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Abstract: Using new large-scale wave-flume experiments we examine the cross-section and
planform geometry of wave-formed ripples in coarse sand (median grain sizeD50 = 430 µm)
under high-energy shoaling and plunging random waves. We find that the ripples remain
orbital for the full range of encountered conditions, even for wave forcing when in finer
sand the ripple length λr is known to become independent of the near-bed orbital diameter
ds (anorbital ripples). The proportionality between λr and ds is not constant, but decreases
from about 0.55 for ds/D50 ≈ 1400 to about 0.27 for ds/D50 ≈ 11, 500. Analogously, ripple
height ηr increases with ds, but the constant of proportionally decreases from about 0.08
for ds/D50 ≈ 1400 to about 0.02 for ds/D50 > 8000. In contrast to earlier observations
of coarse-grained two-dimensional wave ripples under mild wave conditions, the ripple
planform changes with the wave Reynolds number from quasi two-dimensional vortex
ripples, through oval mounds with ripples attached from different directions, to strongly
subdued hummocky-type features. Finally, we combine our data with existing mild-wave
coarse-grain ripple data to develop new equilibrium predictors for ripple length, height and
steepness suitable for a wide range of wave conditions and a D50 larger than about 300 µm.
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1. Introduction

Wave-formed ripples are ubiquitous small-scale bed forms in shelf to nearshore water depths with
typical spacing (or, wave length) of O(0.1–1) m and height of O(0.01–0.1) m. Hydrodynamic and
morphodynamic models often demand predictions of cross-section (i.e., ripple spacing or wavelength,
and height) and planform (orientation and along-crest regularity) ripple geometry, e.g., [1–3], because of
the effect of ripples on waves, currents, and sediment suspension and transport. Accordingly, numerous
empirical classification schemes and predictors have been proposed that relate ripple occurrence and
equilibrium geometry to non-dimensional wave and sediment properties; for a recent overview, see [4].
While such schemes and predictors are now reaching considerable skill for sand with typical median
diameters of 150–250 µm [4–6], there is considerable doubt on their applicability to ripples that form in
coarser sand, especially for high-energy wave conditions [6–8].

One of the most commonly adopted wave-ripple classification schemes for 150–250 µm sand, due
to Clifton [9], comprises orbital, suborbital and anorbital ripples and expresses wave forcing and sand
characteristics as the ratio between orbital diameter and median grain size, d/D50. For mild wave
conditions (d/D50 ≤ 2000) ripple length λ and height η scale linearly with d, with often-quoted
constants of proportionality of about 0.65 and 0.10, e.g., [10,11], respectively. The steepness ϑ = η/λ

of orbital ripples is thus near 0.15, implying them to be sufficiently steep to shed sand-laden vortices
into the water column during flow reversal (vortex ripples; e.g., [12]). For energetic wave conditions
(d/D50 ≥ 5000; [11,13]) the ripples are anorbital; that is, λ does not depend on d anymore. Instead,
λ now relates to D50 as 535D50 on average, e.g., [11,14], implying that anorbital λ is substantially
shorter than d. In addition, anorbital ripples are no longer vortex ripples; with an increase in d/D50

their steepness reduces rapidly to 0.01 [11], which is essentially flat bed. Suborbital ripples from
a transitional type between orbital and anorbital ripples. Predictors that are, at least partly, based
on the orbital-suborbital-anorbital scheme include Wiberg and Harris [11], Soulsby et al. [15] and
Nelson et al. [4]. Often, anorbital ripples are superimposed on substantially longer, three-dimensional
and also strongly subdued ripples, known as large wave ripples, mega-ripples or hummocks, e.g., [16–20],
which these predictors do not consider. The combination of anorbital ripples and hummocks has been
found in the field for sand with a D50 up to about 300 µm, e.g., [17,19,20].

Observations of wave ripples in coarser sediment are largely limited to mild wave conditions because
of large water depths or low wave heights, e.g., [7,21–26]. They mostly show two-dimensional, steep
(vortex) orbital or suborbital ripples with similar λ/d ratios as observed in finer sand. Limited laboratory
experiments under stronger wave conditions (d/D50 ≈ 5000–7500; [8,27]) do not show a transition
to anorbital length scales or to large hummocky ripples. Instead, the ripples remain two-dimensional
vortex ripples. Cummings et al. [8] found the ratio for λ/d to be lower (0.4) in 0.8-mm sand than
in 0.12-mm sand (0.6) for the same d, while the experiments of Pedocchi and Garcia [27] suggest a
negative dependence on the maximum orbital velocity. Whether the steep coarse-grained ripples remain
orbital and develop into hummocks under even stronger wave forcing is not known. Interestingly,
O’Donoghue et al. [28] postulated that ripples remain two-dimensional when D50 exceeds 300 µm
and are three-dimensional for D50 is less than 220 µm, except when d is low. Other data [5,29]
suggest that even coarse-grain ripples may become three-dimensional under strong wave forcing.
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This paper documents new coarse-sand, equilibrium ripple data collected for the d/D50 ≈ 1000–20,000
range under high-energy shoaling and plunging random waves on a prototype laboratory beach.
Our objectives are to investigate cross-section and planform ripple geometry and to derive a new
coarse-sand equilibrium ripple predictor for which we combine our data with several existing
coarse-grain ripple data sets collected under mild wave conditions.

2. Methods

2.1. Bardex II Experiment

The data analysed here were collected in the large-scale Delta flume facility of Deltares in Vollenhove,
The Netherlands as part of the second Barrier Dynamics Experiment (Bardex II; [30]). The barrier, which
filled the entire 5-m width of the flume, was constructed from coarse (D50 = 430 µm; mean grain size
= 510 µm; D16 = 280 µm; D84 = 830 µm), moderately sorted (0.81φ) and coarse-skewed (−0.24φ)
quartz sand that contained a small amount of gravel (≈1%, >2000 µm) [30]. The median fall velocity
ws of this sand amounts to 0.061 m/s [31] and the Reynolds particle number Rep =

√
gRD50D50/ν [5]

to 35.9, where g = 9.81 m/s2 is gravitational acceleration, R = 1.65 is the submerged specific density,
and ν is the kinematic viscosity of water, here set to 1 × 10−6 m2/s. The seaward part of the barrier
profile initially comprised a 0.5-m thick sand layer at cross-shore coordinates x = 29–49 m (x = 0 is at
the wave paddle) and a 1:15 seaward-sloping section at x = 49–109 m (Figure 1) that ended at the 4.5-m
high barrier crest.

Figure 1. Initial bed elevation z versus cross-shore distance x from the wave paddle
(brown line). The blue line is the default still water level hs; the two dashed blue lines
represent the lower and upper hs, see Table 1. The 16 triangles represent the locations of
pressure transducers. At the 4 open triangles the pressure transducer was co-located with an
electromagnetic or acoustic current meter. The filled circle is the approximate location of the
3D Profiling Sonar.

The Bardex II test programme consisted of 19 distinct tests with different wave and water level
conditions, grouped into 5 series that focused on surf-swash zone processes (series A–C), and barrier
overwash and destruction (series D and E, respectively). The wave paddle steering signal in all tests was
constructed from a JONSWAP spectrum using a target significant wave heightHs0 and peak wave period
Tp0 with a peak-enhancement factor of 3.3. As can be seen in Table 1, Hs0 was either 0.6 or 0.8 m, and
Tp0 varied from 4 to 12 s. The still water level hs with respect to the concrete flume floor ranged between
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2.25 and 4.2 m, with a default value of 3 m (Table 1). During series C, the barrier was subjected to a
rising (C1) and falling tide (C2). The Automated Reflection Compensator was switched on during all
tests to avoid seiching in the flume.

Table 1. Experimental conditions during Bardex II. Hs = significant wave height; Tp =
peak wave period; hs = still water level with respect to the concrete flume floor; Ttest = test
duration; and Nruns is number of wave runs.

Test Hs0 (m) Tp0 (s) Hs1 (m) Tp1 (s) hs (m) Ttest (min) Nruns

A1 0.8 8 0.92 8.0 3 320 13
A2 0.8 8 0.90 8.0 3 200 5
A3 0.8 8 0.90 7.9 3 197 1
A4 0.8 8 0.90 8.0 3 200 5
A6 0.6 12 0.73 11.8 3 335 13
A7 0.6 12 0.77 12.6 3 213 5
A8 0.6 12 0.79 12.6 3 200 5

B1 0.8 8 0.91 8.3 3 165 5
B2 0.8 8 0.91 7.8 2.5 255 6

C1 0.8, 0.6 8 0.90, 0.57 7.3 2.25→ 3.65 330 11
C2 0.8, 0.6 8 0.91, 0.58 7.5 3.53→ 2.25 270 9

D1 0.8 4 0.79 4.0 3.15→ 4.2 160 8
D2 0.8 5 0.82 4.6 3.45→ 4.05 100 5
D3 0.8 6 0.86 6.0 3.45→ 3.9 80 4
D4 0.8 7 0.84 7.0 3.45→ 3.9 80 4
D5 0.8 8 0.86 7.7 3.45→ 3.75 60 3
D6 0.8 9 0.87 9.3 3.30→ 3.75 80 4
D7 0.8 10 0.93 10.0 3.15→ 3.6 80 4

E1 0.8 8 0.94 7.4 3.9 65 5

The Hs0 and Tp0 were target values at the wave paddle. The measured values at the most offshore pressure
transducer (Hs1 and Tp1 at x = 36.2 m, Figure 1) differed from these target values and varied slightly
between runs, see, for example, Figure 5d,j. The Hs1 and Tp1 listed here are values averaged over the runs.
The final 17 min of A3 are labeled as A5 in Masselink et al. [30] and involved 8 short (2-min each) sequences
of mono- and bi-chromatic wave runs.

2.2. Measurements: Ripple Data

2.2.1. Profile Data

Each test was generally broken up in several wave runs (Table 1) that varied in duration from 10 min to
3 h. The center profile of the flume was surveyed after each wave run using a profiling wheel mounted on
an overhead gantry. In total, 115 bed profiles were collected, each with a 0.01-m cross-shore resolution.
A first inspection of the data revealed the presence of occasional spikes in most bed profiles, most likely
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induced by glitches in the profiling system. These spikes were removed by filtering each bed profile using
a second-order loess interpolator [32] with a cross-shore scale parameter lx of 0.05 m. This interpolator
acts as a low-pass filter and removes variability with length scales less than lx/0.7 (here, ≈0.07 m).
Visual inspection of original and despiked bed profiles illustrated that this lx was effective in removing
the spikes while leaving the ripples unaffected. The despiked data are henceforth referred to as z(x, t),
where z is bed elevation defined positive upward from the concrete floor of the flume and t is time with
t = 0 corresponding to the start of the first wave run in test A1.

Analysis of z(x, t) [33] revealed that the waves in tests A1–A4 (Hs = 0.8 m, Tp = 8 s) reshaped the
initially planar profile into a sandbar-trough system, with the sandbar crest at x ≈ 70 m. The waves in
subsequent A6–A8 tests (Hs = 0.6 m, Tp = 12 s) transported sand onshore, causing the decay of the
sandbar and the generation of a pronounced berm in the upper swash zone. During series B and C the
berm and the remains of the sandbar hardly changed, while during series D and E morphological change
was most pronounced at the berm and the barrier crest [34].

To separate the large-scale sandbar-berm variability from the smaller scale wave ripples, z(x, t) was
low-pass filtered with lx = 3.5 m yielding zbb(x, t), the data set that contains the sandbar-berm variability
only. The residual series from this filtering step, i.e., zbb(x, t)− z(x, t), are zero-mean profiles with bed
variability induced by wave ripples, z̃wr(x, t). Positive and negative z̃wr correspond to ripple crests
and troughs, respectively. The cross-shore evolution in ripple length λr, ripple height ηr, and ripple
steepness ϑr = ηr/λr were subsequently calculated every 0.5 m from overlapping (95%) 10-m wide,
centered windows (subsets) of zwr(x). In each window the length and height of every individual ripple,
defined with a zero-down-crossing technique, were determined. The window ripple length was taken as
the mean of the individual lengths, and the window ripple height as the root-mean-square value of the
individual heights. The center of the most seaward window was taken at x = 35 m, while the center of
the most landward window was chosen at the location where the corresponding zbb profile intersected
the still water level hs. This implies that this most landward window essentially encapsulated the swash
zone. The use of 10-m windows was a compromise between having sufficient ripples within a window
for robust statistics and quantifying cross-shore trends in λr and ηr. A first inspection of the length and
height profiles illustrated that the window-to-window variability was considerable in the outer surf zone,
where, as examined in detail below, ripple length was typically largest. As an example, this variability is
illustrated in Figure 2a with λr determined after the fifth wave run of test A4. As can be seen, λr varied
reasonably smoothly with x for x < 70 m, but fluctuated between 0.75 and 2.6 m for x = 70–75 m
(waves started to break on the sandbar edge near x = 68 m, Figure 2b). To suppress these rapid and
unrealistic fluctuations, all λr(x) and ηr(x) were low-pass filtered with lx = 3.5 m (e.g., Figure 2a).
In the following λr and ηr refer to these low-pass filtered values. The use of lx = 3.5 m implies that
λr and ηr vary on the same cross-shore scales as the sandbar-berm morphology. We stress that the main
results presented below do not depend on this low-pass filtering step; the filtering primarily acted to
suppress noise.
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Figure 2. (a) Ripple length λr versus cross-shore distance x after wave run 5 in test A4.
The blue line represents the original values based on the 10-m wide windows; the brown line
is the lx = 3.5 m smoothed version; (b) shows the bed profile at the end of this wave run for
reference. The horizontal blue line is the still water level hs = 3 m.

Figure 3. Probability f histograms of (a) ripple length λr, (b) ripple height ηr and (c) ripple
steepness ϑr = ηr/λr. For each parameter the full range was divided into 25 bins of equal
width. Panel (d) is a scatter plot of ϑr versus ηr. The values shown are estimates from all
available 0.5-m spaced, 10-m wide windows. The total number of observations amounts
to 12,732.
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Probability histograms of λr, ηr and ϑr are given in Figure 3a–c to illustrate the ripple characteristics
in our data set. The central 99% intervals of λr and ηr range between 0.31 and 2.38 m, and 0.01 and
0.17 m, respectively, with median values of 0.81 and 0.07 m. As a consequence, ϑr spans the full range
between values expected for vortex ripples (≈0.15) and for strongly subdued ripples (≤0.03), Figure 3c.
This implies that, combining earlier terminology [8,16,23], all ripples in our data are large coarse-grained
wave ripples and that these have substantially larger ranges in ηr and ϑr than their always low (ηr ≤
0.05 m) and subdued (ϑr ≤ 0.03) fine-grained counterparts [16,18], see Figure 3d. Interestingly, our
data set does contain low and subdued ripples (Figure 3d), whereas most previous observations of ripples
in coarse sand contained vortex ripples only [8,27,28]. The unimodality in the probability histogram
of λr (Figure 3a) also suggests the absence of smaller-scale anorbital ripples (for D50 = 430 µm a
length of about 0.2 m is expected) that in finer sand are often superimposed on the large wave ripples
[16–20]. Visual inspection of all z̃wr(x) indeed confirmed a single ripple scale (no superimposed ripples),
consistent with other coarse-sand ripple observations [8,27,28].

2.2.2. 3D Sonar Data

A 1.1 MHz 3D Profiling Sonar 2001 (Marine Electronics Ltd., Guernsey, UK) was mounted in a
downward looking manner at x = 63.1 m, 1.65 m from the nearest flume wall. It was operated in
two distinct modes to, firstly, obtain high-resolution circular elevation models of wave-ripple induced
bed variability and hence planform geometry after a wave run and, secondly, to provide insight into
cross-shore ripple migration during a wave run. In its first operation mode, the sonar was triggered
manually after wave action had ceased to scan a 120◦ swath with a 0.9◦ resolution and then to rotate by
0.9◦ to capture the next swath until a complete circular area underneath the sonar was surveyed. Because
the mounting height was about 1 m above the bed, the diameter of the surveyed circle was approximately
3.5 m. From each swath a bed profile was detected using a threshold algorithm. The detected bed points
(typically, about 17,500) were interpolated on a regular horizontal grid with a 0.025 m spacing using
lx = ly = 0.15 m, where ly is an alongshore scale parameter. For consistency with the processing of
the cross-shore profile data, we would have liked to use lx = ly = 0.05 m, but this resulted in rather
gappy bed elevation models, especially at the edges of the scan. All resulting models of bed elevation
were subsequently detrended using the zbb(x, t) beneath the sonar to yield zero-mean, approximately
circular models of wave-ripple induced bed variability. As in the z̃wr(x) profiles, positive and negative
perturbations correspond to ripple crests and troughs, respectively. The horizontal coordinates are
relative to the sonar, with positive xs onshore and negative ys to the nearest flume wall. The ripple
planform geometry was classified qualitatively for each circular elevation model as 2D, quasi-2D or 3D
using definitions provided in [8]. This classification is not affected by the use of lx = ly = 0.15 m rather
than lx = ly = 0.05 m.

The second mode of operation was applied during a wave run. Because we expected ripple location
and/or planform geometry to change during the approximate 11-min duration of a complete circular
scan, we essentially applied the sonar as a 2D (cross-shore) line scanner and triggered it manually every
2 to 5 min. All cross-shore swaths were produced into cross-shore profiles of bed variability with the
same threshold algorithm as used to process a full no-wave scan and were subsequently demeaned using
lx = 3.5 m. The cross-shore ripple migration speed Cr was estimated using a cross-correlation of the
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time-separated, zero-mean, wave-ripple induced bed profiles, e.g., [7,19,20]. The cross-shore distance
over which the ripples migrated shows up as the lag with the maximum correlation.

2.3. Measurements: Hydrodynamical Data

Estimates of well-established hydrodynamical parameters related to ripple characteristics and
migration are available at up to 16 cross-shore locations (Figure 1). Pressure transducers were
wall-mounted at all 16 locations and sampled near-bed pressure with frequencies of 4, 5 or 20 Hz
depending on location. All pressure series were converted to water-surface elevation ζ series using
linear wave theory, which were processed into the short-wave (0.05–2 Hz) (1) significant wave orbital
diameter ds = Hs/ sinh(kh), where Hs is the local significant wave height, and k is the wave number
estimated from linear theory using water depth h and the peak period Tp1 at the most seaward pressure
transducer (x = 36.2 m in Figure 1); (2) peak semi-orbital velocity uw = πds/Tp1; (3) mobility number
ψ = u2w/(RgD50), (4) Shields parameter θ = 0.5fwψ, where fw is a friction factor for which we used
Equations (60a) and (60b) in [35]; (5) wave Reynolds number Rew = 0.5uwds/ν; (6) wave skewness
Sζ = ζ3/σ3

ζ , where the overbar represent a run average and σζ is the standard deviation of ζ; and, (7)

wave asymmetry Aζ = H (ζ)3/σ3
ζ , where H (ζ) represents the Hilbert transform of ζ . Because the

paddle motion was not repeated exactly in each run, the resulting wave height and period varied slightly
from run to run [36]. We therefore preferred the use of the measured peak period at the most seaward
sensor Tp1 (see Table 1) over the target value Tp0 in the computation of ds and uw. Both Sζ and Aζ are
measures of wave non-linearity [37]. Sζ is positive when waves have high, narrow crests and broad,
shallow troughs and Aζ is negative when waves are forward-leaning. At four locations the pressure
transducer was co-located with a near-bed (typically, 0.11 m above the bed) electromagnetic or acoustic
current meter (Figure 1), which sampled at 4 or 10 Hz, respectively. All instantaneous time-series of
cross-shore velocity were processed into the run-average cross-shore velocity u, with positive u directed
landward.

Figure 4 visualizes the encountered forcing conditions. To put our ripple data in a broader perspective,
the conditions of a number of other data sets are shown too. These include the field-laboratory data
compiled by Goldstein et al. [6], the Sennen Beach data of Masselink et al. [7] (D50 = 600 µm), and
the Georgia Shelf data of Nelson and Voulgaris [38] (D50 = 388 µm). The Bardex II data extends
these earlier data sets with strong hydrodynamic conditions (large ds and uw) for given Tp and D50

(Figure 4a–e). The wave Reynolds number ranged between 1.1 × 105 and 6.4 × 106. When compared
to the Rew conditions for the coarse-sand ripple data compiled by Pedocchi and Garcia [5] (e.g., their
Figure 11a indicates 1× 103 to 1× 106 for Rep ≈ 40), this range also reflects the strong hydrodynamic
conditions in our data set. Our data were collected beneath shoaling waves, breaking (plunging) waves
and bores. This is also reflected by the wide range in relative wave height Hs/h (≈0.3–1.5), where,
based on visual observations [39], Hs/h ≈ 0.7 delineated the shoaling from the surf zone. The Shields
parameter θ increased with Hs/h from≈ 0.2 to 2 (Figure 4f). The orbital motion was mostly non-linear:
Su ranged from 0 to about 1.5, and was typically largest where waves started to break (Figure 4g), while
Aζ generally became non-zero in the wave shoaling zone and was largest (≈−2) just seaward of the
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swash zone (Figure 4h). The mean current u also was mostly offshore directed and ranged from≈ 0 m/s
under non-breaking waves to about −0.2 m/s in the surf zone (Figure 4i).

Figure 4. Visualization of the range in local forcing conditions, expressed as
two-dimensional scatter plots involving the peak period Tp1, significant wave orbital diameter
ds, peak semi-orbital velocity uw, median grain size D50, relative wave height Hs/h, Shields
parameter θ, skewness Sζ , asymmetry Aζ and the mean cross-shore flow u. Brown dots:
Bardex II data; grey dots: Goldstein et al. [6]; light-red dots: Masselink et al. [7]; green
dots: Nelson and Voulgaris [38]. The vertical dashed line in (f)–(i) delineates the shoaling
zone (Hs/h < 0.7) from the surf zone (Hs/h ≥ 0.7).

Exploring a relationship between ripple geometry and hydrodynamical parameters demands the
ripples to be in equilibrium with the hydrodynamical forcing. Based on full-scale flow tunnel
experiments [40] established that the number of wave cycles to equilibrium, ne, decreases exponentially
with ψ as ne = exp (−0.036ψ + 7.44) and depends little on the initial bed configuration. Most of
our ψ (≈35–350) are well above the largest ψ in [40]’s data (≈55), suggesting that for our data ne is
O(102) or less. Given the wave periods deployed during the Bardex II tests, this implies that wave runs
were mostly of sufficient duration for the ripples to reach equilibrium along the entire bed profile. To
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avoid any non-equilibrium conditions, the ripple data collected after the first three runs of A1 and of D1
were discarded.

3. Results

3.1. Cross-section Geometry

Examples of the cross-shore evolution of λr, ηr and ϑr are shown in Figure 5a–c and g–i for two
tests (A4 and A7) with different Hs0 and especially Tp1 and hence ds. During A4 waves started to break
as plungers on the seaward edge of the sandbar (x = 68 m; Figure 5d), while during A7 plunging
commenced slightly further landward (x = 70 − 75 m, Figure 5j). In both tests, λr and ds/D50 were
approximately constant for x < 60 m, increased simultaneously to peak in the outer part of the surf zone,
and then both decreased further onshore towards the beach face (compare Figure 5a,e to Figure 5g,k,
respectively). Thus, the ripples were clearly orbital ripples, despite the fact that in both cases the ds/D50

were well above the previously defined transition (ds/D50 = 2000) from orbital into suborbital ripples
and even above the lower limit (ds/D50 = 5000) for anorbital ripples [11,13]. During both A4 and A7 ηr
was approximately constant at 0.1 m seaward of the surf zone, but decreased rapidly to a few centimetres
under the plunging breakers, especially in test A7. During all wave runs ϑr was approximately 0.15 over
the deeper horizontal part of the flume, indicating the presence of vortex ripples, and slightly decreased
to ≈0.1 at the landward edge of the shoaling zone. Inside the surf zone the ripples became much
more subdued, with ϑr = 0.02–0.03 in the most landward windows for which ripple geometry could
be computed. Finally, we note that ηr and ϑr for a given ds/D50 inside the surf zone were lower than
for the same ds/D50 outside the surf zone. For example, during A4 ηr and ϑr amounted to about 0.06 m
and 0.05, respectively, at x = 82 m (ds/D50 ≈ 6, 500), while the ripples were higher (ηr ≈ 0.09 m) and
steeper (ϑr ≈ 0.10) at x = 62.5 m despite similar ds/D50. This difference seems to be substantially less
for λr.

The temporal evolution of λr, ηr and ϑr is shown in Figure 6a–c for two example locations (x = 55

and 80 m), together with the local values ofHs/h, ds/D50 and θ (Figure 6d–f, respectively). The seaward
(x = 55 m) location was near the seaward end of the steep sloping profile (Figure 1) and always
experienced non-breaking wave conditions (Figure 6d, Hs/h < 0.7), while waves at the shallower
landward location (x = 80 m) waves could either be shoaling or breaking depending on Hs0, Tp1,
hs and the sandbar morphology. Temporal variability in Hs/h, ds/D50 and θ mostly reflected changes
in Hs0, Tp1 or hs. For example, ds/D50 and θ increased step-wise between tests in series D because
of an increase in peak period Tp1 and reduced slightly within a test because of an increase in the still
water level hs (Table 1). Also note the “tidal” signal in the wave conditions during tests C1 and C2.
The gradual reduction in Hs/h, ds/D50 and θ during A6 at x = 80 m was induced by the increase
in local water depth associated with onshore sandbar migration. The wider range in wave conditions
at x = 80 m is also reflected in a wider range in the cross-section ripple characteristics. Especially
series C and D showed a clear positive dependence of λr on ds/D50 (compare Figure 6a and Figure 6e).
This is consistent with the suggestion based on Figure 5 that the ripples were orbital, even though again
ds/D50 extended well into the previously defined ds/D50-space of anorbital ripples. Under non-breaking
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conditions ηr also increased with ds/D50, resulting in an approximately constant ϑr of 0.1–0.15 (vortex
ripples; Figure 6c). Clearly, the ripples were substantially less pronounced under breaking waves, with
a clear reduction in ϑr with θ (compare Figure 6c and Figure 6f).

Figure 5. Cross-shore profiles of (a) ripple length λr; (b) ripple height ηr; (c) ripple
steepness ϑr; (d) significant wave height Hs and (e) normalized orbital diameter ds/D50 for
all five runs in test A4. Panel (f) shows the corresponding bed profiles. Panels (g)–(l) are the
same as (a)–(f) but for test A7. The two horizontal lines in (e) and (k) are previously defined
values (ds/D50 = 2000 and 5000; [11,13]) to delineate the orbital, suborbital and anorbital
ripple regimes. The horizontal blue line in (f) and (l) is the still water level hs = 3 m.
The colors in all panels represent the different runs.
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Figure 6. Temporal evolution of (a) ripple length λr; (b) ripple height ηr; (c) ripple steepness
ϑr; (d) relative wave height Hs/h; (e) normalized orbital diameter ds/D50 and (f) Shields
parameter at x = 55 (black dots) and 80 m (red dots). The cross-section ripple data in
(a)–(c) are based on a 10-m wide window centered at each x. The vertical grey lines in
each panel mark the transition between tests. Note that the horizontal axis corresponds to
the cumulative number of wave runs. Because runs were of different duration, the horizontal
axis is not equidistant with time. The horizontal line in (d) marks the approximate transition
between non-breaking and breaking conditions (Hs/h = 0.7). The two horizontal lines in
(e) are previously defined values (ds/D50 = 2000 and 5000; [11,13]) to delineate the orbital,
suborbital and anorbital ripple regimes. No values at x = 80 m are shown in (d)–(f) for B2
and for several C1 and C2 wave runs because the instrument was not submerged continuously
during these low hs runs.

Figure 7a illustrates that λr normalized by D50 did indeed not follow the orbital-suborbital-anorbital
trend with ds/D50 found in fine-grained sand, where here this trend is indicated by the empirical predictor
of Nelson et al. [4]. Instead, the trend is a growth in λ/D50 with ds/D50 over the entire ds/D50 range
in the data, implying all our large coarse-grained wave ripples to be orbital ripples. It is, however,
also obvious from Figure 7a that the ratio of λr to ds was less than 0.65, a typical value quoted for
orbital ripples. What is more, λr/ds reduced with ds from about 0.55 for ds/D50 ≈ 1400 to about
0.27 for ds/D50 ≈ 11, 500, in contrast to earlier laboratory observations [8] that indicated λr/ds to be
constant for given D50. The λr/ds values quoted here were obtained by averaging λ/D50 in 0.1 wide
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log10 (ds/D50) bins. Unsurprisingly, ηr/D50 did not follow the anorbital trend with ds/D50 for ds/D50 >

5000 (Figure 7b). As for λr, the proportionality between ηr and ds decreased with ds, from about 0.08
for ds/D50 ≈ 1400 to about 0.02 for ds/D50 > 8000. The scatter in the observations near ds/D50 ≈
6000–8000 is substantial. This is caused by the occurrence of these ds/D50 values both inside and
outside the surf zone with, as illustrated with Figure 5, substantially different ηr. Figure 7c demonstrates
the expected change from vortex ripples (ϑr ≈ 0.1 − 0.15) for low ds/D50 (here, ds/D50 ≤ 5000) to
more subdued ripples at high ds/D50, although the scatter is again appreciable. We compare measured
λr, ηr and ϑr to empirical predictors of ripple geometry designed for orbital ripples over the full ds/D50

range in Section 4.

Figure 7. Measured (a) ripple length λr and (b) ripple height ηr, normalized by the median
grain size D50, and (c) ripple steepness ϑr versus normalized orbital diameter ds/D50,
based on all observations at the 16 instrumented locations (1687 observations in total).
The two vertical lines in all three panels are previously defined values (ds/D50 = 2000 and
5000; [11,13]) to delineate the orbital, suborbital and anorbital ripple regimes. The curved
black line in each plot represents the empirical predictor of Nelson et al. [4] to illustrate
expected orbital-suborbital-anorbital trends in λr/D50, ηr/D50 and ϑr, respectively. The red
sloping lines in (a)–(c) are λr/D50 = 0.65, ηr/D50 = 0.10 and ϑr = 0.15, values often
quoted for orbital vortex ripples. The brown dots in each panel are average values computed
from the measurements for 0.1-wide log10 (ds/D50) bins.
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3.2. Planform Geometry

None of the bed elevation models collected at x = 63.1 m revealed two-dimensional ripples with
straight, uniform crests perpendicular to the wave direction that are characteristic of the coarse-grained
wave ripples in existing field, e.g., [21–23,26], and several laboratory settings [8,28]. Instead, all models
showed quasi two-dimensional to highly three-dimensional planform geometries. We illustrate this for
series D and test C1 in Figures 8 and 9, respectively. In both figures the flow conditions are expressed
as 0.06Re0.5w , because [5] illustrated that ripples become two-dimensional for Rep > 0.06Re0.5w and
are three-dimensional otherwise. At the end of test D1, when 0.06Re0.5w was below Rep and at its
lowest at x = 63.1 m for the entire Bardex II experiment, the ripples were quasi two-dimensional:
ripple crests were reasonably continuous (sometimes up to several metres) and the crest-to-crest distance
along two adjacent ripples was, at least visually, fairly constant, but the crests varied in orientation
and some had notably variations in height. Also, some ripples bifurcated and several defects can be
seen. With an increase in 0.06Re0.5w to about 65 (i.e., well above Rep), this planform changed gradually
into oval mounds to which ripples with remarkably different orientations were attached (D6 and D7).
This planform geometry was also observed during test C1 when 0.06Re0.5w was about 75 (i.e., runs 8
and 9 in Figure 9). For 0.06Re0.5w > 80 in test C1 (runs 4, 5 and 6 in Figure 9; the highest values
observed at x = 63.1 m), the bed contained large, three-dimensional and gentle (ϑr ≈ 0.07) highs
and lows only, closely resembling hummocky bed forms in fine-sand laboratory experiments [8,41–43]
and field conditions [44]. For smaller 0.06Re0.5w in test C1 (runs 10 and 11 in Figure 9), the ripples
became quasi two-dimensional, similar in appearance to that observed in tests D1 and D2 (Figure 8).
The hydrodynamic forcing never became sufficiently energetic at x = 63.1 m to reach flat bed conditions.
Cross-shore profiles of ϑr suggest that such conditions were reached only in the swash zone on the beach
face (Figure 5c,i). Although we do not have bed elevation models for 0.06Re0.5w well belowRep, our data
confirm Pedocchi and Garcia [5]’s findings that ripple planform geometry is related to the wave Reynolds
number and that 0.06Re0.5w = Rep is a reasonable threshold above which ripples are three-dimensional.

The succession of equilibrium planform geometry for coarse sand that thus follows from Figures 8
and 9 for 0.06Re0.5w > 25 is a transition from quasi two-dimensional ripples, through oval mounds with
ripples attached from different directions, to three-dimensional hummocky bed forms. This change in
planform is also associated with an increase in λr and hence, as deduced from Figure 7a, a reduction
in λr/ds. In other words, the strongly three-dimensional ripples in our data set generally had lower
λr/ds than the more moderately three-dimensional or quasi two-dimensional ripples. As an illustration,
λr/ds was near 0.3 for the strongly three-dimensional ripples in D7 and D8, and about 0.5 for the
quasi two-dimensional ripples in D1. The dependence of λr/ds on ripple planform observed here is
qualitatively consistent with previous field [24] and laboratory [28] observations.
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Figure 8. Bed elevation models for selected tests and runs during series D. Warm (yellow)
colours are ripple crests, cold (blue) colours are ripple troughs. The colors range from−0.08
to 0.08 m. DX#Y stands for run Y in test DX. The local x and y coordinates are relative
to the sonar, with (x, y) = (0, 0) vertically below the sonar, and with x positive onshore.
The local x = 0 m corresponds to x = 63.1 m in Figure 1. The nearest flume wall is at
y = −1.65 m. The 3 numbers at the bottom of each panel are the ripple wavelength λr,
height ηr and steepness ϑr based on the profile data. The center line of the flume is indicated
by the gray line. The forcing conditions are expressed as a time series of 0.06Re0.5w ; time
t = 0 is the start of series D. The horizontal black line is the particle Reynolds number Rep.
The black dots represent the times of the shown bed elevation models.



J. Mar. Sci. Eng. 2015, 3 1583

Figure 9. Bed elevation models for selected runs in test C1. For additional explanation, see
the caption of Figure 8. Here, time t = 0 is the start of test C1. During test C1 0.06Re0.5w
reduced by a decrease in the still water level hs and in the last two runs by a decrease in the
significant wave height Hs0 (Table 1).

The five consecutive bed elevation models in test A4 (Figure 10) clearly document that
the three-dimensional ripples shifted and changed perpetually under approximately constant
hydrodynamical forcing (Figure 5d,e). Yet, their average size (λr and ηr) remained fairly constant, see
also Figure 5a–c. Ripple migration, separation and amalgamation seem to have taken place continuously,
although it is difficult to tell how individual bed forms actually evolved within a run. Comparable
dynamics were also observed during all other tests in series A and B (not shown). Similar to fine-grained
three-dimensional ripples, e.g., [27,42,45], the coarse-grained three-dimensional ripples in our data thus
exhibited dynamic-equilibrium behaviour.
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Figure 10. Bed elevation models for all five runs in test A4. For additional explanation, see
the caption of Figure 8. Here, time t = 0 is the start of test A4.

3.3. Ripple Migration

Spatially and temporally coherent ripple migration was discernable at the sonar location only when
the planform geometry was classified as quasi two-dimensional. This was, as illustrated in Figure 11a,
the case for tests D1–D3. Ripple migration was found to be offshore directed and to amount to about
0.01 m/min. During these tests Sζ andAζ were both close to 0 (Figure 11c,d) and uwas weak (−0.03 m/s
or less, see Figure 11e), representative of conditions well seaward of the surf zone (Figures 4 and 11b).
This would indicate that neither wave non-linearity nor the current are driving the ripple migration.
Instead, the offshore ripple migration presumably reflects downslope gravity-induced bedload transport.
This would corroborate numerical sand transport computations [33,46] that demonstrate downslope
gravity-induced transport to be a significant contributor to the total sand transport on the present steep
profile under non-breaking wave conditions.

For the more energetic D4–D7 tests the individual ripples could simultaneously migrate landward
or seaward, or not migrate at all (Figure 11a). In a few cases a ripple changed migration direction
(e.g., D7, the ripple between x ≈ 0.5 and 1.0 m) or split into two parts (e.g., near the end of D6
at x ≈ −0.75 m) during a test. In addition, two ripples could merge (e.g., near the end of D6 at
x ≈ −0.25 m). Similar observations were made during all tests in which the ripple planform resembled
oval mounds with ripples attached from different directions (not shown). The now rather large (and
positive) Sζ (Figure 11c) is obviously not associated with coherent onshore bedform migration as found
previously for two-dimensional orbital wave ripples [24,25] and for anorbital [47] and subdued large
wave ripples [19] in finer sand. The present spatially and temporally incoherent pattern expresses the
dynamic-equilibrium behaviour of the ripples, including ripple separation and amalgamation.
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Figure 11. (a) Time-space diagram of wave-ripple induced bed variability beneath the
sonar during series D. Warm (yellow) colours are ripple crests, cold (blue) colours are ripple
troughs. The colors range from −0.05 to 0.05 m. The cross-shore coordinate is relative to
the sonar, with x = 0 vertically below the sonar, and with positive x onshore. The local
x = 0 m corresponds to x = 63.1 m in Figure 1. Time series of (b) the relative wave height
Hs/h, (c) skewness Sζ , (d) asymmetry Aζ and (e) the mean cross-shore flow u. In (b)–(e)
the limits of the vertical axis were set to equal to the range in the entire data set, see Figure 4.
Hs/h, Sζ and Aζ were measured at x = 62.5 m, u at x = 65 m. The dashed line in (b) marks
the approximate Hs/h transition between non-breaking and breaking waves.

4. Empirical Prediction

The persistent orbital-nature of coarse-sand wave ripples precludes the use of empirical predictors
that produce orbital-suborbital-anorbital trends in λr and ηr, e.g., [4,11]. Therefore, we now test the
orbital Goldstein et al. [6] (henceforth GCM) and the coarse-sand Pedocchi and Garcia [5] (henceforth
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PG) predictors against our data (Figure 12). The GCM predictors are based on a compilation of
laboratory and field data sets from which suborbital and anorbital ripples were discarded when they
were superimposed on large wave ripples, and retained anorbital ripples were additionally removed for
uw/ws ≥ 25. Using genetic programming Goldstein et al. [6] obtained the following predictors

λGCM/ds =
1

1.12 + 2.18D50

(1)

ηGCM/ds =
0.313D50

1.12 + 2.18D50

(2)

ϑGCM =
3.42

22 + (λGCM/D50)
2 (3)

Figure 12. Measured (a) normalized ripple length λr/ds, (d) normalized ripple height ηr/ds
and (g) ripple steepness ϑr versus the ratio of the peak semi-orbital velocity uw over the
sediment fall velocity ws (gray dots). The black and brown lines in (a), (e) and (g) are the
GCM and PG predictors, respectively; in (g), Tp = 8 s was used to relate uw to ds in the GCM
predictor. Other panels are scatter plots of predicted against measured ripple parameters
together with the 1:1 line. The light-red lines in (d) and (g), and the light-red dots in (f) and
(i) correspond to the modified PG η/ds predictor, see text for further explanation.

For a given D50 λGCM and ηGCM thus scale linearly with ds (i.e., orbital ripples). The present
D50 = 430 µm results in λGCM/ds = 0.49 and ηGCM/ds = 0.065 (Figure 12a,d, respectively). The PG
predictors are also based on laboratory and field data sets, from which PG discarded the characteristics
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of the large wave ripples when they were overlain by suborbital or anorbital ripples. PG related ripple
dimensions to the ratio uw/ws as

λPG/ds = 0.65
[
(0.050uw/ws)

2 + 1
]−1

(4)

ηPG/ds = 0.1
[
(0.055uw/ws)

3 + 1
]−1

(5)

and ϑPG = ηPG/λPG. In contrast to the GCM predictors, the ratios λPG/ds and ηPG/ds are not constant
for a given D50, but decrease with uw (Figure 12a,d). For uw/ws < 10, ϑPG is about constant near
0.16 and then decreases to < 0.05 for uw/ws > 50 (Figure 12g). Three error measures were computed
to quantify the performance of the two predictors for λr, ηr and ϑr: the bias b, the root-mean-square
error εrms, and the correlation-coefficient squared r2 of the best-fit linear line between a predicted and
measured ripple parameter. Both b and εrms were normalized by the range of the observed values for
each parameter predicted:

b =
1
N

∑
(Xp −Xm)

max (Xm)−min (Xm)
(6)

and

εrms =

√
1
N

∑
(Xp −Xm)

2

max (Xm)−min (Xm)
(7)

where X is the evaluated parameter, the subscripts p and m denote predicted and measured values,
respectively, and N is the total number of observations. All error statistics are listed in Table 2.

Table 2. Equilibrium predictor error statistics.

GCM PG RBK
λr ηr ϑr λr ηr ϑr λr ηr ϑr

b 0.11 0.34 0.10 0.02 0.23 0.32 0.00 0.02 0.01
εrms 0.17 0.43 0.20 0.12 0.27 0.35 0.13 0.11 0.13
r2 0.36 0.07 0.32 0.21 0.30 0.58 0.33 0.29 0.61

The constant values for the ratios λGCM/ds and ηGCM/ds are inconsistent with our data (Figure 7a,b,
and Figure 12a,d), and the GCM predictors overestimate λr, ηr, and ϑr substantially (Figure 12b,e,h),
with bias values of 0.11, 0.33 and 0.10, respectively. While the PG predictor produces λ/ds values that
are roughly accurate, Figure 12a casts substantial doubt on the suitability of uw/ws to predict the trend in
λ/ds. For uw/ws < 20, most λr/ds are lower than predicted, while the opposite is true for larger uw/ws.
As a consequence, the overall agreement between λPG and λr is low (Figure 12c), with r2 = 0.21 only.
The ηr/ds does decrease with uw/ws, but predicted values are substantially larger (Figure 12d). As a
consequence, the bias values for ηPG and ϑPG are large (0.23 and 0.32, respectively). This systematic
difference can be removed largely by modifying Equation (5) into

ηPG/ds = 0.1
[
(0.075uw/ws)

3 + 1
]−1

(8)

This modified predictor is shown with the light-red lines in Figure 12d,g, and corresponding dots in
Figure 12f,i. Although this change results in near-zero bias, the r2 for ηPG remains low (0.27); for ϑPG

the r2 is substantially higher (0.61).
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The overall poor performance of the GCM and PG predictors motivated us to design alternative
predictors for the equilibrium length, height and steepness of coarse-grained wave ripples. To this end,
we combined our Bardex II data with all equilibrium ripple data from the Goldstein et al. [6] database
with D50 ≥ 300 µm and the Sennen Beach data of Masselink et al. [7]. A scatter plot of observed λ/ds
versus the Shields parameter θ (Figure 13a) suggest that log10 (λ/ds) = a0 + a1 log10 (θ), where a0 and
a1 are fit parameters, is a meaningful predictor. A least-squares fit resulted in a0 = −0.471 ± 0.008

and a1 = −0.163 ± 0.014, where the ±value provides the 95% confidence range. This fit can be
rewritten into

λRBK/ds = 0.338θ−0.163 (9)

Our fit, indicated by the subscript RBK, thus results in a reduction of λ/ds from 0.55 at θ = 0.05 to 0.3 at
θ = 2. The dependence of ϑ on θ (Figure 13e) suggests a predictor of the form ϑ = a2−a2 tanh (a3θa4),
where a2 to a4 are fit parameters. A least-squares fit resulted in a2 = 0.164± 0.004, a3 = 0.630± 0.020

and a4 = 1.038± 0.080. Thus,

ϑRBK = 0.164− 0.164 tanh (0.630θ) (10)

considering that the 95% confidence band of a4 encompasses 1. This fit produces ϑ ≈ 0.15 for θ <≈ 0.2

and a subsequent reduction in ϑ to 0.02 for θ = 2. We note that an earlier θ-based predictor for ripple
steepness was proposed in Nielsen [48], ϑ = 0.342 − 0.34 4

√
θ. It is obvious from Figure 13e that

this fit is not a good approximation of the present combined data set. Finally, the normalized ripple
height, ηRBK/ds, can be computed for a given θ as the product of λRBK (θ) and ϑRBK (θ) (Figure 13c).
This results in ηRBK/ds ≈ 0.1 for low θ and a reduction in ηRBK/ds with θ to ηRBK/ds < 0.01 for
θ > 1.5.

The application of our fits to the Bardex II ripple data only (Figure 13b,d,f) results in improved
error statistics compared to the GCM and PG predictors (Table 2), with near-zero bias and reduced
root-mean-square error, the latter in particular for ηr and ϑr. Figure 13b illustrates that the differences
between λRBK and λr are most pronounced for large λr and can amount to 1 m or more. A closer
inspection of these differences revealed that they are largest for the Hs/h = 0.6 − 1.0 range, that is,
in the outer surf zone where the waves broke as plungers. Vortices in plunging breakers are known
to penetrate into the water column, e.g., [49,50] and, upon impact with the bed, to forcefully lift sand
into suspension, e.g., [51–53]. It is feasible that this modifies ripple geometry and explains, at least
partly, the generally poor agreement between predicted and observed ripple lengths. It would also
explain why non-filtered ripple length estimates scatter most on the sandbar (Figure 2). For lower
Hs/h the waves are non-breaking, while for larger Hs/h the plunging waves have evolved into bores
in which breaking-induced turbulence near the bed is less intense and wave ripples are presumably again
determined largely by the near-bed orbital flow.
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Figure 13. Measured (a) normalized ripple length λ/ds, (c) normalized ripple height η/ds
and (e) ripple steepness ϑ versus the Shields parameter θ. Brown dots: Bardex II data;
grey dots: Goldstein et al. [6]; light-red dots: Masselink et al. [7]. The black lines are our
least-squares fits based on all data. The green line in (e) is based on Nielsen [48]. Panels (b),
(d) and (f) are scatter plots of predicted versus measured ripple parameters (Bardex II data
only) together with the 1:1 line.

5. Discussion

In this paper we have extended earlier work on coarse-grain wave ripples by exploring their
characteristics under full-scale, irregular waves with large orbital motion (Figure 4). The data illustrated
that the ripples are orbital for the entire range of ds/D50 encountered (≈1000–20,000), with a reduction
in the ratios λr/ds and ηr/ds with increasing ds/D50 (Figure 7a,b). Simultaneously, the ripple
steepness reduced from 0.1–0.15 (vortex ripples) to <0.05 (Figure 7c), and the planform geometry
changed from quasi two-dimensional ripples to strongly three-dimensional hummocky bed forms under
the most energetic conditions (Figures 8 and 9). In other words, coarse-grain ripples can become
three-dimensional when the wave forcing is sufficiently strong and wave-formed hummocks are not
restricted to fine sands.

We realize that by deriving Equations (9) and (10) we have added yet another predictor to the existing
plethora of equilibrium ripple predictors. For mild wave conditions (ds/D50 < 2000) most predictors,
including ours, produce orbital vortex ripples with λr/ds ≈ 0.65, ηr/ds ≈ 0.1 and ϑr ≈ 0.15. For more
energetic conditions our predictor produces cross-section ripple characteristics that deviate considerably
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from suborbital-anorbital trends. Field data sets, e.g., [17,19,20], have shown suborbital or anorbital
ripples up to about D50 = 300 µm. Accordingly, we propose that our predictor should be used only
when D50 exceeds 300 µm. This is larger than Pedocchi and Garcia [5]’s definition of coarse sand;
their Rep ≥ 13 corresponds to ≥220 µm (quartz sand) at 20 oC. For finer sand we recommend the use
of the Nelson et al. [4] predictor as it is based on a vast amount of data and outperforms many other
predictors. This implies that, as [5], we advocate the use of grain size dependent predictors. This has
the disadvantage of potential spatial discontinuities in predictions of cross-section ripple geometry when
spatially explicit grain size maps are used as input in hydrodynamic and morphodynamic models. We do
not know whether there is a need to include a third, intermediate grain size predictor to, for example,
minimize the discontinuities. This will depend on the width of the grain size range into which ripple type
changes with increasing orbital flow from orbital-suborbital-anorbital into orbital only. New laboratory
experiments, for instance in a large oscillating water tunnel, using sands withD50 ranging from≈250 µm
to ≈350 µm under mild, intermediate and high orbital flow may shed further light on this issue and will
aid in providing a physical explanation for the change in ripple behaviour with flow conditions near
300 µm.

6. Conclusions

Wave-formed ripples with equilibrium length λr = 0.31 − 2.38 m, height ηr = 0.01 − 0.17 m and
steepness ϑ = 0.01 − 0.16 were observed in the shoaling and surf zone of a coarse sand, prototype
laboratory beach under a range of wave conditions and water depths. Our data confirm findings
from earlier limited laboratory data that coarse-grained wave ripples remain orbital, even when the
ratio of orbital diameter to median grain size ds/D50 is in the part of parameter space where in fine
sand anorbital ripples form. The ratio of λr to ds is not constant, but decreases from about 0.55 for
ds/D50 ≈ 1400 to about 0.27 for ds/D50 ≈ 11, 500. Analogously, ripple height ηr increases with ds,
but the proportionally decreases from about 0.08 for ds/D50 ≈ 1400 to about 0.02 for ds/D50 > 8000.
Ripple planform geometry changes with increasing wave Reynolds number from vortex ripples with
wavy crests, through oval mounds with ripples attached from different directions, to strongly subdued
hummocky features. Our data thus indicate that coarse-grained wave ripples can be three-dimensional
if the orbital flow is sufficiently strong and that wave-formed hummocks are not restricted to fine
sands. The three-dimensional ripples show dynamic-equilibrium behaviour with ripple amalgamation
and separation, but without clear onshore migration even though the orbital motion is positively (onshore)
skewed and mean currents are weak. Finally, we propose new empirical equilibrium ripple predictors for
D50 > 300 µm, in which λr/ds, ηr/ds and ϑr are a function of the Shields parameter θ. For finer sand
we recommend a predictor that follows the orbital-suborbital-anorbital trend in cross-section geometry,
such as that of Nelson et al. [4].
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