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A B S T R A C T

The lower shoreface, with water depths between about 8 and 20 m, forms the transition between the inner
shelf and upper shoreface. Knowledge of the lower shoreface is essential, as it is – in many cases – the sediment
source for the upper shoreface and beach. This paper presents new data of near-bed orbital velocities and small-
scale bedforms at various depths and locations on the Dutch lower shoreface. Near-bed orbital velocities were
beyond 1 m/s during high-energetic wave conditions. They increase with wave height and decrease with water
depth, and can be reasonably well described by linear wave theory. Ripple heights range between 0.01−0.03 m
and ripple lengths between 0.08 − 0.20 m. Ripple dimensions are controlled by wave mobility, with lower and
shorter ripples for higher waves, and not so much by the currents. The Van Rijn (2007) formula generally
overpredicts the ripple heights, and the variation with tidal currents in time. The measurements clearly indicate
significant sediment mobility at the lower shoreface under higher wave events. It is yet unclear what this means
for the net sand transport. This will depend on the subtle timing of sediment suspension, wave-mean currents
and near-bed orbital velocities. It requires detailed modeling to determine lower shoreface net transport rates,
and to unravel the controlling sand transport mechanisms.
. Introduction

The lower shoreface, with water depths between about 8 and 20 m,
orms the transition between the inner shelf and upper shoreface.
ower shoreface sand transport is controlled by the combined action of
aves and currents (Van Rijn, 1997). It is covered by multiple types of
edforms ranging from small-scale ripples (a few decimeters long), tidal
and waves (100–1000 m long) to shoreface-connected ridges (5–10 km
ong) (Passchier and Kleinhans, 2005).

Knowledge of lower shoreface sand transport and seabed morpho-
ynamics is essential, as the lower shoreface controls to a large degree
ow offshore seabed activities and climate change affect nearshore
unctions such as coastal safety. This concerns the effect of sea level
ise on coastal evolution, as well as the impact of offshore wind farms,
and extraction and other human interferences. The lower shoreface is,
n many cases, the sediment source for the upper shoreface and beach,
nd also mediates onshore wave energy transfer (Anthony and Aagaard,
020).

However, the lower shoreface sand transport processes are complex
nd poorly understood. Sand transport across the lower shoreface is

∗ Corresponding author at: Department of Marine & Coastal Systems, Deltares, P.O. Box 177, 2600 MH Delft, The Netherlands.
E-mail address: jebbe.vanderwerf@deltares.nl (J.J. van der Werf).

controlled by various competing, non-linear processes due to waves
(e.g. wave skewness), currents (e.g. tidal currents and density-gradient
driven currents in case of river outflow) and wave–current interactions
(e.g. the Longuet-Higgins (1953) wave bottom boundary streaming).
The relative importance of these sand transport mechanisms depends
on many variables, such as wind and wave conditions, river discharge,
water depth and bed composition. Lower shoreface sand transport is
highly episodic with little sand movement during frequent fair-weather
conditions, and large transport rates during rare storms.

Understanding lower shoreface sand transport is further compli-
cated by the dynamic interaction with bedforms, occurring over a wide
range of scales. Small-scale ripples (a few decimeters long and a few
centimeters in height) are of particular interest. These ripples generate
form roughness and affect near-bed turbulence, which influences sand
transport. Storms can wash out these small-scale bedforms such that
upper plane-bed, sheet-flow sand transport occurs with high transport
rates confined to a few centimeters thick near-bed layer (Passchier and
Kleinhans, 2005).
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Fig. 1. Overview of the five frame measurement campaigns carried out in the Kustgenese 2.0 project at the four study sites: Ameland Inlet (AZG), and the lower shorefaces of
Ameland (DVA), Terschelling (DVT) and Noordwijk (DVN). Note that DVA frame 3 is located very close to DVA frame 4 and is hidden behind it. Frames for DVT campaigns 1
and 2 were placed in approximately the same positions, so their marker symbols overlap. The AZG data are not used in this paper.
This lack of understanding of lower shoreface sediment transport
is reflected in results from modeling studies (e.g. Van Rijn, 1997;
Aagaard, 2014; Grasmeijer et al., 2022). For example, Van Rijn (1997)
found that cross-shore sand transport rates along the Holland Coast,
The Netherlands at 20 m water depth were highly uncertain with error
bounds up to 100%.

An important reason for the knowledge gap and the absence of good
lower shoreface sediment transport models is the limited availability
of reliable field data of near-bed sand transport processes. The few
valuable existing data sets for the Dutch lower shoreface (e.g. van
de Meene and van Rijn, 2000a; Kleinhans and Grasmeijer, 2006) are
limited in spatial and temporal coverage and/or do not cover all of the
relevant near-bed processes.

Therefore, the Dutch Government Rijkswaterstaat started the Kust-
Genese2.0 (KG2.0) research program in collaboration with research
institute Deltares. Part of this program was an extensive field cam-
paign in close collaboration with the Universities of Delft, Utrecht and
Twente, via the SEAWAD project. Hydrodynamics, turbidity, sediment
composition, bedforms and benthic species distribution were measured
at various locations along the Dutch coast (see van Prooijen et al.,
2020).

In this paper we will use a subset of the KG2.0 data. We will focus
on the near-bed orbital velocities and small-scale bedforms measured
simultaneously at three different depths, and at three different Dutch
lower shoreface sites, during four campaigns. These data add to existing
studies on small-scale wave–current ripples in idealized laboratory
settings (e.g. Tanaka and Dang, 1996; Lacy et al., 2007) and in more
shallow waters (e.g. Soulsby et al., 2012; Wengrove et al., 2018).

The aims of this paper are: (i) to present these new data and (ii)
to evaluate the skill of practical formulas to predict near-bed orbital
velocities and small-scale ripple dimensions, which aids to improve our
understanding of the physical processes underlying mixed-energy lower
shoreface sand transport.

This paper is organized as follows. The fields sites are introduced
in Section 2. This section also presents the measurements and explains
2

the data-processing, data-analysis and applied predictive formulas. The
measured and predicted near-bed orbital velocities and ripple dimen-
sions are shown in Section 3. The results are discussed in Section 4,
followed by the conclusions in Section 5.

2. Methods

2.1. Field sites

The field sites were located on the lower shoreface at the Ameland
Inlet, the Terschelling barrier island and at the closed Holland Coast,
near Noordwijk (Fig. 1). These sites have different characteristics.
The Ameland lower shoreface (DVA) is situated directly offshore the
northern part of the ebb tidal delta of Ameland Inlet. It links to the
Ameland Inlet field site (AZG) to the south (more information on the
AZG campaign can be found in van Prooijen et al. (2020) and Brak-
enhoff et al. (2020a)). The Terschelling study area is located directly
offshore the central part of the island of Terschelling. The shoreface
of the barrier islands of the Wadden coast is comparatively unknown.
The Noordwijk study area represents the north–south trending closed
Holland coast. This area has been studied in the past (see e.g. van de
Meene and van Rijn, 2000a,b; Passchier and Kleinhans, 2005; Kleinhans
and Grasmeijer, 2006), allowing for intercomparison.

The tide in the North Sea has a predominant semi-diurnal character,
with a dominant contribution by the semi-diurnal lunar (M2) compo-
nent. The mean tidal range is approximately 1.7 m at Noordwijk and
2.0 m at Terschelling and Ameland. At the Dutch lower shoreface the
dominant tidal currents have a coast-parallel orientation with average
peak depth-averaged velocities of 0.5–0.8 m/s. Waves predominantly
come from the south-west, in line with the dominant wind direction.
The mean significant wave height is about 1.1 m at Noordwijk, and
somewhat higher near Terschelling and Ameland (1.2 m). The highest
waves have a north-western orientation. Storms with a return period
of 1-year generate waves with a height of about 5.5 m and a period of
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Fig. 2. Time-series of (a) orbital velocity amplitude, (b) peak wave period, (c) significant wave height and (d) depth-averaged current velocity magnitude during the Ameland
lower shoreface campaign (DVA), November 2017.
10.5 s near Terschelling and Ameland and 4.8 m and 9.2 s near Noord-
wijk. More information of the Dutch lower shoreface hydrodynamics
and sand transport can be found in Grasmeijer et al. (2022).

The bed sediment at Terschelling and Ameland is similar. It mainly
consists of fine sands; the median grain-size is 0.20–0.25 mm (see
Table 1). The bed sediments at Noordwijk are coarser with a median
grain-size of 0.33 mm.

The interested reader is referred to the paper of van der Spek et al.
(2022) for a more detailed description of these field sites.

2.2. Measurements

Custom-made measurement frames were equipped with acoustic
Doppler velocimeters (ADVs), an upward-looking acoustic Doppler cur-
rent profiler (ADCP), a 3D SONAR, and other instruments not used
in this paper. The ADV and ADCP instruments incorporated pressure
sensors. The frames were deployed on a transect approximately per-
pendicular to the coast at three different water depths (Table 1). The
deployment period varied between 2 and 6 weeks.

Two ADVs, mounted at approx. 0.35 m and 0.65 m above the bed,
measured the near-bed velocities with a sampling frequency of 16 Hz
during 29-min bursts at an interval of 30 min. The (upward-looking)
ADCP measured the velocity profile from 2.3 m above the bed with a
frequency of 1.25 Hz with bursts of 30 min at intervals of 30 or 60 min.
The cell size was 0.5 m for the shallow deployments (water depths of 10
and 12 m) and 0.8 m for the deeper deployments. The 3D SONAR was
mounted approximately 1 m above the bed. It measured the detailed
bed morphology with intervals of 1 hr by rotating around its own axis
and scanning 200 swaths of the bed.
3

The ADV on Frame 3 (16 m depth) did not produce reliable data
during the first storm event, whereas the ADV on Frame 1 (20 m depth)
did not function properly during the second event (DVA campaign).
There were no storms and significant wave heights remained below 4 m
at Terschelling during the first campaign (DVT1). Therefore, a second
Terschelling campaign was carried out (DVT2).

More information on the measurements can be found in van Prooi-
jen et al. (2020).

2.3. Data-processing and data-analysis

The starting point of our study was the processed velocity, pressure
and SONAR data (van Prooijen et al., 2020).

The ADV and ADCP pressure sensor data were used to calculate
water depth ℎ, assuming a hydrostatic pressure distribution. Given the
large depths, near-bed pressures were too small to reliably convert to
wave parameters. Alternatively, 𝐻𝑚0 and spectral peak wave period
𝑇𝑝 were extracted from the wave transformation matrix, as described
in Grasmeijer et al. (2022). These wave data were used to compute
the orbital velocity amplitude, 𝑢𝑤, using linear wave theory. The wave
orbital excursion amplitude followed from 𝑎𝑤 = 𝑢𝑤𝑇𝑝∕(2𝜋).

The data from the ADV located highest above the bed were used
to determine orbital velocities in the following way. First, the data
were de-trended so that the mean in each burst equals zero. A high
pass Fourier filter was applied to filter out velocities with a frequency
smaller than 0.05 Hz (period longer than 20 s), focusing on relatively
short waves. The resulting orbital velocity vectors were transformed
into time series of total orbital velocity in the direction of wave
advance, using eigenfunction analysis (see Ruessink et al., 2012). This
orbital velocity signal was smoothed using a moving average window
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Fig. 3. Time-series of (a) orbital velocity amplitude, (b) peak wave period, (c) significant wave height and (d) depth-averaged current velocity magnitude during the first Terschelling
lower shoreface campaign (DVT1), January 2018.
Table 1
Overview of the measurement periods and positions of the frames, median bed grain-size in the surroundings of the frames based on box-core data, as well as the available
instrument data. The campaigns are referred to as DVA (Diepe Vooroever Ameland): lower shoreface Ameland; DVT1 (Diepe Vooroever Terschelling 1): lower shoreface Terschelling
1; DVT2 (Diepe Vooroever Terschelling 2): lower shoreface Terschelling 2; and DVN (Diepe Vooroever Noordwijk): lower shoreface Noordwijk. The Dutch coordinate system RD
(Rijksdriehoek) is used.

Campaign Period Frame Location Approx. 𝐷50 ADV ADCP SONAR

xRD (km) yRD (km) depth (m) (mm)

DVA 8 Nov - 11 Dec 2017 1 168.339 615.536 20 0.23 X X X
3 168.449 613.779 16 0.20 X X X
4 168.472 613.485 10 0.20 X X

DVT1 11 Jan - 6 Feb 2018 1 151.671 611.326 20 0.24 X X X
3 152.260 607.627 14 X X

DVT2 12 Mar - 26 Mar 2018 1 151.993 611.306 20 0.24 X X X
3 152.249 607.599 14 X X
4 152.662 606.583 10 0.20 X X

DVN 4 Apr - 15 May 2018 1 76.940 477.601 20 0.33 X X X
3 86.695 472.149 12 X X
of 25 samples to filter out turbulence-associated fluctuations. The sig-
nificant orbital velocity, 𝑢𝑤,1∕3, was defined as the mean of the forward
orbital velocity peaks 𝑢𝑤,𝑓𝑜𝑟 (or backward orbital velocity peaks, 𝑢𝑤,𝑏𝑎𝑐𝑘,
if these were on average higher) for the highest one-third waves (in
terms of the sum of 𝑢𝑤,𝑓𝑜𝑟 and 𝑢𝑤,𝑏𝑎𝑐𝑘).

The wave-related Shields parameter was calculated using:

𝜃𝑤 =
𝜏𝑤

(

𝜌𝑠 − 𝜌𝑤
)

𝑔𝐷50
(1)

𝜏𝑤 = 1
2
𝑓𝑤𝜌𝑤𝑢

2
𝑤 (2)

where 𝜏𝑤 is the wave-related bed shear stress, 𝜌𝑠 = 2650 kg∕m3 the
sediment density, 𝜌 = 1025 kg∕m3 the (sea) water density, 𝑔 the
4

𝑤

gravitational acceleration, 𝐷50 the median grain-size, 𝑓𝑤 the wave
friction factor and 𝑢𝑤 the near-bed orbital velocity amplitude according
to linear wave theory. This was preferred over using 𝑢𝑤,1∕3 from the
measurements to ensure a continuous orbital velocity time series. The
wave friction factor was computed using the formula of Swart (1974)
with a roughness height 𝑘𝑠 = 2.5𝐷50.

The current-related Shields parameter followed from:

𝜃𝑐 =
𝜏𝑐

(

𝜌𝑠 − 𝜌𝑤
)

𝑔𝐷50
(3)

𝜏 = 1𝑓 𝜌 𝑢2 (4)
𝑐 2 𝑐 𝑤 𝑐
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Fig. 4. Time-series of (a) orbital velocity amplitude, (b) peak wave period, (c) significant wave height and (d) depth-averaged current velocity magnitude during the second
Terschelling lower shoreface campaign (DVT2), March 2018.
𝑓𝑐 = 2

⎡

⎢

⎢

⎢

⎣

𝜅

log𝑒
(

30ℎ
𝑘𝑠

)

⎤

⎥

⎥

⎥

⎦

2

(5)

where 𝑢𝑐 is the depth-averaged velocity, 𝑘𝑠 = 2.5𝐷50 (the same as
the wave-related roughness), and 𝜅 = 0.4 the Von Karmann constant.
The depth-averaged velocity was computed based on the data from the
two near-bed ADVs, assuming a logarithmic velocity profile Brakenhoff
et al. (see 2020a). ADCP data closest to 𝑧 = ℎ∕𝑒 were used if no
ADV data were available. The depth-averaged velocities were (only)
determined for the frames that included a SONAR.

The processing of the SONAR images is described in Brakenhoff
et al. (2020a), resulting in bed levels on a regular 2 x 2 m grid with
cells of 0.01 𝑥 0.01 m. This includes filtering out perturbations with a
length scale smaller than 0.05 m, de-trending to remove the scour hols
around the frame legs and a visual image quality assessment. From the
remaining images, the ripple height was calculated using 𝜂 = 2

√

2𝜎
with 𝜎 the standard deviation of the image. The ripple orientation was
found by rotating the images. For each rotation the bedform three-
dimensionality (𝑇b) was calculated using the auto-correlation of the bed
elevation data in the 𝑥- and 𝑦-direction. 𝑇b is a dimensionless param-
eter, ranging from 0 (indicating a purely two-dimensional bedform)
to 1 (indicating a purely three-dimensional bedform). The rotation
angle that resulted in the lowest bedform three-dimensionality was
taken to be the orientation of the ripples. Using this orientation angle,
ripple lengths (𝜆) were calculated by a wavelet, see Brakenhoff et al.
(2020a) for more information. The SONAR could not measure the bed
in plane-bed, sheet-flow conditions. These occurred during high energy
conditions, when there was a lot of sediment suspension that blocked
the acoustic signal.
5

2.4. Van Rijn (2007) Ripple height predictor

The ripple heights were computed using The Van Rijn (2007) pre-
dictor:

𝜂 =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

150𝐷50 for 𝜓𝑤𝑐 ≤ 50
(

182.5 − 0.652𝜓𝑤𝑐
)

𝐷50 for 50 < 𝜓𝑤𝑐 ≤ 250

20𝐷50 for 𝜓𝑤𝑐 > 250

(6)

with

𝜓𝑤𝑐 =

(

𝑢2𝑤 + 𝑢2𝑐
)

𝛥𝑔𝐷50
(7)

the wave–current mobility number and 𝛥 = (𝜌𝑠 − 𝜌𝑤)∕𝜌𝑤 the relative
sediment density.

This ripple predictor is based on the analysis of many lab and field
data sets, and is assumed to be valid for sediment with 𝐷50 in the
range of about 0.1–2.0 mm. The Van Rijn 2007 predictor was chosen
because it is a generic formula that is commonly used to compute
bed roughness in engineering morphological models like Delft3D. Fur-
thermore, it performed best, together with the Soulsby et al. (2012)
predictor, in comparison to small-scale wave–current ripple data on the
Ameland ebb-tidal delta (see Brakenhoff et al., 2020b). Note that the
Van Rijn 2007 predictor does not consider the angle between waves and
currents. It also does not include a threshold for ripple generation, and
low-relief bed features (small ripples) are predicted in the sheet-flow
regime (𝜓 > 250).
𝑤𝑐
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Fig. 5. Time-series of (a) orbital velocity amplitude, (b) peak wave period, (c) significant wave height and (d) depth-averaged current velocity magnitude during the Noordwijk
lower shoreface campaign (DVN), April 2018.
3. Results

3.1. Near-bed orbital velocities

Figs. 2–5 show time-series of orbital velocity amplitude, wave pe-
riod, wave height and depth-averaged current velocity magnitude for
all lower shoreface campaigns.

Waves were most energetic during the Ameland campaign (DVA)
with wave heights up to about 5 m on 18/19 November and 8/9 Decem-
ber 2017. There were no storms and significant wave heights remained
below 4 m at Terschelling during the first campaign (DVT1). During
the second campaign (DVT2) the wave height reached a peak value of
approx. 5 m on 17 March 2018. The least energetic conditions occurred
during the Noordwijk campaign (DVN); the largest wave height (3.4 m)
occurred on 5 April 2018. The relative wave height, 𝐻𝑚0∕ℎ, did not
exceed 0.3, indicating that waves were not breaking (Van Rijn, 2013).

The orbital velocity amplitudes correlate well with the wave heights
from the wave transformation matrix (see Fig. 6). During low waves
(𝐻𝑚0 ≤ 0.5 m) the near-bed orbital velocities were low too (𝑢𝑤,1∕3 ≤
0.2 m∕s). During energetic wave conditions (𝐻𝑚0 > 3 m), the near-bed
orbital velocities reached a value of about 1 m/s at the deepest frame
and 1.5 m/s at the shallow frame (DVA). Fig. 6 shows that the near-bed
orbital velocities can be reasonably well described using linear wave
theory.

3.2. Small-scale bedforms

Fig. 7 shows the wave- and current-related Shields values that
occurred during the SONAR measurements. This figure shows that the
SONAR data cover a large range of conditions: both wave-dominated
6

(𝜃𝑤 > 𝜃𝑐) and current-dominated, and from below initiation of motion
(
√

𝜃2𝑤 + 𝜃2𝑐 < 0.05) to the plane-bed/sheet-flow regime (
√

𝜃2𝑤 + 𝜃2𝑐 ≥
1.0). We are aware that this addition of the wave- and current-related
Shields values ignores the role of the wave–current angle. The solid
lines in Fig. 7 are thus not fully correct, but provide a simple and useful
indication of the bed mobility.

The conditions were somewhat more wave- than current-dominated
during the Ameland campaign (DVA). The Terschelling (DVT1, DVT2)
data points are spread relatively evenly throughout the 𝜃𝑐 -𝜃𝑤 parameter
space. Shields numbers were lowest during the Noordwijk campaign
(DVN) as wave heights were relatively low.

The three-dimensionality of the bedforms (𝑇b) was always very high:
values range between 0.96 and 1.00, with an average of 0.99. Visually,
ripples appeared to be relatively linear sometimes, see Figs. 8a,c,e as
examples at the Noordwijk lower shoreface, frame 1. The 𝑇b values
are still 0.97–0.98, because of large deviations both parallel and per-
pendicular to the ripple crests. The ripples in Fig. 8b,d,f appear more
three-dimensional, which is reflected in larger 𝑇b values (0.99).

Fig. 9 and 10 show 2D histograms of ripple heights and lengths,
classified according to field site and water depth. The black lines denote
the steepness of so-called orbital ripples 𝜂∕𝜆 = 0.17 (see e.g. Wiberg and
Harris, 1994). Orbital ripple dimensions scale with the orbital diameter
and generally occur at low mobility numbers (see also O’Donoghue
et al., 2006). The average height and length are given by the black dots.
The ripple heights vary between 0.01 and 0.03 m, and ripple lengths
between 0.08 and 0.20 m. On average, the ripples are 1.6 cm high and
13 cm long. Most ripples have a steepness smaller than 0.17. Ripples
were shortest at DVA (11 cm, see Fig. 9). The ripple length is largest at
20 m water depth (0.13 m, see Fig. 10). There is little variation in the
(average) ripple height.



Ocean and Coastal Management 218 (2022) 106012

7

J.J. van der Werf et al.

Fig. 6. Relation between orbital velocity amplitude and significant wave height for different water depths: (a) 20 m (DVA, DVT1, DVT2, DVN), (b) 16 m (DVA), (c) 14 m (DVT1,
DVT2) and (d) 12 m (DVN). Solid lines: computed using linear wave theory with 𝑇𝑝 = 6𝐻0.33

𝑚0 , according to Van Rijn (2013).

Fig. 7. Wave- and current-related bed shear stress for all SONAR data. The black lines indicate the inception of motion and the transition between the ripple and flat-bed/sheet-flow
regime. The dashed lines delineate wave- and current-dominated regions, according to Kleinhans (2005). Gray data points indicate moments with no sonar data.



Ocean and Coastal Management 218 (2022) 106012J.J. van der Werf et al.
Fig. 8. Examples of ripples at DVN Frame 1.
Fig. 11 shows the hydrodynamics and ripple dimensions at Frame
1 (20 m water depth), Terschelling from 12–23 January 2018 (DVT1
campaign). Wave heights were low at first, but these increased between
16 and 18 January, to become over 3 m high. This results in an increase
in the (computed) orbital velocity and wave-related Shields parameter.
In this same period, the ripple heights and lengths decreased. Besides
this period with higher waves, the ripples have relatively constant
dimensions. There is little correlation with the depth-averaged velocity
and current-related Shields parameter, which both vary with the tide.
This especially applies for the ripple height.

Fig. 12 confirms the correlation between the wave forcing and the
ripple dimensions, which were made dimensionless using the orbital
excursion amplitude 𝑎𝑤. The measured ripple heights and lengths de-
crease with the wave-related mobility parameter in line with earlier
studies (e.g. Nielsen, 1981; O’Donoghue et al., 2006). There is no
correlation between ripple dimensions and the current-related mobility
number. For a large number of observations the wave-related mobility
parameter was very small (𝜓𝑤 < 1). These are either relict ripples
formed earlier in time when sediment mobility was higher, or these
ripples are (partly) generated by the near-bed current.
8

Most earlier studies such as Nielsen (1981), Wiberg and Harris
(1994) and O’Donoghue et al. (2006), largely based on wave-alone
data from laboratory experiments, found orbital ripples at low wave
mobility. The orbital ripple dimensions scale with the orbital excursion
amplitude, 𝜂∕𝑎𝑤 ≈ 0.15 − 0.3 and 𝜆∕𝑎𝑤 ≈ 1.2 − 2.2 depending on
wave irregularity and ripple three-dimensionality. Although the dimen-
sionless ripple heights and lengths reach these values at low wave
mobility, there is no clear orbital ripple regime with constant 𝜂∕𝑎𝑤-
and 𝜆∕𝑎𝑤-values.

Fig. 13 and 14 compare the ripple predictor of Van Rijn (2007)
with the measured ripple heights. There is a clear relation between the
performance of the Van Rijn-predictor and the current strength. For
weak currents (low current-related Shields-parameter, 𝜃𝑐), the ripple
heights are overpredicted up to a factor of 4, whereas the heights are
underpredicted up to a factor of 4 for strong currents (high 𝜃𝑐). There is
no such clear bias coupled to the wave-related Shields parameter. The
overprediction for Shields values below threshold of motion is because
the Van Rijn predictor does not include a threshold (Eq. (6)).

The range in predicted ripple heights is much larger than in the
observed heights (Fig. 14). According to the Van Rijn-formula the
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Fig. 9. Histograms of ripple heights and lengths per field site: (a) Ameland (DVA), (b) Terschelling (DVT1), (c) Terschelling (DVT2) and (d) Noordwijk (DVN), and (e) for all data
combined. The black line is the equilibrium steepness 𝜂∕𝜆 = 0.17. The average height and length are given by the black dot.
ripple heights increase (decrease) with a decrease (increase) in current
strength which varies within the tidal cycle, whereas the measured
ripple heights are mainly controlled by the wave action (see Figs. 11
and 12). This explains the general overprediction for weak currents
and the underprediction for strong currents (Fig. 13). The Van Rijn-
predictor does capture the general and more slow decrease and increase
of ripple heights with the waxing and waning of higher wave events.
The Van Rijn-formula generally overpredicts the ripple heights (site-
averaged 𝑏𝑖𝑎𝑠 = +1.3 cm, 𝑅𝑀𝑆𝐸 = 1.7 cm), especially at Noordwijk
(𝑏𝑖𝑎𝑠 = +3.4 cm, 𝑅𝑀𝑆𝐸 = 3.4 cm).

4. Discussion

The measured near-bed orbital velocities were generally well re-
produced by linear wave theory. The input wave conditions were
9

obtained from a wave transformation matrix, or wave look-up table,
that enables a swift transformation of measured offshore wave time
series to an arbitrary nearshore location. The transformation is based
on SWAN wave model calculations. The wave transformation tool was
validated using local wave measurements by Grasmeijer (2018). This
wave transformation tool was preferred over wave parameters based
on near-bed pressure measurements, as the (dynamic) pressure signal
was too weak. Yet, it is advised to use in-situ wave measurements, when
available, e.g. from a wave buoy.

The measured ripple heights and lengths were fairly constant in
time. They do respond to high-wave events, but are nearly independent
of the currents that mainly varied with the (M2) tidal. This is remark-
able as these currents were strong enough to mobilize sediment and
form ripples, as was also predicted by the Van Rijn (2007) formula.
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Fig. 10. Histograms of ripple heights and lengths per depth class: (a) 20 m (DVA, DVT1, DVT2, DVN), (b) 16 m (DVA) and (c) 10 m (DVA, DVT2), and (d) for all data combined.
The black line is the equilibrium steepness 𝜂∕𝜆 = 0.17. The average height and length are given by the black dot.
Fig. 11. Time series of (a) ripple dimensions, (b) wave- and current-related Shields parameter, (c) orbital velocity amplitude and depth-averaged current velocity and (d) wave
height and period for Frame 1 (20 m water depth) during the DVT1 campaign.
We hypothesize that this is related to the three-dimensionality of the
ripples. The dimensions of 3D ripples are mainly controlled by small-
scale near-bed hydrodynamics (incl. turbulence), and not so much by
large-scale tidal currents (see also O’Donoghue et al., 2006; Brakenhoff
et al., 2020a).
10
Tidal currents are expected to generate bedforms with a larger
spatial scale. These so-called mega-ripples are 1–10 m long and tens
of cm high (Idier et al., 2004), and thus not measurable by the SONAR
with a spatial coverage of 1–2 m. These were measured with multibeam
sonar surveys at the lower shoreface of Ameland and Terschelling (van
der Spek et al., 2022)
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Fig. 12. Non-dimensional ripple height (a,b) and length (c,d) as a function of the wave-related (a,c) and current-related mobility number (b,d).
Fig. 13. Ratio of ripple height computed by the Van Rijn (2007) predictor and the measured ripple height (𝜂𝑝∕𝜂𝑚) as a function of the current- and wave-related Shields parameter.
𝜂𝑝∕𝜂𝑚 = 1 denotes perfect agreement. Red colors indicate an overprediction; blue colors an underprediction.
The Ameland lower shoreface (DVA) is situated directly offshore the
northern part of the ebb tidal delta of Ameland Inlet. This is different
from the Terschelling and Noordwijk sites, which are located offshore
from a closed coast. The environmental conditions at DVA are different
because of this. However, this is not reflected in the observed ripples
that are similar across the three sites. It is hypothesized that the main
difference of DVA is the orientation and relative importance of the tidal
11
current, not so much the wave conditions. The ripples mainly respond
to the waves, which were not very different, explaining the limited
inner-site differences.

The Van Rijn (2007) formula generally overpredicts the measured
ripple heights. This was also found by Brakenhoff et al. (2020a),
for other ripple predictors as well. These empirical ripple predictors
are mainly based on 2D ripple data from wave-dominated laboratory
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Fig. 14. Time-series of measured and predicted ripple heights at different water depths at the Ameland lower shoreface (DVA).
experiments. Ripple three-dimensionality is known to result in signifi-
cantly lower ripple dimensions. According to O’Donoghue et al. (2006),
equilibrium 3D ripples are 45% lower and 27% shorter than 2D ripples.
The sensitivity to the turbulent motions may be the reason why 3D
ripples tend to be significantly smaller than 2D ripples. However, at
present, there is no full physical explanation for this.

The relatively unknown effect of currents and three-dimensionality
on ripple dimensions calls for new controlled full-scale laboratory
experiments, including waves and currents, augmented by detailed
numerical morphodynamic modeling (such as Marieu et al., 2008) and
careful analysis of extensive field data sets. This would build on the
work by Lacy et al. (2007) who measured wave–current ripples using
an oscillating plate in a flume. They found that ripple height and
length decreased with increasing relative current strength. Increasing
the relative current strength, or decreasing the wave–current angle,
increased the ripple three-dimensionally. These experiments were done
with a medium grain-size of 0.27 mm. The questions arises to what
degree these observations hold for other sand sizes, and whether orbital
flow above a still bed produces the same results as fluid pressure forces
are exaggerated on an oscillating bed (Nielsen, 1992).

The wrong prediction of ripple dimensions may have serious impli-
cations for engineering morphological models. These models,
e.g. Delft3D, include empirical ripple predictors like Van Rijn, to com-
pute bed roughness. Focusing on the more shallow Ameland ebb-tidal
delta, Brakenhoff et al. (2020b) found that small-sale ripple-related
roughness can make up to 100% of the total roughness. Using measured
or predicted ripples resulted in overall differences of 10%–20% in
Delft3D-computed current velocity magnitudes and changes of more
than 100% in sediment transport. This might also be very well the case
for the lower shoreface.

The near-bed orbital velocity and ripple measurements clearly in-
dicate significant sediment mobility at the lower shoreface (depths
10–20 m) under higher wave events (𝐻𝑚0 ⪆ 2 m). During regular
storms (𝐻𝑚0 ⪆ 4 m) orbital velocities reached peak values greater than
1 m/s and ripples became small. Shields numbers indicate that the
upper plane-bed, sheet-flow regime with high transport rates confined
to a few centimeters thick near-bed layer may be reached during these
storms. It is yet unclear what this sediment mobility means for the net
12
sand transport on the lower shoreface. This will depend on the sub-
tle timing of sediment suspension, wave-mean currents and near-bed
orbital velocities. It requires a validated wave–current sand transport
model that incorporates 3D effects to compute net sand transport rates
on the lower shoreface, and to unravel the controlling sand transport
mechanisms.

5. Conclusions

This paper presented new data of near-bed orbital velocities and
small-scale bedforms (ripples) at three sites on the Dutch lower
shoreface, as measured during four campaigns. The water depths var-
ied between 10 and 20 m. Significant wave heights peaked at 5 m,
corresponding to a storm with approx. a 1-year return period. The
main novelty of these data lies in the relatively large coverage in
space and time, and the simultaneous measurement of near-bed orbital
velocities and ripples, which play an important role in lower shoreface
sand transport. The data are publicly available at 4TU Centre for
Research Data at https://doi.org/10.4121/collection:seawad and https:
//doi.org/10.4121/collection:kustgenese2.

The near-bed orbital velocity amplitudes were low (≤ 0.2 m∕s)
during frequently-occurring waves conditions (𝐻𝑚0 ≤ 0.5 m). They
reached a maximum value of about 1.5 m/s during a storm event
with wave heights up to 5 m. The near-bed orbital velocity amplitudes
increase with wave height and decrease with water depth, and are
reasonably well described by linear wave theory.

Ripples heights range between 0.01 − 0.03 m and ripple lengths
between 0.08−0.20 m. The majority of the bedforms were less steep than
0.17, which corresponds to the steepness of orbital ripples at low wave
mobility. Ripple lengths decrease with water depth, whereas ripple
heights are not strongly correlated to water depth. Ripple dimensions
are controlled by wave mobility, with lower and shorter ripples for
higher waves. The Van Rijn (2007) formula generally overpredicts
the ripple heights, and the variation in time. Unlike predicted, ripple
heights do not respond to the tidal currents.
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