suspended flux is onshore around the breakpoint (and
supposedly under shoaling waves) and offshore in the surf
zone.

8. Discussion

[40] This paper discusses the geometry and dynamics of
wave ripples in an environment with variable wave con-
ditions (Hs = 0.5–2 m), a macrotidal tide range (spring tide
range = 5 m), shallow water depths (h = 1–3 m) and
relatively coarse bed material (D50 = 0.6 mm). Such con-
ditions have hitherto not been described in the ripple
literature. At a cursory glance, ‘‘our’’ ripples are most
comparable to those monitored by Doucette [2002a], who
observed 10-cm-high vortex ripples just outside the surf zone
on a coarse-sand beach. However, the wave conditions
encountered in the latter study were much less energetic
(Hb < 0.2 m) and the ripple migration rates were significantly
smaller (<0.2 cm min�1). Moreover, the ripples were

Figure 12. Ripple migration rate related to wave parameters. (a) Near-bed Shields parameter q; (b)
mean cross-shore flow velocity measured 3 cm above the bed hui; (c) dimensional acceleration skewness
aspike; (d) velocity skewness hu3i; and (e) ripple migration rate Mr. Calm (Hs < 0.75 m) conditions are
shown by dots, and energetic (Hs > 0.75 m) conditions are shown by crosses. The shaded region
represents the transition from surf to shoaling zones between H/h = 0.4–0.5, encompassing data from
Plant et al. [1999] and Thornton and Guza [1982].

C10022 MASSELINK ET AL.: RIPPLES ON A COARSE SAND BEACH

14 of 19

C10022



significantly longer (l = 0.5–1 m) and were orbital, rather
than suborbital.
[41] Scaling parameters, such as the Mobility number y

and the Shields parameter q, allow a comparison between
the present coarse-sand data set and previous recent field
investigations into ripple dynamics conducted on fine-sand
substrates. In addition to y and q, another important
determinant is the relative wave height H/h, which indicates
the relative position in the nearshore zone [Plant et al.,
1999] and encapsulates conceptually a range of other
important hydrodynamic parameters, including dissipation

rate, wave nonlinearity, percentage of breaking waves, and
bed return flow velocity. For the present data set, which was
collected from a single location on the intertidal profile with
a local gradient of c. 0.03, the outer surf zone is character-
ized by H/h = 0.4–0.5, and represents the transition
between the shoaling wave zone (H/h < 0.4) and the
saturated surf zone (H/h > 0.5). Our data neatly fall into a
low-wave and a high-wave data cluster, clearly demarcated
by a significant wave height of 0.75 m. The low-wave ripple
data were mainly collected from the shoaling wave zone and
the outer breaker region (H/h = 0.1–0.5), whereas the high-

Figure 13. Transport rate determined from ripple migration compared to that predicted using the bed
load formulation of Ribberlink [1998], for both calm (dot) and energetic (cross) conditions. The solid line
is the 1:1 perfect fit between the data.

Figure 14. Sediment fluxes across the nearshore during calm and storm conditions. (top) Net suspended
sediment flux. (bottom) Net sediment flux due to ripple migration. The region of wave breaking is
indicated by the shaded area. Note the different vertical scales used in the plots for storm conditions.
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wave ripple data were mainly gathered from the outer surf
zone and part of the saturated surf zone (H/h = 0.4–0.6).
Because of fundamental differences in ripple and suspended
sediment dynamics, the data are best discussed by separat-
ing the low- and high-wave conditions. Figure 15 summa-
rizes the bed form and suspended sediment fluxes under
shoaling, breaking and surf conditions for both high- and
low-wave conditions. During low-wave conditions, bed form
and suspended fluxes are of the same order of magnitude and
net transport is onshore across the entire shoreface. In
contrast, during high-wave events, suspended fluxes are an
order of magnitude greater than bed form transport, and in the
saturated surf zone fluxes are directed offshore owing to the
dominance of the mean flow component.

8.1. Low-Wave Conditions

[42] Linear ripples with heights of 4–6 cm and lengths of
25–40 cm are present over most of the nearshore zone when
subjected to low-wave conditions. Seaward of the surf zone,
bed shear stresses are characterized by y < 20 and q < 0.1.
Such stresses are similar to those encountered in water
depths in excess of 10 m over fine-sand substrates described
by, for example, Boyd et al. [1988], Amos et al. [1999] and
Traykovski et al. [1999]. In common with these studies, the
ripples have a steepness of c. 0.15 and are vortex ripples;
however, the coarse-sand ripples in shallow water are
classified as suborbital, whereas the fine-sand ripples in
deep water are generally orbital.
[43] The bed shear stresses progressively increase during

wave shoaling and y and q attain values of 20–40 and 0.1–
0.2, respectively, in the outer surf zone. Despite these larger
stresses, the scale and shape of the ripples do not change
significantly. The presence of vortex ripples in the outer surf
zone of sandy beaches is unusual; one would expect
postvortex ripples, plane bed conditions or large three-

dimensional bed forms to prevail [e.g., Hay and Bowen,
1993; Osborne and Vincent, 1993; Crawford and Hay,
2001; Hanes et al., 2001; Saulter et al., 2003]. The
transformation from vortex to postvortex ripples occurs in
the ‘‘break-off region’’ of Grant and Madsen [1982] and
commences at approximately y > 50 and q > 0.2 [Nielsen,
1981]. Owing to the coarseness of the sediment, such values
are not attained under moderate breaking wave action, even
with wave orbital velocities exceeding 0.8 m s�1. The large
ripple steepness values are predicted well by the equations
of Nielsen [1981] and Wiberg and Harris [1994]. Vortex
ripples are also expected to be present in the saturated surf
zone, because bed shear stresses in this region are compa-
rable to those found in the outer surf zone. Unfortunately,
the SRP did not yield reliable data from the saturated surf
zone owing to insufficient water depth, but visual observa-
tions confirm that the bed morphology inside the surf zone
is similar to that in the outer breaker region.
[44] Ripple migration is almost exclusively in the onshore

direction and increases from 1 mm min�1 under shoaling
waves, to 1 cm min�1 in the outer surf zone. These
migration rates are comparable to those observed over
fine-sand bottoms in deep water [e.g., Traykovski et al.,
1999] and shallow water [Osborne and Vincent, 1993],
respectively. The ripple migration rate is significantly and
positively related to H/h, but also scales reasonably well
with higher orders of the wave motion, such as wave orbital
velocity (and its derivatives) and nonlinearity (velocity
asymmetry and skewness) [cf. Vincent and Osborne,
1993]. Because these hydrodynamic parameters covary,
and all show a progressive increase in the onshore direction
toward the surf zone, it is impossible to determine which
one of them is the most relevant.
[45] The migration rate of the ripples reaches a maximum

of 1–2 cm min�1 around H/h = 0.45 and it is unclear why

Figure 15. Summary of sediment transport under shoaling, breaking, and surf zone conditions for both
(top) calm and (bottom) storm conditions. Bars indicate transport due to ripple migration Qb mean
suspended transport Qs,m, oscillatory suspended transport Qs,o, and total sediment transport Qtot. The error
bars plot 1 standard deviation of the bar totals, and the values above the bars are the number of
observations contained within the bar.
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migration rates do not increase any further with increased
shear stresses in the outer surf zone. Amos et al. [1999]
found that as suspension becomes important under increas-
ingly energetic conditions, ripple migration rates decrease
with increasing bed shear stress, and interpreted this thresh-
old as the start of the break-off region. However, this
explanation is contradicted by the persistence of the vortex
ripples in the outer surf zone region. An alternative, and
more likely, explanation is that the onshore migration of the
ripples becomes impeded by the seaward directed mean
flows. Both Hay and Bowen [1993] and Doucette [2002b]
found that ripples are affected even by weak mean cross-
shore currents and start migrating offshore when the mean
flow velocity exceeds 3–5 cm s�1. Offshore-directed mean
flow velocities in the outer surf zone are of this order and
may well have resulted in a slowing down of the onshore
migrating ripples.
[46] Ripple transport rates derived from the migrating bed

forms increase from 0.001 kg m�1 s�1 under shoaling
waves, to 0.01 kg m�1 s�1 in the outer surf zone. The
Ribberlink [1998] bed load transport equation underpredicts
the transport due to ripple migration by almost an order of
magnitude. This is most likely due to the significant and
positive contribution of suspended transport to ripple
migration, and is similar to the findings of Traykovski et
al. [1999], who obtained a similar result using the Meyer-
Peter and Müller [1948] bed load formula. This contradicts
the observations of Hay and Bowen [1993] who found good
agreement between the transport rate associated with the
migration of large-scale bed forms in the shallow nearshore
and that predicted by the Madsen and Grant [1977] and
[Watanabe, 1982] bed load transport formulae.
[47] Despite the coarse grain size (ws = 8 cm s�1) and low

average bed shear stresses, significant sediment suspension
was observed throughout this study. One explanation is that
only the finest size fractions are suspended [e.g., Williams et
al., 1996; Thorne et al., 2002]; however, since there is very
little fine sediment available (greater than 95% of the bed
sediment has a fall velocity in excess of 5 cm s�1), the
sediment in suspension is unlikely be significantly finer
than the median bed sediment. There are, however, a
number of alternative reasons as to why sediment is
suspended in the present study despite the relatively low-
energy flow conditions. Firstly, sediment suspension is an
intermittent, rather than continuous process [Hanes, 1988].
Sediment was found to be suspended from the bed primarily
during the peak onshore phase of the flow, when bed shear
stresses are considerably greater than the time-average shear
stress. Moreover, it is well known [Nielsen, 1992] that bed
stresses are enhanced near ripple crests, especially when the
ripples are characterized by a large steepness. Finally, strong
flow accelerations under the onshore phase of highly asym-
metric waves also have a significant and positive effect on
bed shear stresses, thereby enhancing suspension [Nielsen,
2006].
[48] The dominant timescale associated with the suspen-

sion process, both inside and outside the surfzone, is the
incident-wave timescale. Diver observations suggest that
sediment is suspended mainly during the onshore stroke of
the incident wave; is transported onshore over several ripple
wave lengths; and settles to the bed prior to flow reversal.
These qualitative observations are strongly supported by the

data, especially the cospectra between u and c, which
consistently show a pronounced onshore peak at the inci-
dent wave frequency due to the coincidence of maximum
suspended sediment concentrations with the onshore stroke
of the wave. It is not uncommon for net suspended fluxes
over vortex ripples in fine sand to be in the offshore
direction [e.g., Davies and Thorne, 2005]. This occurs when
sediment suspended during the onshore stroke of the wave
is ejected high into the water column during free-stream
flow reversal, and is subsequently transported seaward
during the offshore stroke of the wave. However, the
relatively large size of the bed material in the present study
enables the sediment entrained during the onshore stroke of
the wave to settle to the bed prior to flow reversal, thus
undergoing net onshore transport.
[49] The preferential sediment resuspension during the

onshore stroke of the wave indicates that bed shear stresses
under wave crests are larger than under wave troughs, and,
at least, three mechanisms are available to explain this
asymmetry: (1) wave-induced boundary ventilation result-
ing from infiltration under the wave crest and exfiltration
under the wave trough [Conley and Inman, 1992]; (2) pos-
itive wave skewness characterized by stronger onshore than
offshore velocities [Osborne and Greenwood, 1992a,
1992b]; and/or (3) strong flow acceleration during the
onshore stroke of the wave due to vertical wave asymmetry
(crest asymmetry) [Hanes and Huntley, 1986; Hoefel and
Elgar, 2003]. An evaluation of these explanations is beyond
the scope of the present paper, but it is worth pointing out
that the wave skewness hu3i for most of the data is close to
zero, whereas the wave asymmetry aspike is significantly
larger than zero.
[50] The net, vertically integrated suspended sediment

flux is highly variable, but predominantly in the onshore
direction. The variability in the suspended fluxes is not only
due to the stochastic nature of the sediment suspension
process, but also reflects the differing locations of the
suspended sediment measurements in relation to the ripple
morphology: the suspended sediment flux rate (and direc-
tion) may vary greatly depending on whether data are
collected above the ripple crest or the ripple trough [Davies
and Thorne, 2005]. Net suspended sediment fluxes under
shoaling waves are of the same order as the ripple transport
rates, but suspended fluxes in the outer surf zone are at least
1 order of magnitude greater than the bed form transport
rates. The total sediment flux (ripple plus suspended trans-
port) peaks in the outer surf zone and decreases over most
of the saturated surf zone (Figure 15). The morphological
response that such a sediment transport distribution would
induce is the formation of a bar feature seaward of the outer
surf zone, at H/h = 0.5–0.6. Such a bar did indeed form
over an extended period of low waves encountered during
the field campaign [Masselink et al., 2007].

8.2. High-Wave Conditions

[51] Only limited ripple data were collected under ener-
getic wave conditions: the instrument rig was deployed too
high on the beach to record large shoaling waves and the
surf zone conditions were mostly too energetic for the SRP
to reliably record bed levels owing to the presence of
bubbles in the water. However, several glimpses of the
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bed were obtained under these conditions, sufficient to
warrant a brief discussion.
[52] In the outer surf zone, conditions are characterized

by y > 50 and q > 0.2, indicative of the start of the break-off
region. The limited data available suggest that the vortex
ripples are replaced by ripples with a similar height (0.05 m),
but a longer wave length (>0.5 m), and therefore smaller
ripple steepness (<0.1), perhaps similar to the large wave
ripples observed by Hanes et al. [2001], Gallagher [2003]
and Ngusaru and Hay [2004]. Under the most energetic
conditions, no reliable ripple data are available from the
SRP, but measurements of the depth of disturbance suggest
that maximum ripple heights of 0.1–0.25 m are typical
under such conditions [Masselink et al., 2007].
[53] The longer and less steep ripples migrate onshore, as

well as offshore, possibly in relation to significant mean
cross-shore flows. Correlations between ripple migration rate
and velocity flow parameters (e.g., wave orbital velocity and
skewness) do not yield any significant relationships, but
there are not sufficient data available to explore these
relationship in any great depth. What is clear, however, is
that the bed form transport rates are several orders of
magnitude less than the suspended fluxes (Figure 15). In
the outer surf zone, the net suspended flux is onshore and
attributable to the oscillatory flux component; in the satu-
rated surf zone, the net flux is offshore and due to the mean
flux component driven by the offshore-directed flow. The-
oretically, such a sediment transport pattern would result in
deposition at the seaward margin of the saturated surf zone
(H/h = 0.5), and conform to the breakpoint hypothesis of bar
formation [Dhyr-Nielsen and Sorensen, 1970; Roelvink and
Stive, 1989].

9. Conclusions

[54] Suborbital vortex ripples with h = 5 cm and l =
35 cm were observed in the nearshore of a macrotidal coarse
sand beach during a range of wave conditions. Despite
increasing bed shear stresses during wave shoaling and
breaking, the shape and scale of the ripples did not change
significantly. Owing to the coarseness of the sediment, there
was no transition from vortex to postvortex ripples because
the ‘‘break-off’’ region [Grant and Madsen, 1982] was
never reached. Empirical models, such as those of Nielsen
[1992] and Wiberg and Harris [1994], competently predict
the ripple steepness, but cannot successfully estimate h and l.
[55] Ripple migration rates across the nearshore depend

on their location relative to the breakpoint and cannot
simply be related to the energy level of the hydrodynamic
forcing. During low-wave conditions, Mr is in the onshore
direction at rates of 0.1 cm min�1 under shoaling waves,
and up to 2 cm min�1 in the outer surf zone. Mr is
significantly correlated with H/h, but also scales reasonably
well with higher orders of wave motion, such as orbital
velocity, and nonlinearity; however, since these parameters
covary and progressively increase toward the surf zone, it is
impossible to determine which is most relevant. Maximum
migration rates are located in the outer surf zone, and do not
increase any further with increased shear stresses moving
landward. The persistence of vortex ripples in the outer surf
zone suggests that it is the seaward directed mean flow,
which impedes the landward migration of the ripples, rather

than the start of the break-off region where ripples become
postvortex as suspension increases.
[56] Ripple transport rates derived from bed form migra-

tion in the shoaling wave zone are underpredicted by the
bed load equation of Ribberlink [1998], strongly suggesting
that suspended load transport also contributes significantly,
if not dominantly, to ripple migration. Under low-wave
conditions, net suspended sediment fluxes under shoaling
waves are of the same order of magnitude as the bed form
rates, but in the outer surf zone they are at least one order of
magnitude greater than the bed form rates. The total
sediment flux peaks in the outer surf zone and decreases
through the saturated surf zone, conductive to bar formation
seaward of the outer surf zone. Under high-wave conditions,
ripple transport rates are several orders of magnitude less
than the suspended fluxes. In the outer surf zone the net flux
is onshore and attributable to the oscillatory flux compo-
nent, and in the saturated surf zone, the net flux is offshore
and due to the mean flux component driven by the offshore-
directed mean flow.
[57] Suspension processes, both inside and outside the

surf zone, are predominantly at the incident-wave timescale.
A pronounced onshore flux-coupling exists owing to the
coincidence of maximum suspended sediment concentra-
tions with the onshore stroke of the wave. The relatively
coarse grain size of the bed material enables the sediment
entrained during the onshore stroke of the wave to settle to
the bed prior to flow reversal. The net suspended transport
is thus onshore, in contrast to previous observations of net
offshore suspended fluxes over vortex ripples in fine sands.
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