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Abstract

New large-scale experiments have been carried out in two oscillatory flow tunnels to study ripple regime sand suspension and net sand
transport processes in full-scale oscillatory flows. The paper focuses on ripple dimensions and the new data are combined with existing data to
make a large dataset of ripple heights and lengths for flows with field-scale amplitudes and periods. A feature of the new experiments is a focus on
the effect of flow irregularity. The combined dataset is analysed to examine the range of hydraulic conditions under which oscillatory flow ripples
occur, to examine the effects of flow irregularity and ripple three-dimensionality on ripple dimensions and to test and improve existing methods for
predicting ripple dimensions.

The following are the main conclusions. (1) The highest velocities in a flow time-series play an important role in determining the type of
bedform occurring in oscillatory flow. Bedform regime is well characterised by mobility number based on maximum velocity in the case of regular
flow and based on the mean of the highest one tenth peak velocities in the case of irregular flow. (2) For field-scale flows, sand size is the primary
factor determining whether equilibrium ripples will be 2D or 3D. 2D ripples occur when the sand D50≥0.30 mm and 3D ripples occur when
D50≤0.22 mm (except when the flow orbital diameter is low). (3) Ripple type (2D or 3D) is the same for regular and irregular flows and ripple
dimensions produced by equivalent regular and irregular flows follow a similar functional dependence on mobility number, with mobility number
based on maximum velocity in the case of regular flow and based on the mean of the highest one tenth velocities in the case of irregular flow. For
much of the ripple regime, ripple dimensions have weak dependency on mobility number and ripple dimensions are similar for regular and
irregular flows with the same flow orbital amplitude. However, differences in ripples produced by equivalent regular and irregular flows become
significant at the high mobility end of the ripple regime. (4) Ripple dimensions predicted using the Wiberg and Harris formulae are in poor
agreement with measured ripple dimensions from the large-scale experiments. Predictions based on the Mogridge et al. and the Nielsen formulae
show better overall agreement with the data but also show systematic differences in cases of 3D ripples and ripples generated by irregular flows.
(5) Based on the combined large-scale data, modifications to the Nielsen ripple dimension equations are proposed for the heights and lengths of
2D ripples. The same equations apply to regular and irregular flows, but with mobility number appropriately defined. 3D ripples are generally
smaller than 2D ripples and estimates of 3D ripple height and length may be obtained by applying multipliers of 0.55 and 0.73 respectively to the
2D formulae. The proposed modified Nielsen formulae provide an improved fit to the large-scale data, accounting for flow irregularity and ripple
three-dimensionality.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Sand transport in coastal waters often occurs over wave-
generated sand ripples with complex interactions between the
flow, the bed and the suspended sand. The size of the ripples
plays a crucial role in the sand suspension and net sand transport
⁎ Corresponding author. Tel.: +44 1224 272508; fax: +44 1224 272497.
E-mail address: T.O'Donoghue@eng.abdn.ac.uk (T. O'Donoghue).

0378-3839/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.coastaleng.2006.06.008
processes and for this reason a substantial body of field- and
laboratory-based research has been devoted to measuring ripples
and developing predictive formulae for ripple dimensions for
given sand and flow conditions. However, predictive formulae
based mainly on small-scale laboratory experiments may be
unreliable for application to full-scale conditions because of
scale effects, while field data may contain relatively large
uncertainties in the measurements themselves and, because of
flow and bed history effects, uncertainties in terms of the

mailto:T.O'Donoghue@eng.abdn.ac.uk
http://dx.doi.org/10.1016/j.coastaleng.2006.06.008


998 T. O'Donoghue et al. / Coastal Engineering 53 (2006) 997–1012
relationship between the measured bed morphology and the
prevailing flow condition. Therefore, in terms of predicting the
dimensions of equilibrium ripples generated by full-scale
oscillatory flows, the best data arguably come from controlled
full-scale laboratory experiments in which there is a high level of
certainty about the flow and sand properties and the equilibrium
state of the bed. Such studies include the oscillatory flow tunnel
experiments of Lofquist (1978), Ribberink and Al-Salem (1994)
and O'Donoghue and Clubb (2001) and the full-scale wave
flume experiments conducted by Thorne et al. (2002) and
Williams et al. (2004).

The present paper reports on recent experiments that add
substantially to existing large-scale data on sand ripple dimen-
sions in oscillatory flow. The experiments were carried out in the
Aberdeen Oscillatory Flow Tunnel (AOFT) at Aberdeen
University and the Large Oscillating Water Tunnel (LOWT) at
WL|Delft Hydraulics. They involved measurement of ripple
dimensions, suspended sand concentrations, ripple migration
rates and net sand transport rates for equilibrium ripple conditions
in full-scale oscillatory flows. The overall objective was to obtain
better insights and data on fundamental transport processes with a
view to developing improved prediction methods for ripple di-
mensions, suspended sand concentrations and net transport rates.
The main focus of the present paper is on the ripple dimensions,
while concentrations and net transport rates are reported
separately (van der Werf et al., 2006). A feature of the new
experiments is consideration of the effect of flow irregularity on
the ripples, something that has not been properly examined in
previous laboratory studies despite its importance for practical
applications. The new experimental data are combined with data
fromprevious studies tomake a large dataset of equilibrium ripple
dimensions for oscillatory flows with field-scale amplitudes and
periods. The combined dataset is analysed to examine the range of
hydraulic conditions under which oscillatory flow ripples occur,
to examine the effects of flow irregularity and ripple three-
dimensionality on ripple dimensions and to test and improve
existing methods for predicting ripple dimensions.

2. Experimental set-up and test conditions

2.1. Experimental facilities

The Aberdeen Oscillatory Flow Tunnel (AOFT) and the
Large Oscillating Water Tunnel at WL|Delft Hydraulics (LOWT)
belong to a family of large laboratory facilities in which near-bed
horizontal flows, equivalent in period and amplitude to the near-
bed flows of full-scale waves, can be generated over sand beds.
They therefore enable detailed study of sand transport proces-
ses to be carried out without the serious scale effects that are
associated with experiments in smaller laboratory facilities. There
are of course differences between tunnel flow and the near-bed
flowgenerated by realwaves:waves generate phase differences in
wave orbital motion, vertical orbital motions and wave-induced
boundary layer streaming— but these differences are not
considered important in the context of ripple geometry. Des-
criptions of the AOFT and LOWT facilities are contained in
O'Donoghue and Clubb (2001) and Ribberink and Al-Salem
(1994) respectively. The general set-up in each facility for the
present experiments was similar to that of previous experiments
on sediment transport processes carried out in the facilities. In the
case of the AOFT, the experiments were carried out over a 6 m
long, 250mmdeep sand bed occupying the full 0.3mwidth of the
test section and thewater depth over the sand bedwas 0.5m; in the
case of the LOWT, the test bed was 14 m long, 0.3 m deep, 0.3 m
wide and the depth of water over the bed was 0.8 m.

2.2. Measurement methods

All of the experiments started from flat bed and the bedforms
developed over time until they reached an equilibrium condition,
with bedform height, length and shape remaining more or less
constant with time thereafter. Measurements were then made of
the bedforms, bedform migration, suspended sand concentra-
tions and sand transport rates. In this paper we focus on the
bedforms. In the case of the AOFT experiments, the bedforms
were measured using a laser displacement sensor mounted on a
computer-controlled x–y positioning table. The sensor has a spot
diameter of 1 mm and is capable of 50 μm resolution in the
vertical direction. Spot heights weremeasured every 5mm along
six longitudinal profiles spaced at 40 mm across the tunnel
width. The system yields bed elevation measurements of very
high quality but the process is time-consuming and cannot be
carried out while the flow is active. In the case of the LOWT
experiments, the bedforms were measured using a WL|Delft
Hydraulics bed profiler consisting of a laser that illuminates the
sand bed across the full tunnel width and a camera that measures
the reflected laser light. Output is bed morphology in x,y,z-
coordinates measured at 1 cm intervals along the full length of
the test section and with a vertical resolution of 1 mm.

2.3. Test conditions

A total of 35 experiments were carried out in the two fa-
cilities and the test conditions are summarised in Table 1. Five
groups of experiments can be identified:

1) Ten experiments conducted in the AOFTwith 0.22 mm (D50)
sand in regular and irregular flows. The flows are asymmetric
and each regular flow experiment has a corresponding
“equivalent” irregular flow experiment, where equivalence is
defined below. Measurements were made of the ripples,
ripple migration and net sand transport rates.

2) Ten experiments conducted in the AOFTwith 0.44 mm (D50)
sand. Again, the flows are asymmetric and consist of pairs of
equivalent regular and irregular flows. The experiments
involved the same measurements as in (1).

3) Ten “T-series” experiments conducted in the LOWT with
0.35 mm (D50) sand. The flow was regular asymmetric in
all cases and measurements were made of the ripples, rip-
ple migration, time-averaged concentrations and net sand
transport rates.

4) Two “U-series” experiments conducted in the LOWT with
well-sorted 0.35 mm (D50) sand. The flow was irregular
asymmetric and measurements were the same as for (3).



Fig. 1. Grading curves for sands used in the new AOFTand LOWTexperiments.
(Numbers are the D10, D50 and D90 in each case.)

Table 1
Test conditions for the AOFT and LOWT experiments

Exp. Tunnel D50 (mm) Flow type T,Tp (s) do (m) R arms (m) urms (m/s) umax (m/s) u1/10 (m/s) w ffiffi
2

p
rms ψmax ψ1/10

FR3 AOFT 0.22 RA 3.10 0.42 0.63 0.14 0.30 0.52 – 51 76 –
FR4 AOFT 0.22 RA 4.11 0.66 0.63 0.23 0.36 0.62 – 71 106 –
FR5a AOFT 0.22 RA 5.02 0.72 0.63 0.25 0.32 0.55 – 57 85 –
FR7 AOFT 0.22 RA 7.38 1.33 0.63 0.46 0.40 0.69 – 90 134 –
FR10 AOFT 0.22 RA 10.0 1.22 0.63 0.42 0.27 0.47 – 41 61 –
FI3 AOFT 0.22 IA 3.50 0.42 0.63 0.15 0.30 – 0.74 51 – 154
FI4 AOFT 0.22 IA 4.70 0.66 0.63 0.23 0.36 – 0.86 71 – 208
FI5a AOFT 0.22 IA 5.95 0.72 0.63 0.25 0.31 – 0.83 54 – 193
FI7 AOFT 0.22 IA 9.20 1.33 0.63 0.47 0.40 – 1.13 90 – 359
FI10 AOFT 0.22 IA 12.5 1.22 0.63 0.43 0.27 – 0.79 41 – 175
MR3 AOFT 0.44 RA 3.10 0.42 0.63 0.14 0.30 0.52 – 25 38 –
MR4 AOFT 0.44 RA 4.11 0.66 0.63 0.23 0.35 0.62 – 36 53 –
MR5b AOFT 0.44 RA 5.00 0.99 0.63 0.34 0.44 0.76 – 54 81 –
MR7 AOFT 0.44 RA 7.38 1.33 0.63 0.46 0.40 0.69 – 45 67 –
MR10 AOFT 0.44 RA 10.0 1.22 0.63 0.42 0.27 0.47 – 20 31 –
MI3 AOFT 0.44 IA 3.50 0.42 0.63 0.15 0.30 – 0.74 25 – 77
MI4 AOFT 0.44 IA 4.70 0.66 0.63 0.23 0.36 – 0.86 36 – 104
MI5b AOFT 0.44 IA 6.00 0.99 0.63 0.35 0.43 – 1.1 52 – 170
MI7 AOFT 0.44 IA 9.20 1.33 0.63 0.47 0.40 – 1.13 45 – 179
MI10 AOFT 0.44 IA 12.5 1.22 0.63 0.43 0.27 – 0.79 20 – 88
T4–05 LOWT 0.35 RA 5.00 0.90 0.63 0.31 0.40 0.69 – 56 84 –
T5–05 LOWT 0.35 RA 5.00 1.13 0.63 0.39 0.50 0.87 – 88 134 –
T6–05 LOWT 0.35 RA 5.00 1.35 0.63 0.46 0.60 1.03 – 127 187 –
T3–07 LOWT 0.35 RA 7.50 1.01 0.63 0.35 0.30 0.52 – 32 48 –
T4–07 LOWT 0.35 RA 7.50 1.35 0.63 0.47 0.40 0.69 – 56 84 –
T5–07 LOWT 0.35 RA 7.50 1.69 0.63 0.58 0.50 0.86 – 88 131 –
T6–07 LOWT 0.35 RA 7.50 2.03 0.63 0.70 0.60 1.04 – 127 191 –
T4–10 LOWT 0.35 RA 10.0 1.80 0.63 0.62 0.40 0.69 – 56 84 –
T5–10 LOWT 0.35 RA 10.0 2.25 0.63 0.78 0.50 0.86 – 88 131 –
T6–10 LOWT 0.35 RA 10.0 2.70 0.63 0.93 0.60 1.03 – 127 187 –
U36 LOWT 0.35 IA 6.50 1.04 0.58 0.37 0.36 – 1.14 46 – 221
U44 LOWT 0.35 IA 6.50 1.27 0.56 0.45 0.44 – 1.26 68 – 280
V25 LOWT 0.22 IS 10.2 1.09 0.51 0.39 0.25 – 0.65 35 – 119
V34 LOWT 0.22 IS 10.2 1.45 0.50 0.51 0.34 – 0.81 65 – 184
V38 LOWT 0.22 IA 9.7 1.51 0.55 0.53 0.38 – 1.02 81 – 292

Key for flow type: RA = regular asymmetric; IS = irregular symmetric; IA = irregular asymmetric.
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5) Three “V-series” experiments conducted in the LOWT with
well-sorted 0.22 mm (D50) sand. The flows were based on
field-measured flows and were irregular, symmetric or
weakly asymmetric. The experiments involved the same
measurements as in (3) and (4).

Grading curves for the 4 sands used in the experiments are
presented in Fig. 1. The D10, D50 and D90 sizes are shown in the
figure; only the D50 is given in Table 1.

For the regular flow experiments, the horizontal water
particle velocity time-series, u(t), was specified by values of
flow period, T, horizontal water particle excursion, do, and flow
asymmetry, R. u(t) had the form

uðtÞ ¼ u1 sin xt−u2 cos 2xt ð1Þ

where x ¼ 2k
T

is the wave circular frequency and u1 and u2
depend on the specified T, do and R. Here R is defined as

R ¼ u1 þ u2
2u1

¼ umax

umax−umin
ð2Þ
where umax and umin are the maximum positive (onshore) and
maximum negative (offshore) velocities respectively. Equations
for the dependence of u1 and u2 and other flow parameters on T,
do andR are presented in Table 4 inAppendixA. All of the regular
asymmetric flows were strongly asymmetric with R=0.63.
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The horizontal water particle displacements for the AOFT
irregular flow experiments were synthesised from a spectrum
whose variance and peak spectral frequency were chosen to give
flows with arms and urms equal to the arms and urms respectively of
the corresponding regular flow. The flowsweremade asymmetric
by replacing each “wave” of the synthesised time-series with an
asymmetric “wave” with the same urms but with R=0.63. In this
way each of the AOFT regular asymmetric flow experiments had
an equivalent irregular flow experiment in terms of arms, urms and
R. u1/10 is the mean of the highest one tenth peak velocities and
the values of u1/10 in Table 1 were obtained directly from the
synthesised irregular asymmetric velocity time-series. The Tp
values in Table 1 are spectral peak periods for the irregular flow
experiments. do values for the AOFT irregular flows are taken to
be the same as the do values of the corresponding regular flows
since the arms, urms and R are the same.

The irregular flows for the LOWT U-series experiments
were based on a JONSWAP spectrum in combination with a
second order wave theory (Liu and Dingemans, 1989). For these
experiments the flow asymmetry was calculated from the
measured velocities in the tunnel using

R ¼
uþ1=3

uþ1=3−u
−
1=3

ð3Þ

where u1/3
+ is the mean of the highest one-third positive

(onshore) velocity peaks and u1/3
− is the mean of the highest

one-third negative (offshore) velocity peaks. The two U-series
flows had R≅0.57. Flows for the LOWTV-series were based on
measured velocity time-series recorded at two field sites off the
Dutch coast. Asymmetry was very low in these cases with
R≅0.5, except in the case of experiment V38 for which R=0.55.
Velocities were measured during the LOWT U- and V-series
experiments, from which the values of urms and u1/10 shown in
Table 1 were obtained; the arms values in Table 1 were deter-
mined from the displacement time-series, obtained by numerical
integration of the measured velocity time-series. The do values
in Table 1 for the LOWT irregular flows were calculated from
do ¼ 2

ffiffiffi
2

p
arms.

Table 1 includes mobility numbers, ψ, for the experiments,
where ψ is given by

w ¼ u2

ðs−1ÞgD50
ð4Þ

Here s is sediment specific gravity (2.65 for sand), g is
acceleration due to gravity and D50 is the sediment size for
which 50% of the sediment sample is finer. Mobility number is
specified here because it is a useful parameter in the prediction of
ripple dimensions; the related Shields parameter is rarely used in
this context. Three mobility numbers are given in Table 1,
corresponding to three different u values:

(i) ψmax based on u=umax. Values of ψmax are given for the
regular flows only.

(ii) w ffiffi
2

p
rms based on u ¼ ffiffiffi

2
p

urms. For sinusoidal flow
(R=0.5) w ffiffi

2
p

rms ¼ wmax.
(iii) ψ1/10 based on u=u1/10. Values of ψ1/10 are given for the
irregular flows only.

Given that the upper limit of ripple regime for oscillatory
flow is generally considered to correspond to ψ≅150 (Nielsen,
1992), Table 1 suggests that all experiments are within the
ripple regime based on w ffiffi

2
p

rms. However, the ψmax values for
the regular flow experiments suggest sheet flow conditions may
prevail in three cases of asymmetric flow (T6–05, T6–07, T6–
10) while a number of other experiments are close to the upper
limit of the ripple regime (FR4, FR7, T5–05, T5–07, T5–10).
Similarly, the ψ1/10 values for most of the irregular flow ex-
periments suggest sheet flow conditions may prevail at times of
high flow velocity during many of the irregular flow experi-
ments. The question of whether or not ripples develop fully in
irregular flows that contain instances of high velocity is one of
the issues addressed in this paper.

3. Experimental data

The ripple type and ripple dimension data from the new
experiments are presented in Table 2. The table indicates the
type of bed that occurred in each experiment where the main
classes are two-dimensional ripples (‘2D’), three-dimensional
ripples (‘3D’), bimodal bed (‘BM’) and flat bed sheet flow
(‘FB’). The characteristics of these bed types are described in
the next section. For cases where ripples occurred, the table
presents the measured ripple height, η, ripple length, λ, and
ripple steepness, η/λ.

The test conditions and bed types from the new experiments
are summarised in the first two rows of Table 3. The table also
includes summaries of previous full-scale laboratory experi-
ments on sand transport processes in oscillatory flows, data
from which are used in this paper. Most of the data are from
studies that focussed on ripple regime but in order to help
establish the range of hydraulic conditions under which ripples
occur, we include data from two studies that were primarily
concerned with sheet flow, namely O'Donoghue and Wright
(2004) and the Series B experiments of Ribberink and Al-Salem
(1994). For each study, Table 3 shows the number of
experiments involving each of four flow types – regular
symmetric (RS), regular asymmetric (RA), irregular symmetric
(IS), irregular asymmetric (IA) – and the number of experi-
ments which resulted in each of the different bed types. The
Williams et al. (2004) experiments were carried out in a large
wave flume and involved medium (D50=0.329 and 0.349 mm)
and fine (D50=0.162 and 0.22 mm) sands in mainly regular
waves with height range 0.2–1.55 m. The measured equilibrium
ripples were not classified as 2D or 3D and the degree of flow
asymmetry varied with wave height. For these reasons, the
Williams et al. data are not included in some of the analyses that
follow.

Fig. 2 shows the ripple data from all of the experiments
classified as orbital, suborbital or anorbital. According to this
classification, orbital ripples occur for low do

D50
and orbital rip-

ple length and height increase linearly with orbital diameter;
anorbital ripples occur for high do

D50
and anorbital ripple length is



Table 2
Measured bed type and ripple dimensions

Exp. Flow type Bed type η (mm) λ (mm) η/λ

FR3 RA 3D 15 114 0.135
FR4 RA 3D 21 180 0.123
FR5a RA 3D 20 169 0.123
FR7 RA 3D 54 436 0.120
FR10 RA 3D 31 250 0.127
FI3 IA 3D 16 175 0.099
FI4 IA BM – – –
FI5a IA BM – – –
FI7 IA BM–FB – – –
FI10 IA 3D 28 345 0.079
MR3 RA 2D 31 180 0.180
MR4 RA 2D 49 280 0.170
MR5b RA 2D 76 400 0.190
MR7 RA 2D 106 546 0.190
MR10 RA 2D 99 554 0.180
MI3 IA 2D 37 260 0.140
MI4 IA 2D 50 320 0.160
MI5b IA 2D 60 425 0.140
MI7 IA 2D 83 520 0.160
MI10 IA 2D 86 520 0.170
T4–05 RA 2D 58 436 0.133
T5–05 RA 2D 51 463 0.110
T6–05 RA BM – – –
T3–07 RA 2D 25 269 0.093
T4–07 RA 2D 86 617 0.139
T5–07 RA 2D 101 751 0.134
T6–07 RA BM – – –
T4–10 RA 2D 102 758 0.135
T5–10 RA 2D 122 942 0.130
T6–10 RA 2D 139 1107 0.126
U36 IA BM – – –
U44 IA BM – – –
V25 IS 3D 19 969 0.020
V34 IS 3D 34 886 0.038
V38 IA BM-FB – – –
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a constant multiple of the grain size; suborbital ripples occur
between the orbital and anorbital regimes. For Fig. 2 we use
Wiberg and Harris (1994) to define the limits of the different
regimes as follows:

Orbital :
do
D50

b1754

Suborbital : 1754V
do
D50

V5587

Anorbital :
do
D50

N5587

Fig. 2 shows that the bulk of the ripple data falls into the
suborbital regime where existing predictive formulae for ripple
dimensions are considered to be least reliable (Williams et al.,
2004). Included in Fig. 2 are the empirical equations of Wiberg
and Harris (1994) for ripple length, λ and ripple height, η.
Clearly, the measured ripple dimensions shown in Fig. 2 depart
substantially from the Wiberg and Harris equations. This is
considered further later.
4. Bedforms and ripple regime

4.1. Bed types

The new experiments resulted in a variety of bed
morphologies, mainly dependent on the mobility number, ψ.
Examples of the measured beds are shown in Fig. 3. Two- and
three-dimensional ripples occurred at relatively low ψ. The 2D
ripples occurred in experiments with 0.44 mm and 0.35 mm
sands, with ripple crests extending across the full tunnel width
and with ripple height and length reasonably uniform along the
test section (Fig. 3a and b). The 3D ripples occurred in
experiments with the 0.22 mm fine sand and were short-crested
and irregular with greater variability in height and length
compared with the 2D ripples (Fig. 3c). At higher ψ, larger
bedforms than the ripples started to emerge and the bed became
distinctly bimodal with ripples superimposed on the larger
bedforms (Fig. 3d). Although the bed is still rippled in these
bimodal cases, it is more complex than the simple 2D and 3D
rippled beds. At still higher ψ, the bed starts to resemble a
damped oscillation with a large two-dimensional bedform at the
upstream end of the test bed, dying away with distance
downstream. This bedform is considered to be a boundary effect
of the test section. An element of this is seen in Fig. 3(d) and a
more developed example is shown in Fig. 3(e). The amplitude
decay with horizontal distance becomes increasingly rapid as ψ
increases still further and the bed becomes flat over most of its
length: this corresponds to the flat bed, sheet flow regime and
the flat bed condition prevails for higher ψ.

4.2. Ripple regime

Each of the measured beds has been classified as 3D ripples,
2D ripples, bimodal bed or flat bed. Classification was difficult
in some cases because the bed sometimes contains features of
more than one bed type, or lies between two types. An example
of the latter is experiment FI7 (shown in Fig. 3e) for which the
bed is between BM and FB. Similarly, reported bed types from
previous studies do not always fall neatly into the above
classification. For example, reports of “2D/3D” ripples are quite
common and Thorne et al. (2002) use the term “quasi-2D” to
describe their ripples, which were long-crested but did not
extend the full width of the 5 m wide wave flume in which the
experiments were carried out.

Fig. 4 presents bed type plotted against mobility number
using observations from all of the studies listed in Table 3
except Williams et al. (2004). In Fig. 4(a), bed type is plotted
against w ffiffi

2
p

rms and in Fig. 4(b) bed type is plotted against ψmax

for the regular flow experiments and against ψ1/10 for the
irregular flow experiments. Regular/irregular and symmetric/
asymmetric flows are distinguished in Fig. 4 and the data from
the new experiments are indicated by solid symbols. 2D/3D
data points are placed near midway between the 3D and 2D
ripple lines and the quasi-2D data points from Thorne et al.
(2002) are placed nearer the 2D ripple line; similarly, BM/FB
data points are placed near midway between the BM and FB
lines.



Fig. 2. Wiberg and Harris (1994) orbital–suborbital–anorbital classification of
ripples measured in the experiments listed in Table 3. (○: Lofquist; □: Thorne;
⋄: Ribberink; ▵: Clubb; ▿: new AOFT; ⁎: new LOWT; ×: Williams medium
sands; +: Williams fine sands.)

Table 3
Sources of large-scale laboratory experimental data

Reference Facility Sand D50 (mm) T (s) ψ RS RA IS IA 2D rip. 3D rip. Quasi -2D or 2D/3D BM or FB

New AOFT AOFT 0.22 3–10 41–90 – 10 – 10 10 7 – 3
0.44

New LOWT LOWT 0.35 5–10 32–127 – 10 2 3 8 2 – 5
0.22

O'Donoghue and Wright
(2004)a

AOFT 0.13 5 and 7.5 212–1081
(s.flow)

10 12 – – – – – 22
0.27
0.46

Williams et al. (2004) Delta flume 0.329 4–6 7–215 55 regular and
10 irregular
wave expts.—
asymmetry
varied with
wave height

Classification
not made

– –
0.349
0.161
0.22

Thorne et al. (2002) Delta flume 0.33 ∼5 22–82 10 – 4 – – – 14 –
O'Donoghue and Clubb
(2001)

AOFT 0.18 2–15 22–125 24 16 – – 35 (5)b – –
0.26
0.34
0.44

Ribberink and Al-Salem
(1994) –Series A

LOWT 0.21 2–10 25–662 (v.high) 24 – – – 9 11 4 –

Ribberink and Al-Salem
(1994) –Series Bc

LOWT 0.21 5–12 24–553 (v.high) – 10 – 10 3 3 – 14

Lofquist (1978)d Tunnel 0.18 2.6–8.3 10–43 (low) 24 – – – 15 (6)b 3 –
0.21
0.55

a Sheet flow regime only.
b Dimensions of these 3D ripples were not measured.
c Mainly sheet flow experiments.
d Subset only: using 24 experiments where the experiment started from flat bed
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In Fig. 4, the 2D and 2D/3D ripple data points at very high
mobility number, w ffiffi

2
p

rmsN200, are from the Series A experi-
ments of Ribberink and Al-Salem (1994). These data are from
LOWT regular symmetric (i.e. sinusoidal) flow experiments
that resulted in very large bedforms (up to 2.7 m long and
0.35 m high). Ribberink and Al-Salem classified these bedforms
as ripples because, like ripples at lower mobility, they scaled
with flow orbital diameter and resulted in the generation of
vortices in the lee of the ripples. However, asymmetric flow
experiments by Ribberink and Al-Salem (1994) at similarly
high values of mobility produced sheet flow, not ripples, and
AOFT regular symmetric and asymmetric flow experiments by
O'Donoghue and Wright (2004) at similarly high mobility also
produced sheet flow.

Discounting the Ribberink and Al-Salem very high mobility
2D and 2D/3D ripples, Fig. 4(a) shows that w ffiffi

2
p

rms is effective
in separating the rippled and flat beds for regular flow
conditions, with w ffiffi

2
p

rms ¼ 125 (indicated by the line in Fig.
4a) being a good indicator of the upper limit of the ripple regime
and the lower limit of the sheet flow regime. However,
w ffiffi

2
p

rms ¼ 125 does not work as well in separating the bed types
for irregular flow conditions: we see sheet flow occurring when
w ffiffi

2
p

rmsb125 and bimodal beds produced under irregular flow
conditions are not separated from simple rippled beds. The same
data are plotted in Fig. 4(b) but with bed type plotted against
ψmax for the regular flow experiments and against ψ1/10 for the
irregular flow experiments. Compared to Fig. 4(a), the sym-
metric, regular flow data points have not changed position
because for sinusoidal flow wmax ¼ w ffiffi
2

p
rms; the asymmetric,

regular flow data points have shifted somewhat to the right
because wmaxNw ffiffi

2
p

rms for asymmetric flow (wmax ¼ 1:49w ffiffi
2

p
rms

for R=0.63); the irregular flow data points have shifted
substantially to the right and the irregular flow bimodal beds
have become separated from the 2D and 3D ripples. The results



Fig. 3. Examples of measured beds. (a), (b), (c), (d) and (e) are from experiments MR7, MI4, FI10, FI4 and FI7 respectively.
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presented in Fig. 4(b) indicate that bed type in the case of
irregular flows is largely determined by the highest velocities in
the record. This is consistent with visual observations during the
experiments: instances of very high near-bed velocities during
an irregular flow have very high impact on bedforms that may
have been developing during a period of lower velocities.

Fig. 4(b) indicates that bed type is reasonably well cha-
racterised bymobility number based on the high velocities. Three
regimes are identified and indicated by the vertical lines in Fig. 4
(b): (i) the ripple regime corresponding to ψmax,ψ1/10b190; (ii) a
transition regime corresponding to 190bψmax,ψ1/10b300; (iii)
the flat bed sheet flow regime corresponding to ψmax,ψ1/10N300.
A range of bed types are contained in the transition regime:
bimodal beds from the present AOFTexperiments, very large 2D
ripples (η=125–265 mm and λ=830–2100 mm) from the
Ribberink and Al-Salem (1994) Series A experiments with
regular symmetric flow, very small 2D ripples (η=3 and 4 mm)
from the Ribberink and Al-Salem (1994) Series B experiments
Fig. 4. Bed type as function of mobility number. Solid symbols are results from
the new AOFT and LOWTexperiments. (○: regular symmetric flow;□: regular
asymmetric flow; ▵: irregular symmetric flow; ▿: irregular asymmetric flow.)
with irregular asymmetric flow and one 2D ripple case (with
η=56 mm and λ=480 mm) from Thorne et al. (2002). The
variation in bed type within this transition regime may be partly
due to the different ways that different researchers classify the
bed when the bed is something other than simply rippled or
completely flat, but it is also an indication that bed type in this
region is sensitive to details in the experimental conditions,
sediment grading, flow asymmetry, flow irregularity and spectral
properties.

4.3. Occurrence of 2D and 3D ripples

Within the ripple regime, ripples may be 2D or 3D and it is
clear from Fig. 4 that ψ does not determine which type of ripple
occurs. The distinction between 2D and 3D ripples is important
because the lengths and heights of 2D and 3D ripples are different
for the same hydraulic conditions, as described later. Fig. 5
presents the same data as Fig. 4 but with bed type presented as a
function of mobility number (ψmax for regular flow experiments
and ψ1/10 for irregular flow experiments) and sediment size (the
D50 value). In Fig. 5, the ‘quasi-2D’ ripples of Thorne et al. are
included with the 2D ripples. Also, the D50 values have been
randomly increased or decreased by a small amount in order to
separate the data points for greater clarity. The thick lines shown
in Fig. 5 atψmax,ψ1/10=190 and 300 correspond to the upper limit
of the ripple regime and the lower limit of the flat bed sheet flow
regime respectively, as discussed earlier. Within the ripple regime
(ψmax,ψ1/10b190), the separation of the 2D and 3D ripples by
sediment size is striking. We see only 2D ripples occurring in
experiments with sand size greater than 0.25mm (the experiments
of Thorne et al., O'Donoghue and Clubb and Lofquist and the
new experiments with D50=0.26, 0.33, 0.34, 0.35, 0.44 and
0.55 mm) and mostly 3D ripples occurring in experiments with
sand size less than 0.25mm (the experiments of O'Donoghue and
Clubb, Lofquist and Ribberink and Al-Salem and the new
experiments with D50=0.18, 0.21 and 0.22 mm). 2D and 2D/3D
ripples occurred in fine sand experiments with very low mobility:
these are experiments with low values of flow orbital diameter, do,
and the results are consistent with observations fromother, mainly
small-scale ripple regime experiments with fine sand, in which do



Fig. 5. Bed type as function of mobility number and sediment D50.

Fig. 6. Ripple dimensions from combined dataset. (○: regular flow, 2D ripples;
□: irregular flow, 2D ripples;▿: regular flow, 3D ripples;▵: irregular flow, 3D
ripples; ×: Williams medium sands; +: Williams fine sands.)
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was small and mainly 2D ripples were observed to occur (for
example, Nakato et al., 1977withD50=0.18mm; Faraci and Foti,
2002 with D50=0.25 mm; Andersen and Faraci, 2003 with
D50=0.18 mm; Sato and Horikawa, 1986 with D50=0.18 mm).

Previously suggested criteria for the occurrence of 2D and
3D ripples include (i) the idea that 3D ripples occur when the
flow orbital diameter exceeds a certain multiple of the sand size
(Carstens et al., 1969 and Sato and Horikawa, 1986 adopt do/
D50N1550) and (ii) the idea that 3D ripples occur when the
mobility number exceeds a certain threshold (Lofquist, 1978,
suggests ψN21). As discussed by O'Donoghue and Clubb
(2001), these criteria do not hold when tested against large-scale
laboratory data. The results presented in Fig. 5 show that for
full-scale conditions sand size is the primary factor determining
whether equilibrium ripples will be 2D or 3D, with 3D ripples
occurring when the sand is fine and 2D ripples occurring when
the sand is coarse. This also agrees with Doucette's (2000) field
observations of the occurrence of long-crested, parallel ripples
in conditions of relatively coarse sand. Unfortunately there is a
gap in the large-scale laboratory data between D50=0.22 mm
and D50=0.33 mm (apart from the three 2D results at
D50=0.26 mm) where the transition from the 3D-dominated
fine sand regime to the 2D-dominated coarse sand regime
occurs. This makes it difficult to establish a definite criterion for
the occurrence of 2D or 3D ripples. A possible working rule
however, based on the present data, is that 2D ripples will occur
in field-scale oscillatory flows when the sand D50 is greater than
0.30 mm, while 3D ripples will occur when the D50 is less than
0.22 mm (except for very low do). Which type of ripple occurs
for sand sizes between 0.22 mm and 0.30 mm is likely to
depend on flow orbital diameter and sand grading as well as on
the sand D50.

A possible explanation for the occurrence of 3D ripples in
fine sands and 2D ripples in medium and coarse sands is the
susceptibility of the fine sand to turbulent fluid motions. For
tunnels and narrow wave flumes, the main flow is 2D (except
close to the walls) but the turbulence is three-dimensional.
While the coarser sands react only to the main flow with its
coherent vortex behaviour and dominant 2D motion, the fine
sands may react to the non-coherent, near-bed turbulent mo-
tions, making it more difficult for the main flow to form 2D
structures. If turbulence is important, then it may be expected
that flow orbital diameter do is important: for the same flow
velocity, turbulence will be greater for larger do, which may
help to explain why 2D ripples occur even in fine sands when do
is small, such as happens in small-scale wave flumes. The
sensitivity of the fine sand to the turbulent motions may also be
the reason why 3D ripples formed in fine sands tend to be
significantly smaller than 2D ripples formed in the medium and
coarse sands, as described later.

5. Ripple dimensions

The combined data in Table 3 make a large dataset of ripple
dimensions for oscillatory flows with field-scale amplitudes and
periods. The measured ripple heights and lengths (for experi-
ments with ψmax,ψ1/10b190 only) are presented in Fig. 6 with η
and λ normalised by flow orbital amplitude, a, and plotted
against w ffiffi

2
p

rms. For the regular flow experiments a=do/2 and
for the irregular flow experiments a ¼ 1ffiffi

2
p

k
Tpurms. The

following data types are distinguished in Fig. 6: 2D ripples

from regular and irregular flows; 3D ripples from regular and
irregular flows; the Williams et al. (2004) data from experiments
with medium sands (D50=0.33 and 0.35 mm) and with fine
sands (D50=0.16 and 0.22 mm).

The data in Fig. 6 show significant scatter. Given that for the
same w ffiffi

2
p

rms the flow may be regular or irregular and the ripples
may be 2D or 3D, then some of the scatter may be sys-
tematically related to one or more of these variations in the flow
and bed characteristics. This is examined in the following
sections by isolating subsets of the data to look at the effects of
particular aspects of the flow and bed on the ripple dimensions.
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5.1. 2D ripples in regular flow

We look first at the dimensions of 2D ripples generated by
regular flows. These data comprise the largest subset from the
combined data summarised in Table 3. The measured ripple
dimensions are compared with predicted ripple dimensions
based on three commonly-used prediction methods, namely
Fig. 7. a. Comparison of measured and predicted ripple heights for 2D ripples produce
in top panel graphs is line of perfect agreement; broken lines correspond to ηp=1.25ηm
“measured”. b. Comparison of measured and predicted ripple lengths for 2D ripples
Solid line in each top panel graph is line of perfect agreement; broken lines corresp
Mogridge et al. (1994), Nielsen (1981) and Wiberg and Harris
(1994). These methods consist of empirical formulae for ripple
height and length based on datasets of laboratory- and field-
measured ripples. The datasets are large but are lacking in data
from controlled laboratory experiments with field-scale flow
periods, especially field-scale irregular flows and flows with
high mobility. The predictive formulae make no distinction
d in regular flow conditions (○: symmetric flow; ×: asymmetric flow). Solid line
and ηp=0.75ηmwhere subscript ‘p’means “predicted” and subscript ‘m’means

produced in regular flow conditions. (○: symmetric flow; ×: asymmetric flow).
ond to λp=1.25λm and λp=0.75λm.
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between 2D and 3D ripples and only Nielsen has separate
formulae for regular flows and irregular waves. As described in
O'Donoghue and Clubb (2001), there is reasonably good
agreement between the methods for small-scale, short period
flows, such as occur in many laboratory wave flumes, but there
are substantial differences between the methods for field-scale,
long-period flows.

Fig. 7(a) and (b) present the comparisons of measured and
predicted ripple dimensions using the three methods. (Data from
Williams et al., 2004 are not included in this analysis.) The
comparisons are shown as functions of the ripple size (top
panel) and of the mobility number,w ffiffi

2
p

rms (bottom panel). Fig. 7
(a) and (b) show that the Wiberg and Harris method predicts
ripple dimensions that are in poor agreement with the
measurements, particularly for conditions of high mobility
and large ripples. Wiberg and Harris expect ripples to become
anorbital for high values of flow orbital diameter, do. In their
anorbital regime, ripple length is a constant multiple of the grain
size and ripple height decreases with increasing do. For Wiberg
and Harris therefore, the growth of ripples with increasing do
ceases beyond the orbital regime and this is in general
disagreement with the large-scale laboratory data (Fig. 2). The
“primary data set” on which Wiberg and Harris is based
essentially consists of two groupings: small-scale laboratory
data that are mainly located in the orbital regime and field data
mainly located in their sub-anorbital regime, where there is
substantial scatter in the measurements. The present large-scale
experimental data casts some doubt on the field data or on
Wiberg and Harris' interpretation of the field data. We also note
that the very large ripples measured in the field by Traykovski et
al. (1999) also contradict Wiberg and Harris, for whom
predicted ripples for the measured conditions are anorbital
and very small. The Wiberg and Harris method agrees much
better with measurements (and with the predictions of Nielsen
and of Mogridge) in low period, relatively small orbital
diameter flows, i.e. in the Wiberg and Harris orbital regime.

The Mogridge and Nielsen predictions of the dimensions of
the 2D ripples in regular flow are in much better agreement with
the measurements compared with Wiberg and Harris, especially
Fig. 8. Examples of rippled beds produced by equivalent regular and irregular flows.
FI10 respectively.
in the case of ripple length where 74% of Mogridge-predicted
λp and 61% of Nielsen-predicted λp are within 25% of λm. For
ripple height, 51% of Mogridge-predicted ηp and 54% of
Nielsen-predicted ηp are within 25% of ηm. The biggest
differences between the measurements and the Nielsen predic-
tions occur at high mobility number where the rapid fall-off in
ripple dimensions predicted by Nielsen does not feature in the
measurements. This is looked at again in Section 6 where we
propose modifications to the Nielsen formulae based on the
combined data.

The comparisons shown in Fig. 7 are in agreement with those
of O'Donoghue and Clubb (2001) who carried out similar
comparisons based only on their tunnel experiments involving
predominantly 0.34 mm sand. The present comparisons involve
a much larger dataset than O'Donoghue and Clubb's, including
data from a number of investigators covering a much wider
range of flow and sand conditions and different experimental
facilities, including large wave flumes.

5.2. Effects of flow irregularity on ripple dimensions

Wave-generated near-bed oscillatory flow in the field is
irregular while most laboratory studies carried out to develop
predictive formulae for ripple dimensions are based on regular
flow conditions. The effects of flow irregularity on ripple
dimensions were addressed explicitly in the present study by
carrying out pairs of equivalent regular and irregular flow
experiments in the AOFT, where equivalence means same arms,
urms andR, as described earlier. In this way we isolate the effect of
flow irregularity on the ripple dimensions. Ten pairs of
experiments were carried out in total, five with the 0.22 mm
sand and five with the 0.44 mm sand (the AOFT “F” and “M”
experiments respectively in Table 1). The ripples measured in
these experiments cover a ripple length range of 110bλb550mm
and a ripple height range of 15bηb110 mm. The measured
ripples from three example pairs of experiments (MR7 and MI7,
MR4 and MI4, FR10 and FI10) are shown in Fig. 8.

The ripple heights for the equivalent regular and irregular
flow experiments are presented in Fig. 9. Consider first Fig. 9(a),
(a), (b), (c), (d) and (e) are from experiments MR7, MI7, MR4, MI4, FR10 and
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which shows g/a plotted against w ffiffi
2

p
rms. The regular and

irregular flow experiments with the 0.44 mm sand produced 2D
ripples. The regular flow experiments with the 0.22 mm sand
produced 3D ripples but only two of the corresponding irregular
flows produced 3D ripples. The other three irregular flows
resulted in bimodal beds: these are indicated by the points
labelled “BM” in Fig. 9(a) (which have been given notional g/a
values of 0.01 for the purpose of showing the points on the
graph). Fig. 9(a) shows that in the low mobility end of the ripple
regime, where ripple dimensions depend weakly on mobility
number, the ripple dimensions of equivalent regular and
irregular flows are very similar. Faraci and Foti (2002) reached
the same conclusion based on small-scale, low mobility ripple
regime experiments carried out in a wave flume. However, at the
higher mobility end there are differences between the dimen-
sions of regular and irregular flow ripples. In particular, irregular
flow ripple height tends to be lower than regular flow ripple
height, as might be expected intuitively, and at high mobility the
bedforms can be different as already described and shown by the
three pairs of 0.22 mm sand results at high mobility in Fig. 9(a).

Fig. 9(b) shows the ripple height data plotted against ψmax

for the regular flow experiments and against ψ1/10 for the
irregular flow experiments. Results from equivalent regular and
irregular flow experiments are indicated by having the same
number or letter at the data points in Fig. 9(b). The thick line at
ψmax,ψ1/10=190 marks the upper limit of the ripple regime;
three of the irregular flow, 0.22 mm sand experiments fall
outside this limit and produced bimodal beds as already des-
cribed (irregular flow experiments “c”, “b” and “d” and given
notional g/a values of 0.01). As seen earlier in Fig. 4, the
bimodal beds are well separated from the rippled beds using
ψmax,ψ1/10 and comparison of Fig. 9(a) and (b) indicates that
Fig. 9. Ripple heights measured in equivalent regular and irregular flows as
function of (a) w ffiffi

2
p

rms and (b) ψmax,ψ1/10. Experiments with 0.44 mm sand all
produced 2D ripples and have symbols ○ and □ for regular and irregular flow
respectively. Experiments with 0.22 mm sand have symbols▿ and▵ for regular
and irregular flow respectively; three of the 0.22 mm experiments produced
bimodal beds, the remainder produced 3D ripples; the bimodal beds have been
given notional

g
a
values of 0.01 for the purpose of showing the data.
ψmax,ψ1/10 does a better job overall than w ffiffi
2

p
rms in discriminat-

ing ripple height. In Fig. 9(b), considering the 2D and 3D
ripples separately, the results for regular and irregular flow
ripples follow a common curve, which means that the same
function may be used to describe the dependence of regular
flow ripple dimensions on ψmax and the dependence of irregular
flow ripple dimensions on ψ1/10.

Two other observations can also be made from Fig. 9. First,
the results show that flow irregularity has no effect on ripple
type, i.e. the same ripple type (2D or 3D) occurs whether the flow
is regular or irregular (as long as ψmax,ψ1/10b190). Second, the
results indicate that the dimensions of 3D ripples are smaller than
those of 2D ripples. This is looked at more in the next section.

5.3. Dimensions of 3D ripples

The dimensions of 3D ripples were measured in 23 expe-
riments altogether from the combined dataset, 16 involving
regular flow (11 Series A Ribberink and Al-Salem experiments
and 5 of the new experiments listed in Table 1) and 7 involving
irregular flow (3 Series B Ribberink and Al-Salem experiments
and 4 of the new experiments in Table 1). The set of measured
3D ripple dimensions is not large but it provides some basis for
comparing 2D and 3D ripple dimensions.

The measured dimensions of the 3D ripples are plotted
against the corresponding predicted dimensions in Fig. 10, using
the same three ripple predictionmethods as before. (Note that for
Fig. 10 Nielsen's formulae for ripples under irregular waves
have been used for the irregular flow cases.) The results for
ripples produced by regular and irregular flows are distinguished
from each other in Fig. 10. As before, the Wiberg and Harris
method predicts ripple dimensions that are in poor agreement
with the measurements. The Mogridge and Nielsen methods do
better, at least for the regular flow cases, but overall agreement
with the measurements is still poor. There is significant scatter in
the data, especially in the irregular flow data, which makes it
difficult to pick out systematic trends. Nevertheless, compar-
isons with Fig. 6(a) and (b) indicate that the heights and lengths
of 3D ripples tend to be less than the heights and lengths of 2D
ripples, echoing the earlier observation from Fig. 9.

6. Predictive formulae for ripple dimensions

Existing formulae for ripple dimensions are mainly based on
experiments with low amplitude, short period, regular flows and/
or data from field studies where measurements can be difficult
and there is uncertainty about the equilibrium between the
ripples and the prevailing flow. The combined data described
here make a relatively large dataset of ripples in controlled, field-
scale flows that can be used to assess and improve predictive
formulae. Systematic differences have already been observed
between the data and existing prediction methods. In the fol-
lowing we propose modifications to the widely-used Nielsen
formulae for ripple dimensions, which give better agreement
with the combined data. Our approach is based on the following
results from the above analyses. (i) The highest velocities in an
irregular flow are important in determining ripple regime and



Fig. 10. Comparison of measured and predicted ripple dimensions for 3D ripples. (▿: regular flow; ▵: irregular flow.)

Fig. 11. Measured ripple dimensions and the best fit of Nielsen-type formulae to
the 2D ripple dimension data. Solid line in each graph is the best-fit equation and
the broken lines are the ±50% and ±25% lines. The dash-dot line in each graph
is the original Nielsen formula. (○: regular flow, 2D ripples; □: irregular flow,
2D ripples; ▿: regular flow, 3D ripples; ▵: irregular flow, 3D ripples; ×:
Williams medium sands; +: Williams fine sands.)
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ripple dimensions. For irregular flows, ψ1/10 is a better
discriminator than w ffiffi

2
p

rms for ripple regime and ripple dimen-
sions. (ii) For ψmax,ψ1/10b190 the same function may be used to
describe the dependence of regular flow ripple dimensions on
ψmax and the dependence of irregular flow ripple dimensions on
ψ1/10. (iii) 3D ripples occur for fine sands and tend to be smaller
than 2D ripples but there is substantial scatter in the measured
3D data, especially in the case of irregular flow. Based on these
results, the approach adopted is, firstly, to fit Nielsen-type
equations to the combined regular and irregular flow 2D ripple
data to establish empirical formulae for the dimensions of 2D
ripples as functions of ψmax,ψ1/10 and, subsequently, to propose
adjustments to these 2D formulae for application to 3D ripples.
TheWilliams et al. (2004) data are not used in the fitting because
the data were not classified as 2D or 3D.

A least squares curve fit of a Nielsen-type formula to the 2D
ripple height data from the regular and irregular flow ex-
periments with ψmax,ψ1/10b190 is

g
a j2D ¼ 0:275−0:022w0:42 ð5Þ

where a ¼ do
2 , ψ=ψmax for regular flow and a ¼ Tpurmsffiffi

2
p

k
, ψ=ψ1/10

for irregular flow. Eq. (5) is the same as the original Nielsen
formula for ripple height in regular flow except that the power
of ψ has changed from 0.5 to 0.42. (A fitting of g

a ¼ a−bwg

where the three parameters α, β, and γ are varied in the search
for the best fit gives a function that is very similar to Eq. (5)).
Although flat bed sheet flow occurs at ψmax,ψ1/10N300, the fit
was not constrained to give g

a j2D ¼ 0 at ψmax,ψ1/10=300; such a
constraint gives a poor fit to the data. Fig. 11(a) shows the data
with Eq. (5). The solid line in Fig. 11(a) is Eq. (5) and the
broken lines above and below correspond to Eq. (5) multiplied
by 0.5, 0.75, 1.25 and 1.5; the dash-dot line is the original
Nielsen formula. Eq. (5) fits the data well: the rms difference
between measured and calculated g

a j2D is 0.037, 85% of the data
are contained within the ±25% band of Eq. (5) and 93% are
contained within the ±50% band.



Fig. 12. Comparisons of measured and calculated ripple dimensions. (○: regular
flow, 2D ripples; □: irregular flow, 2D ripples; ▿: regular flow, 3D ripples;
▵: irregular flow, 3D ripples; ×: Williams medium sands; +: Williams fine
sands.)
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The scatter observed earlier in the case of 3D ripples is seen
again in Fig. 11(a), but it is clear that the 3D ripples are system-
atically smaller in height than the 2D ripples. Because of the
scatter and the paucity of data, a simple multiplier, mη, is applied
to Eq. (5) to estimate 3D ripple height. Here we estimatemη from
a least squares fit of the 3D ripple height data to the function
g
a j3D ¼ mg 0:275−0:022w0:42� �

. This gives mη=0.55, and so

g
a j3Di0:55

g
a j2D ð6Þ

Eq. (6) captures the 3D ripple height data reasonably well:
the rms error between measured and calculated g

a j3D is 0.023
and 78% of measured g

a lie within the ±50% band of Eq. (6).
The Williams et al. (2004) ripple height data (which were not

used in the fitting) are also shown in Fig. 11(a). These data have
a relatively wide scatter and the ripple heights tend to be lower
than the other measurements. This may be partly due to the type
of experiments carried out: the ripples did not develop from an
initially flat bed but from a rippled bed produced by higher or
lower previous wave conditions. Different ripple dimensions
were sometimes measured for the same wave conditions,
depending on the flow history and initial bed morphology.
However, Doucette and O'Donoghue (2006) concluded from
their experiments focussed on transient ripples that equilibrium
ripple dimensions are independent of the initial bed condition,
which suggests that some of the Williams et al. ripples may not
have reached equilibrium when their dimensions were mea-
sured. The Williams et al. (2004) ripple height data do have two
characteristics that are consistent with the other data and with
the new formulae. The first is that the data do not exhibit a rapid
fall-off in ripple height at high mobility. The second is that
ripple heights from the fine sand experiments, which we would
expect to have produced predominantly 3D ripples, are notice-
ably lower than those from the medium sand experiments.

A similar analysis to that for ripple height has been carried
out for ripple length. A least squares curve fit to the combined
regular and irregular flow ripple length data for 2D ripples is

k
a j2D ¼ 1:97−0:44w0:21 ð7Þ

(In this case the best fit of k
a ¼ a−bwg where the three parame-

ters α, β, and γ are varied in the search for the best fit, gives a better
fit than one inwhich onlyγ is varied.) The solid line in Fig. 11(b) is
Eq. (7) and the ±25% and ±50% lines are also shown. The fit is
good with an rms difference between measured and calculated
k
a j2D of 0.16, 84% of the data are contained within the ±25% band
of Eq. (7) and 98% are contained within the ±50% band.

The multiplier, mλ, is applied to Eq. (7) to estimate 3D ripple
length. mλ is estimated using a least squares fit of the 3D ripple
length data to the function k

a j3D ¼ mk 1:97−0:44w0:21� �
. This

gives mλ=0.73, and so

k
a j3Di0:73

k
a
j2D ð8Þ

The fit is not good here: the rms difference is 0.35 and only
65% of the data are within the ±50% band of Eq. (8).
The Williams et al. (2004) ripple length data (which were not
used in the fitting) are also shown in Fig. 11(b) and, with the
exception of a few fine sand results, follow Eq. (7) reasonably
well. The results that are well displaced from Eq. (7) are part of
the wide scatter contained in the Williams et al. data. The scatter
in their ripple length measurements may be partly due to the
relatively short length of bed over which the ripples were
measured in their experiments.

The range of applicability of the above equations is 10≤ψmax,
ψ1/10≤190. Although ripples can occur in the transition regime
where ψmax, ψ1/10N190, the dimensions of these ripples are
difficult to predict. The three regular and three irregular flow 2D
ripple results shown to the right of the solid lines atψ=190 in Fig.
11 illustrate this. These results consist of four cases of large ripples
(three fromSeries A, Ribberink andAl-Salem, 1994 and one from
Thorne et al., 2002) and two cases of very small ripples (from
Series B, Ribberink and Al-Salem, 1994). The results differ
greatly from each other and do not follow the functions for 2D
ripples given by Eqs. (5) and (7). Ripples (and other bedforms) in
this high mobility transition regime appear to be sensitive to
details in the experimental conditions— flow asymmetry, flow
irregularity, spectral properties, sediment grading, experimental
set-up. In this regard, it is noted that the degree of scatter in results
in Fig. 11 tends to increase as the transition regime is approached
and the sensitivity to the detailed conditions starts to take effect.

Fig. 12 shows the comparison between the measured ripple
dimensions and ripple dimensions predicted using Mogridge
and Nielsen and calculated using Eqs. (5)–(8). The formulae for
3D ripples have been used to predict the dimensions of the
Williams et al. (2004) fine sand ripples. The solid line in each
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graph in Fig. 12 is the line of perfect agreement and the broken
lines correspond to Lp=1.25Lm and Lp=0.75Lm where ‘L’ is λ
or η. In applying the Mogridge and Nielsen methods, w ffiffi

2
p

rms
has been used for mobility number. Nielsen's irregular wave
ripple geometry formulae have been used for the Nielsen
predictions in the irregular flow cases; the same Mogridge
formulae are used for the Mogridge predictions for regular and
irregular flows. Neither Mogridge nor Nielsen makes any
distinction between 2D and 3D ripples. Comparing Fig. 12(a)
and (b) based on Mogridge with Fig. 12(e) and (f) based on Eqs.
(5)–(8), we see reduced scatter overall in the case of the
new equations. The biggest difference lies with the 3D ripples,
which are substantially over-predicted by Mogridge. Compar-
ing Fig. 12(c) and (d) based on Nielsen with Fig. 12(e) and (f),
we see substantially better agreement between the calculated
and measured dimensions in the case of the new equations,
especially with respect to ripple height. There are three main
reasons for this. Firstly, Nielsen predicts a very rapid fall-off in
ripple height towards the top of the ripple regime that is not well
supported by the present data (refer Fig. 11). This leads to
substantial underestimates of ripple height in cases of high
mobility using Nielsen. Secondly, Nielsen's formulae for rip-
ples under irregular waves predict ripples of very small height
and length compared to regular flow ripples with the same
mobility number and flow orbital amplitude. The results
presented in this paper have shown that flow irregularity does
not lead to ripples that are much smaller than ripples produced
by regular flows (although irregular flow ripples tend to be
somewhat smaller at high mobility) and the size of the irregular
flow ripples are therefore generally underestimated by Nielsen.
This means that factors other than flow irregularity were
probably responsible for the small field ripples used by Nielsen
to produce his irregular wave formulae, a conclusion also
reached by Faraci and Foti (2002). Thirdly, like Mogridge,
Nielsen does not distinguish between 2D and 3D ripples, so that
Nielsen tends to overestimate the dimensions of the 3D ripples.

7. Conclusions

New large-scale experiments have been carried out in the
Aberdeen Oscillatory Flow Tunnel and the Large Oscillating
Water Tunnel to study sand transport processes for wave-
generated ripple regime conditions. The paper has focused on
ripple dimensions and the new data have been combined with
existing data to make a large dataset of equilibrium ripple
dimensions for flows with field-scale amplitudes and periods. A
feature of the new data is a focus on the effect of flow irregularity
on ripple regime and ripple dimensions. The combined dataset
has been analysed to examine the range of hydraulic conditions
under which oscillatory flow ripples occur, to examine the
effects of flow irregularity and ripple three-dimensionality on
ripples and to test and improve methods for predicting ripple
dimensions for field-scale flows. The main conclusions may be
summarised as follows.

(i) The highest velocities in a flow time-series play an impor-
tant role in determining the type of bedform occurring in
oscillatory flow conditions. Bedform regime is well char-
acterised by ψmax for regular flow and ψ1/10 for irregular
flow. Ripple regime occurs for ψmax, ψ1/10≤190 and flat
bed occurs for ψmax, ψ1/10≥300. A variety of bedforms
have been observed to occur in the transition regime,
190bψmax, ψ1/10b300, where the bedforms are sensitive to
the detailed experimental conditions.

(ii) Because the dimensions of 2D and 3D ripples are different
for equivalent hydraulic conditions, it is important to be
able to predict the conditions under which the different
ripple types occur. For field-scale conditions (i.e. large
do), sand size is the primary factor determining whether
equilibrium ripples will be 2D or 3D. 2D ripples occur
when the sand D50≥0.30 mm and 3D ripples occur when
D50≤0.22 mm (except for very low do). There is a lack of
large-scale experimental data covering the sand size range
0.22bD50b0.33 mm.

(iii) Pairs of equivalent regular and irregular flow experiments
were carried out in order to isolate the effects of flow
irregularity on ripple dimensions. The results show that
ripple type (2D or 3D) is the same for equivalent regular and
irregular flows. For ψmax, ψ1/10b190, the dimensions of
ripples (normalised by flow orbital amplitude) formed by
regular and irregular flows follow a similar functional
dependence on mobility number, ψ, with ψ=ψmax for
regular flow and ψ=ψ1/10 for irregular flow. At low
mobility number, ripple dimensions are very weak
functions of ψ and ripple dimensions are therefore very
similar for regular and irregular flows with the same flow
orbital amplitude. At higher mobility, but still with ψmax,
ψ1/10b190, flow irregularity produces ripples that are
somewhat lower in height compared with ripples produced
by the equivalent regular flow. At still higher mobility, the
highest velocities in the irregular flow time-series can result
in a different bedform regime to the equivalent regular flow.

(iv) Modifications to the Nielsen equations for ripple dimen-
sions are proposed for the heights and lengths of 2D
ripples, based on the best fit of Nielsen-type equations to
the combined large-scale data. Following conclusion (iii),
the same equations are proposed for 2D ripples produced
by regular and irregular flows, but with ψmax used for
mobility number in the case of regular flow and ψ1/10

used for mobility number in the case of irregular flow.
The new equations fit the data very well for 10≤ψmax,
ψ1/10≤190.

(v) Ripple dimension data for 3D equilibrium ripples in large-
scale oscillatory flows are relatively rare and the available
data show wide scatter, especially at high mobility.
Analysis indicates that 3D ripples are generally smaller
than 2D ripples and estimates of the height and length of 3D
ripples are obtained by multiplying the height and length of
the corresponding 2D ripples (same flow orbital amplitude
and mobility number) by 0.55 and 0.73 respectively.

(vi) Ripple dimensions predicted using Wiberg and Harris
(1994) are in poor agreement with measured ripple dimen-
sions from the large-scale experiments. Predictions based
on Mogridge et al. (1994) and Nielsen (1981) are in better



Table 4
Equations for dependence of flow parameters on T, do and R (refer Eq. (1))

Parameter General equation Equation for
R=0.5

Equation for
R=0.63

u1
u1 ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ ð2R−1Þ2
q xdo

2
u1 ¼ xdo

2
u1 ¼ 0:968

xdo
2

u2
u2 ¼ ð2R−1Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ ð2R−1Þ2
q xdo

2
u2 ¼ 0

u2 ¼ 0:252
xdo
2

rms horiz
excursion arms ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4þ ð2R−1Þ2
2þ ð2R−1Þ2

s
do
4

arms ¼ do
2

ffiffiffi
2

p arms ¼ 0:98
do
2

ffiffiffi
2

p

max horiz
excursion amax ¼ do

2
amax ¼ do

2
amax ¼ do

2

min horiz
excursion amin ¼ −

do
2

amin ¼ do
2

amin ¼ do
2

rms horiz
velocity urms ¼ xdo

2
ffiffiffi
2

p urms ¼ xdo
2

ffiffiffi
2

p urms ¼ xdo
2

ffiffiffi
2

p

max horiz
velocity umax ¼ 2Rffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ ð2R−1Þ2
q xdo

2
umax ¼ xdo

2
umax ¼ 1:219

xdo
2

min horiz
velocity umin ¼ 2ðR−1Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ ð2R−1Þ2
q xdo

2
umin ¼ −

xdo
2

umin ¼ −0:716
xdo
2
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agreement with the measurements, especially ripple
length. However, both methods overpredict the dimen-
sions of 3D ripples, Nielsen underpredicts ripple height at
high mobility (within the ripple regime) and Nielsen's
formulae for ripples under irregular waves substantially
underestimate ripple dimensions measured in the irregular
oscillatory flows. The proposed modifications to the
Nielsen equations (conclusion iv) provide a better fit to the
data from the large-scale experiments, accounting for flow
irregularity and ripple three-dimensionality.
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Appendix A

(Table 4)
Appendix B

Notation
a amplitude of horizontal water particle displacement.
arms root mean square amplitude of horizontal water

particle displacement.
D10, D50, D90 size for which 10, 50, 90% of the sediment

sample is finer.
do horizontal water particle excursion (flow orbital

diameter).
g acceleration due to gravity.
mη,mλ multipliers for 3D ripple dimensions.
R flow asymmetry.
s sediment specific gravity.
t time.
T period of regular flow.
Tp peak spectral period of irregular flow.
u horizontal flow velocity.
umax, umin maximum, minimum horizontal flow velocity.
urms root mean square horizontal flow velocity.
u1//10 mean of highest one tenth peak horizontal velocities

(irregular flow).
u1/3
+ ,u1/3

− mean of highest one-third positive, negative velocity
peaks.

η ripple height.
λ ripple length.
ω flow angular frequency (2π/T).
ψ mobility number.
ψmax mobility number based on u=umax.
ψ1/10 mobility number based on u=u1/10.
w ffiffi

2
p

rms mobility number based on u ¼ ffiffiffi
2

p
urms.
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