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[1] Frequently, in field and laboratory studies of wave-generated bed forms on beds of
sandy sediments, both large and small wave-generated ripples (LWRs and SWRs) are
observed and in some situations may be superimposed upon one another. The present
paper examines relationships between measured wave conditions and the geometry of
LWRs and SWRs and shows that existing empirical equations used to predict the
dimensions of SWRs perform badly for LWRs. To address this problem, relationships
found between ripple geometry and the wave Reynolds number are used as the basis for
new expressions for prediction of ripple height, wavelength, and steepness that improve
the accuracy of existing approaches for both LWRs and SWRs. The present results
indicate strongly that SWRs and LWRs are related and their superposition in certain
conditions reflects the time lag between the response of the bed to changing hydrodynamic
conditions. They must be considered therefore when estimating the total bed roughness in
a range of practical engineering and numerical modeling applications.
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1. Introduction

[2] Since pioneering experiments with oscillating trays of
sediment in still water [Bagnold, 1946], many field and
laboratory studies have examined the formation and geom-
etry of wave-generated ripples on beds of sandy sediments.
Most laboratory studies have examined regular wave flows
and so-called equilibrium ripple conditions. Field studies
have involved irregular flows and frequently temporal lags
are observed between the wave-induced flow and ripple
formation. As a result often nonequilibrium conditions
pertain in the field and the geometry and migration rate of
ripples and sediment transport depends on the previous flow
and bed history as well as on the prevailing flow at the time
of the observations. In laboratory and field studies the
superposition of two or more bed form scales is often
observed reflecting complex interplay between fluid flows
and unconsolidated sediments acting over a range of
different time and space scales. Advances in the under-
standing of processes leading to the formation of complex
wave ripple patterns and improved methods of predicting
ripple morphology are required in a number of important
applications in numerical modeling of coastal seas (e.g.,
bed friction), sediment processes (e.g., mobilization, resus-
pension and transport), nearshore process studies (e.g.,
wave attenuation), coastal engineering (e.g., dredging,
sediment ingress and infill), and Navy operations
(e.g., mine burial prediction).
[3] In the case of wave-generated ripples it is possible

to distinguish two types on the basis of scale and
persistence. The first type encompasses the well-known
relatively steep, small wave-generated ripples, SWRs,

with heights, h, O[5] cm and wavelengths, l, O[30] cm.
These bed forms can be variously classified as orbital,
suborbital, and anorbital [Wiberg and Harris, 1994]
according to their geometry. Their formation from the
rolling-grain stage and modifications thereafter generally
occurs on the scale of minutes. The second type have
been termed ‘‘large-scale oscillatory bed forms’’ with l
O(1.0) m and h O(0.01) m. These are generally low
amplitude, gently sloping, long wavelength features, here-
inafter referred to as large wave-generated ripples, LWRs,
are usually associated with large wave orbital excursions.
In certain conditions their surfaces are populated by
smaller superimposed SWRs. Observations of LWRs are
reported from flume experiments [e.g., Carstens et
al., 1969; Southard et al., 1990; Vincent et al., 2001;
Williams et al., 2000, 2004] and from the field [e.g.,
Dingler and Inman, 1976; Osborne and Vincent, 1993;
Gallagher et al., 1998; Amos et al., 1988; Boyd et al.,
1988; Drake and Cacchione, 1989; Hay and Wilson,
1994; Vincent et al., 1999; Hume et al., 1999; Li and
Amos, 1999; Traykovski et al., 1999; Doucette, 2002a,
2002b; Hanes et al., 2001; Ardhuin et al., 2002]. In some
situations, steeper LWRs may be present [e.g., O’Donoghue
and Clubb, 2001]. These bed forms are not reported from the
field and are normally associated with coarser sediments
(i.e., median grain diameter, D50, >0.3 mm) subjected to
regular oscillatory flows in the laboratory. In reported
tests SWRs are never present with these bed forms. While
some authors make a distinction between SWRs and
LWRs, the observation that both can coexist makes it is
unclear if they are distinct bed forms produced by
different mechanism or simply variants of the same bed
feature.
[4] In most cases, the morphology of SWRs scales with

the orbital diameter of waves close to the bed, do, and with
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D50, and a number of empirical formulae relate h/D50 or
l/D50 to do/D50 and provide predictions of expected bed
form dimensions. A large number are based on data from
laboratory wave flume experiments in which the flow is
regular, short period and low amplitude [e.g., Inman, 1957;
Dingler, 1974; Miller and Komar, 1980; Nielsen, 1981;
Grant and Madsen, 1982; Vongvisessomjai, 1984; van Rijn,
1989; Wikramanayake, 1993; Wiberg and Harris, 1994;
Mogridge et al., 1994; Khelifa and Ouellet, 2000; Faraci
and Foti, 2002] and they generally perform well for a
limited range of conditions. However, for regular and
irregular flows with field-scale periods and orbital ampli-
tudes, errors arise since hydrodynamic conditions may lie
outside the calibration range of the formulae and the
geometry of ripples may not often be in equilibrium with
the flow conditions under which they are measured [e.g.,
Kos’yan, 1988; Osborne and Vincent, 1993; Li et al., 1996;
Doucette, 2002b]. For these reasons the formulae can
seriously under- or overpredict ripple dimensions. This
applies in particular to the LWRs discussed here.
[5] The paper attempts to answer four important ques-

tions related to wave-generated bed forms observed in the
laboratory and the field.
[6] 1. What processes bring about the superposition of

different bed form scales in a given hydrodynamic regime?
[7] 2. Why does measured wave-generated ripple geom-

etry exhibit such a wide variance in essentially the same
hydrodynamic conditions?
[8] 3. How does the superposition of bed forms influence

the bed roughness?
[9] 4. From a practical standpoint, which are the best

equations to use for predicting the geometry of SWRs and
LWRs?
[10] To address these questions, data pertaining to SWRs

and LWRs observed in large-scale laboratory experiments
and in the field are examined and attempts are made to
understand and predict observed morphology of SWRs and
LWRs in terms of the observed hydrodynamic conditions
producing these bed forms. Attention is given also to the
classification of LWRs and to their relationship with SWRs
observed at times to populate the surface of these larger bed
forms. It will be shown that existing empirical approaches
for the prediction of h, l and ripple steepness, J (i.e., h/l),
used for SWRs are not suitable for LWRs and thus alterna-
tive predictive tools for these bed forms are derived from
the present data. A new ‘‘universal’’ predictive approach for
any SWR or LWR is then developed through examination
of the relationship between ripple geometry and the wave
Reynolds number. With some exceptions, this technique
spans a wide range of ripple forms and hydrodynamic
conditions and makes it unnecessary to classify ripples
before applying predictive formulae to estimate h, l, and
J. Attention is then given to the four questions posed above
using existing knowledge and results from the present study.

2. Data Sources and Instrumentation

[11] While there are a wide range of data sets related to
wave-generated ripples available, few contain a complete
record of ripple geometry, sediments and hydrodynamic
parameters required for detailed analysis and even fewer
encompass hydrodynamic regimes where SWRs and LWRs

coexist. For this reason we are selective in our choice of
data for the present study. The bulk of the present data set
comes from measurements obtained in the large-scale Delta
wave flume reported by Williams et al. [2000] (hereinafter
referred to as ‘‘DFD’’ for the Delta flume data set; Tables A1
and A2) and from published measurements obtained in the
field by Hanes et al. [2001]. Conveniently, both these data
sets were obtained in a water depth, h, of approximately 4 m.
The field data of Hanes et al. [2001] were obtained during
three campaigns at the U.S. Army Corps of Engineers Field
Research Facility at Duck, North Carolina. Using the Hanes
et al. [2001] notation, these data sets are as follows: SIS95
(23 to 25 August 1995, 1.6 m < h < 6.8 m, 0.18 mm < D50 <
1.66 mm, 0.2 m < Hs < 0.9 m); SIS96 (29 October to 1
November 1996, 1.4 m < h < 7.0 m, 0.12 mm < D50 <
0.21 mm, 0.32 m < Hs < 1.2 m); and Sandyduck97 (11
September to 10 November 1997, 3.3 m < h < 5.2 m, D50 =
0.16 mm, 0.37 m < Hs < 2.3 m), where Hs is the significant
wave height. During SIS95 and SIS96, data were obtained
by deploying instruments from the research pier. During
Sandyduck97, data were obtained from a fixed array if
instruments in approximately 4 m water depth. For conve-
nience the combined SIS95, SIS96 and the Sandyduck97
data sets are hereinafter referred to as ‘‘SDD’’ for the
Sandyduck data set. In addition, field data related to SWRs
from Inman [1957] and to mixed SWRs and LWRs from
Hume et al. [1999] and Doucette [2002b] are also included
in the present analysis. These data were obtained in water
depths ranging from 1.4 m to 16.8 m in the case of Inman
[1957] and 25 m in the case of Hume et al. [1999]. These
additional data extend the range of hydrodynamic condi-
tions and grain sizes considered here. The Inman [1957] and
Hume et al. [1999] data are tabulated by Williams et al.
[2004]. The Doucette [2002b] data are summarized in
Table A3.
[12] Ripples were generated by waves in the Delta flume

(h = 4.5 m] on beds of sand of depth 0.5 m which spanned
the 5 m width of the flume and extended a length of 30 m.
The median grain diameters, D50, used in the two test
sequences were 0.349 mm and 0.220 mm [see Williams et
al., 2004, Figure 1c]. Following Williams et al. [2003]
measurements of the bed morphology were taken approxi-
mately 30 min after the start of a given wave run using an
acoustic ripple profiler, ARP (available at http://www.
marine-electronics.co.uk). In irregular waves tests showed
that this time was sufficient for l and h values to become
approximately statistically stationary [Williams et al., 2004].
The ARP, comprising of a 2MHz transducer mounted onto a
motor [Bell and Thorne, 1997; Bell et al., 1998], measured
bed morphology along a line extended 4 m beneath the
deployment frame along the streamwise axis of the flume at
approximately 1 min intervals (Figure 1). Test were under-
taken in irregular waves conforming to the JONSWAP
spectrum with the significant wave height, Hs, in the range
0.20 m to 1.55 m and peak period, Tp, in the range 4 s to 6 s.
Field measurements of wave-formed ripples comprising the
SDD were obtained by acoustic means by Hanes et al.
[2001] using a multiple acoustic transducer array [Jette,
1997; Jette and Hanes, 1998]. Further details of the
instrumentation and data analysis used to obtain the SDD
is given by Hanes et al. [2001]. Given that the measure-
ments were obtained in the field it is not possible to assess
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whether or not these ripples were fully in equilibrium with
the prevailing hydrodynamic conditions.
[13] It is noted here that in the range of hydrodynamic

conditions of the present experiments both two-dimensional
(2-D) ripples, i.e., long-crested, parallel ripples with height
and length constant over a large bed area and three-dimen-
sional (3-D) ripples were observed. These different ripple
morphologies are consistent with those reported in many
laboratory and field settings [e.g., Lofquist, 1978; Sato and
Horikawa, 1986; Boyd et al., 1988; Osborne and Vincent,
1993; Ribberink and Al-Salem, 1994; Traykovski et
al., 1999; Crawford and Hay, 2001; O’Donoghue and
Clubb, 2001; Williams et al., 2003]. Since existing empir-
ical formulae for prediction of ripple dimensions do not
discriminate between 2-D, 3-D, or intermediate ripple forms
and Williams et al. [2003] show that in cases of 3-D ripples
in the Delta flume h and l values are approximately
spatially invariant we consider that h and l values obtained
from bed profiles by the methods outlined above are
representative of the wider bed morphology. It is noted also
that given the limited spatial extent of the present measure-
ments it is thought possible that wave-generated bed forms
at a scale presently undetected by the instruments may also
exist.

3. Data Analysis

3.1. Delta Flume Data (DFD)

[14] Each ARP profile was edited to remove infrequent
noise spikes attributable to local resuspension events and
instrument noise. A digital filter was then used to separate
the SWRs [cf. Williams et al., 2004] from the LWRs present
during some of the tests. Using zero down-crossing analysis

software (available at http://www.maths.lth.se/matstat/
wafo), spatially averaged values of l and h for the SWRs
and for LWRs were then obtained from each ARP profile. In
cases where l values were large (i.e., <1.5 bed form
wavelengths present in a given ARP profile) a wavelet
analysis (wavelet software was provided by C. Torrence and
G. Compo, and is available at http://paos.colorado.edu/
research/wavelets/) [Torrence and Compo, 1998] technique
was used to determine values of l and h [cf. Metje et al.,
2001]. The wave orbital diameter do = H/sinh (kh) where
H = H or Hs, k is the wave number = 2p/L, L is the
wavelength of the surface gravity wave (i.e., 2p/k) and the
wave number, k = j/h. Here j is a dispersion parameter
defined as j = g

1/2(1 + 0.2g) for g � 1 and j = g [1 + 0.2
exp(2 � 2g)] for g > 1 [Soulsby, 1997]. In the term g = w2 h/
g, g is the acceleration due to gravity and w = 2p/T. The
orbital amplitude Ao is defined as do/2. The peak semiorbital
velocity close to the bed, uw, was obtained from uw = pdo/Tp
and estimates of the wave-induced skin friction bed shear
velocity, u*ws, were obtained from u*ws = (0.5 fwuw

2 )0.5 where
the wave friction factor, fw, is defined in terms of the relative
(grain) roughness, r, by Soulsby [1997] as fw = 1.39(0.5do/
zo)

�0.52 and where the Nikuradse equivalent sand grain
roughness is given by z0 = D50/12.
[15] The resulting hydrodynamic and sediment data were

then used to calculate a number of useful dimensionless
groupings. These included a wave ‘‘mobility number’’, y,
defined as y = ruw

2 /(rs � r)gD50 [Brebner, 1980] where rs is
the sediment density (2650 kg/m3) and r is the fluid density
(1000 kg/m3) used to characterize sediment dynamics: the
Rouse number, b = ws/ku*ws, where ws is the grain settling
velocity; the wave Shields number, qwave = 0.5 fwy; the
orbital Reynolds number, Rewave = Ao

2w/u; the grain Rey-

Figure 1. Deployment frame and instruments in the Delta flume (for details see Williams et al. [2004]).
Inset shows the acoustic ripple profiler (ARP) used to measure bed ripples.
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nolds number, Regrain = Ao wD50/u. Here s is the specific
gravity of the sediment (2.65). Tables summarizing hydro-
dynamic conditions associated with the DFD are given in
Appendix A.

3.2. Sandyduck Data (SDD)

[16] Using measured bed profiles, Hanes et al. [2001]
determined the shape and dimensions of bed forms using
zero up-crossing and a least squares sinusoidal shape fitting
techniques. These data analysis methods and the derivation
of hydrodynamic parameters from measured wave condi-
tions at the time of the ripple observations are described in
detail by Hanes et al. [2001]. The published data set
provides all the hydrodynamic variables necessary to esti-
mate the various parameters outlined above.

4. Results and Discussion

[17] Histograms showing the normalized frequency dis-
tributions of l, h and J, for LWRs (data: DFD; SDD [Hume
et al., 1999; Doucette, 2002b] and SWRs (data: DFD
suborbital ripples; SDD [Inman, 1957; Doucette, 2002b]
are shown in Figure 2. Note that for convenience the term
ripple data set (RDS) is now used to denote all SWR and
LWR data from the DFD, SDD [Inman, 1957; Hume et al.,
1999; Doucette, 2002b]. Figure 2 shows that while h values
for LWRs and SWRs are spread across approximately the
same range of values, the distributions for l and J are quite
different. There is a suggestion in this data therefore that
SWRs and LWRs may be distinct morphological forms.

This is considered further below in the light of other
evidence.
[18] Southard et al. [1990] found the spacing of LWRs

conformed approximately to that expected for orbital ripples
(i.e., 0.65do). In the case of the SDD we find that while l =
0.79do, (the overbar indicates the mean value), the correla-
tion between l and do is not statistically significant with
LWR spacing lying in the range 0.34do < l < 1.33do
(standard deviation = 0.25do). While LWR l values from
the DFD are found to be correlated with do (R

2 = 0.65), l =
0.97do and thus deviates significantly from the value given
by Southard et al. [1990]. No statistically significant corre-
lation is found between h values for the LWRs and do.
Given that l and h are poorly correlated with do or u*ws it
appears that the geometry of the present LWRs cannot be
explained simply in terms of the hydrodynamic forcing and
thus account must also be taken of the sediment properties.
[19] To examine differences between SWRs and LWRs

further it is helpful to examine the data sets using relation-
ships between single parameters and dimensionless group-
ings of hydrodynamic and sediment properties. Principle
amongst these are: h, l, J, l/D50, l/D50, h/D50, do/D50,
do/h, h/A0, l/A0, J/A0, Y, qwave, Rewave and Regrain and b.
Relationships between these various parameters form the
basis of many empirical predictive formulae for l and h of
wave-generated ripples and thus require examination using
the present data set. As a starting point, Figure 3 shows h, l
and J values plotted as a function of y, qwave, Rewave and
Regrain for the RDS. Here clusters of data values can be
identified with LWR values apparently separately from

Figure 2. Histogram distributions showing the normalized frequency distributions for l, h, and J for
LWRs and SWRs. Data from DFD, SDD, Inman [1957], Hume et al. [1999], and Doucette [2002b].
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SWR values in most of the plots. These LWR clusters are
highlighted by the gray shaded areas on each subplot. There
is considerable scatter in the data with no discernable trends.
Similar comments apply to the results presented in Figure 4
which shows h/D50, l/D50, and J/D50 as a function y, qwave,
Rewave and Regrain. Here, an attempt to normalize the data
sets using a fundamental sediment parameter has failed to
provide any statistically significant relationships between
ripple geometry and hydrodynamic parameters.
[20] Following previously published work the RDS is

now examined using some common dimensionless group-
ings frequently used in empirical expressions for predict-
ing ripple dimensions. Using D50 as the factor to create
dimensionless groupings, Figures 5a, 5b, and 5c show l/
D50, h/D50 and J as a function of do/D50, respectively.
Also included in Figure 5 are empirical curves fitted to
the water tunnel data of Mogridge and Kamphuis [1972]

by Mogridge et al. [1994], hereinafter referred to as
MDW curves. Figure 5b also shows lines proposed by
Miller and Komar [1980] and Southard et al. [1990] for
orbital (l = 0.65do) and anorbital ripples (l � 400D50 �
600D50). While there is a considerable scatter of data
points, two clear groupings are again evident in each plot:
one for SWRs; and a second for LWRs (identified by the
gray shaded areas). Using a combination of D50 and do as
the factors to create dimensionless groupings, Figures 6a
and 6b show l/D50 and J values plotted as a function of
do/h, respectively, and include MDW curves. In addition,
Figure 6c uses Ao as the factor to create dimensionless
groupings and shows h/A0 as a function of l/A0 and
includes the MDW curve. While the scatter of data points
is reduced on this plot, prediction of ripples requires
knowledge a priori of either l or h and thus this
relationship remains of limited usefulness.

Figure 3. The h, l, and J as a function of y, qwave, Rewave, and Regrain for the RDS. Symbols for LWRs
are as follows: solid diamond, Delta flume (D50 = 0.349 mm); solid square, Delta flume (D50 =
0.220 mm); solid triangle pointing down, SIS96 [Hanes et al., 2001]; solid triangle pointing up,
Sandyduck97 [Hanes et al., 2001]. Symbols for SWRs are as follows: open square, Delta flume
suborbital (all tests); open triangle pointing up, SIS95 [Hanes et al., 2001]; open triangle pointing left,
SIS96 [Hanes et al., 2001]; open triangle pointing right, Sandyduck97 [Hanes et al., 2001]; plus sign,
Inman [1957]; asterisk, Hume et al. [1999]; and solid circle, Doucette [2002b]. Note that LWRs are
indicated by the shaded gray areas.
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[21] The functional relationship between h/A0 or l/A0

and Y provide the basis of many empirical formulae for the
prediction of ripple geometry [Soulsby, 1997]. Thus in an
attempt to find a statistically significant relationships be-
tween ripple geometry and hydrodynamics for the RDS,
Figures 7a and 7b show h/A0 and l/A0 as a function of Y,
respectively, together with a number of curves predicted by
empirical expressions. These include MDW curves
and empirical predictions from the Nielsen [1981], (here-
inafter referred to as N-81), Grant and Madsen [1982]
(hereinafter referred to as GM-82) and Van Rijn [1989]
(hereinafter referred to as VR-89) equations. For clarity
these are shown in the top panels of Figures 7a and 7b
together with gray shading indicating the location of the
SWR and LWR data clusters. The expressions for these
various curves are given in Appendix B. It is evident that in
common with the previous plots there is considerable
scatter in the LWR and SWR data sets. In the case of h/

A0, Figure 7a shows that the GM-82 curve gives the best fit
to the SWR data. However, while N-81, GM-82 and VR-89
equations pass through the LWR and SWR data clusters,
they fail to predict LWRs at Y values beyond around 150.
The GM-82 and N-81(field) curves seriously underpredict
h/A0 values across all Y values. The MDW curve performs
much better in this respect and passes approximately
through the center of the LWR data cluster and extends
to high Y values. None of these equations performs well
against the LWR data set for l/A0, and each predicts rather
different l/A0 values for the SWRs. In this case the
N-81(field) curve gives the best fit to the data. The fitted
curves derived for the RDS are shown in the bottom panel
of Figures 7a and 7b together with the data. These various
curves take the form

hl
Ao

¼ exp �0:2043 ln Yð Þ2þ 1:279 ln Yð Þ � 4:808
h i

; ð1Þ

Figure 4. The h/D50, l/D50, and J/D50 as a function of y, qwave, Rewave and Regrain for the RDS.
Symbols for the LWRs are as follows: solid diamond, Delta flume (D50 = 0.349 mm); solid square, Delta
flume (D50 = 0.220 mm); solid triangle pointing down, SIS96 [Hanes et al., 2001]; solid triangle pointing
up, Sandyduck97 [Hanes et al., 2001]; Symbols for the SWRs are as follows: open square, Delta flume
suborbital (all tests); open triangle pointing up, SIS95 [Hanes et al., 2001]; open triangle pointing left,
SIS96 [Hanes et al., 2001]; open triangle pointing right, Sandyduck97 [Hanes et al., 2001]; plus sign,
Inman [1957]; asterisk, Hume et al. [1999]; and solid circle, Doucette [2002b]; Note that LWRs are
indicated by the shaded gray areas.
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(R2 = 0.40) and

ll

Ao

¼ exp �0:2007 ln Yð Þ2þ 1:467 ln Yð Þ � 1:718
h i

; ð2Þ

(R2 = 0.51) for LWRs; and

hs
Ao

¼ exp �0:0282 ln Yð Þ2�1:418 ln Yð Þ þ 1:249
h i

; ð3Þ

(R2 = 0.67) and

ls

Ao

¼ exp 0:0542 ln Yð Þ2�1:307 ln Yð Þ þ 2:843
h i

; ð4Þ

(R2 = 0.65) for the SWRs, where the subscripts l and s refer
to LWRs and SWRs, respectively. While not having a high
degree of statistical significance, these equations never-
theless have a capacity to predict with greater precision h
and l values for the present data set than the published
equations defined in Appendix B.
[22] Following Wiberg and Harris [1994], Figures 8a

and 8b show b as a function of do/h and do/l,
respectively, for the RDS. Figure 8a shows that the bulk
of the RDS is relatively closely grouped and spans the
range of do/h values distinguishing suborbital and anor-
bital ripples [cf. Wiberg and Harris, 1994]. Generally,
LWRs are associated with lower b values than SWRs.
Here we combine LWR and SWR data sets to obtain the

best fit line for prediction of h for SWRs and LWRs in
the form

do

hs;m
¼ exp 0:0461 ln bð Þ2� 0:6382 ln bð Þ þ 2:729

h i
; ð5Þ

(R2 = 0.32).
[23] Figure 8a shows also that SWRs and LWRs can exist

at the same do/h value and thus the usefulness of do/h and/or
b as a mean of discriminating between orbital, suborbital
and anorbital ripples for situations where SWRs and LWRs
coexist is clearly problematic. It is evident also that the
Doucette [2002b] data lies well outside the range of the rest
of the RDS. It is considered that this arises since the ripples
comprising this data set were formed in an environment
markedly different from that for the other ripples. In
Figure 8b, SWR and LWR do/l values separate into two
data clusters, each described by the curves

do

ll

¼ exp �0:0998 ln bð Þ2� 0:3006 ln bð Þ þ 0:8322
h i

; ð6Þ

(R2 = 0.40) for LWRs; and

do

ls

¼ exp 0:0952 ln bð Þ2� 0:6686 ln bð Þ þ 1:9269
h i

; ð7Þ

(R2 = 0.42) for the SWRs. Again we find that LWRs are
associated with lower b values than SWRs. Potentially,

Figure 5. (a) Normalized ripple height, h/D50, as a function of normalized wave orbital diameter,
d0/D50; (b) normalized ripple wavelength, l/D50, as a function of d0/D50; and (c) ripple steepness,J, as a
function of d0/D50. Symbols for LWRs are as follows: solid square, Delta flume; solid triangle, SIS96 and
Sandyduck97 [Hanes et al., 2001]; Symbols for SWRs are as follows: open square, Delta flume; open
triangle, SIS95, SIS96, and Sandyduck97 [Hanes et al., 2001]; plus sign, Inman [1957]; asterisk, Hume et
al. [1999]; and solid circle, Doucette [2002b]. Note that LWRs are indicated by the shaded gray areas.
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equations (5)–(7) provide another means of predicting the
dimensions of both SWRs and LWRs based upon readily
obtainable hydrodynamic and sediment parameters. Each
has a capacity to give predictions closer to the present data
set than existing empirical equations. However, the data
scatter is still relatively wide and errors in predicted ripples
dimensions are likely to be correspondingly large. It is
necessary also to make a distinction between SWRs and
LWRs in order to apply these expressions correctly and a
suitable method by which to do this remains unclear.
[24] Together Figures 5 to 8 show that for the RDS,

relationships between parameters expressing ripple geome-
try, sediment properties and hydrodynamic conditions exhibit
wide scatter. Thus in order to meet a desired requirement for
accurate prediction of ripple geometry alternative approaches
must be sought. Exploring further other potentially useful
relationships between ripple dimensions and hydrodynamic
conditions Figure 9 showsh/A0,l/A0 andJ/A0 as a function of
qwave, Rewave, and Regrain. While there is no statistically
significant relationship in the plots using the qwave and Regrain
parameters, graphs showing h/A0, l/A0 and J/A0 as a
function of Rewave show how the RDS collapses to
produces a narrower data cluster and provide an oppor-
tunity therefore to derive more precise expressions for the
prediction of h and l values for both LWRs and SWRs.
For clarity, these plots are shown in enlarged form in
Figure 10.
[25] Figure 10a shows h/A0 as a function Rewave. With the

exception of the SWR data from Hanes et al. [2001], (i.e.,

SWRs measured during SIS95 and SIS96) the remaining
83% of the RDS (including SWRs from Sandyduck97)
conform approximately to a curve in the form

hl;sub;s=Ao ¼ exp �1:037 ln Rewaveð Þþ10:30½ 	; ð8Þ

(R2 = 0.38). Here the subscript ‘‘sub’’ is used to
distinguish suborbital ripples. Forming their own distinct
data subset, the relationship between h/A0 and Rewave for
the SWRs measured during SIS95 and SIS96 by Hanes et
al. [2001] exhibits rather different behavior from the
other data and for this reason we have excluded these
data from the analysis. In attempting here to explain why
these data differ from the other data in the RDS it is first
assumed that the method used to deploy the instruments
did not affect the ripple formation processes. Since the
bulk of the data were obtained in shoaling waves, and in
some case shoreward migration of SWRs and LWRs was
reported by Hanes et al. [2001], it is thought that a
possible contributing factor concerns wave asymmetry
which may have modified SWR ripple formation
processes. Further, data were obtained at different shore-
normal locations where differences in grain size between
sites were large (i.e., 0.12 mm to 1.66 mm) and where
bed slope may have been variable owing to the presence
of bar systems. However, without further data it is not
possible to explain fully these differences.
[26] In Figure 10b, l/A0 is plotted as a function Rewave

and shows three distinct clusters of data: the SWRs;

Figure 6. (a) Normalized ripple wavelength l/D50 and (b) ripple steepness, J, as a function of d0/h, and
(c) normalized ripple height, h/A0, as a function of normalized ripple wavelength l/A0. Symbols for
LWRs are as follows: solid square, Delta flume; solid triangle, SIS96 and Sandyduck97 [Hanes et al.,
2001]; Symbols for SWRs are as follows: open square, Delta flume; open triangle, SIS95, SIS96, and
Sandyduck97 [Hanes et al., 2001]; plus sign, Inman [1957]; asterisk, Hume et al. [1999]; and solid circle,
Doucette [2002b]. Note that LWRs are indicated by the shaded gray areas.
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suborbital ripples from the DFD; and LWRs. Again we
exclude SWR data from SIS95 and SIS96 from the RDS the
best fit relationships for LWRs, suborbital ripples and
SWRs take the form

ll=Ao ¼ exp �0:938 ln Rewaveð Þþ13:28½ 	; ð9Þ

(R2 = 0.57)

lsub=Ao ¼ exp �0:290 ln Rewaveð Þþ3:78½ 	; ð10Þ

(R2 = 0.15)
ls=Ao ¼ exp �1:036 ln Rewaveð Þþ12:28½ 	; ð11Þ

(R2 = 0.43).

Figure 7. (a) Normalized ripple height, l/A0, as a function of the mobility number, y, and
(b) normalized ripple wavelength, l/A0, as a function of y. Symbols for LWRs are as follows: solid
square, Delta flume; solid triangle, SIS96 and Sandyduck97 [Hanes et al., 2001]; Symbols for SWRs
are as follows: open square, Delta flume; open triangle, SIS95, SIS96, and Sandyduck97 [Hanes et al.,
2001]; plus sign, Inman [1957]; asterisk, Hume et al. [1999]; and solid circle, Doucette [2002b]. Note that
LWRs are indicated by the shaded gray areas.
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[27] It is noted that the correlation between the variables
is still only weak and thus an ability to improve the
accuracy of bed form dimension predictions by this ap-
proach remains elusive. However, a statistically significant
fit to J/A0 versus Rewave is shown in Figure 10c. Excluding
SWR data from SIS95 and SIS96 from the RDS the curve
takes the form

Jl;sub;s=Ao ¼ exp �1:89 ln Rewaveð Þþ22:32½ 	; ð12Þ

(R2 = 0.67)
Equation (12) offers therefore potentially a new expression
for prediction of ripple steepness for a wide range of grain
sizes and hydrodynamic conditions.
[28] Attention is now given to a discussion based upon a

synthesis of the results and observations given above in an
attempt to answer the four questions posed in the introduc-
tion. The first of these concerns the processes bringing
about the superposition of different bed form scales in a
given hydrodynamic regime. Here two possibilities are
suggested by the present data: firstly SWRs and LWRs
are formed by different processes at work in the same
hydrodynamic regime and that some threshold exists below
which LWRs cannot be generated; and secondly, ripples are
formed by the same processes, but long, low amplitude ones
may persist through time as new smaller ripples are formed
in response to changing hydrodynamic conditions. To

address this question we must first examine the possible
mechanisms responsible for generating SWRs and LWRs
and see if there are any similarities. On the basis of
established theory it is assumed that the formation, orienta-
tion and migration of SWRs is related to the local wave-
induced flow field as described by e.g., Nielsen [1992] and
Soulsby [1997]. Here attention is focused on possible
mechanisms leading to the formation of the less well-
studied LWRs. If these can coexist or even enhance the
mechanisms responsible for formation of SWRs, it might
explain how the two ripple types come to be superimposed
in certain condition.
[29] It is first noted that the h and J values reported here

for LWRs are generally lower than those reported from
previous observations [e.g., Osborne and Vincent, 1993;
Gallagher et al., 1998; Thornton et al., 1998]. This raises
the question of whether the oscillatory flow adjacent to the
present LWRs actually separates to create the shear stress
distribution necessary for normal wave-related ripple for-
mation processes. Using the measured bed form shapes and
wave forcing, Hanes et al. [2001] used the DUNE 2D
model [Tjerry, 1995; Andersen, 1999] to simulate the
boundary layer above their measured bed forms. In cases
of LWR alone, results from the model showed only weak
flow separation and turbulence generation and thus sug-
gested strongly that processes forming LWRs are unrelated

Figure 8. Rouse number (b) as a function of (a) d0/h showing the subdivision between orbital,
suborbital, and anorbital ripples proposed by Wiberg and Harris [1994] and (b) d0/l. Symbols for LWRs
are as follows: solid square, Delta flume; solid triangle, SIS96 and Sandyduck97 [Hanes et al., 2001];
Symbols for SWRs are as follows: open square, Delta flume; open triangle, SIS95, SIS96, and
Sandyduck97 [Hanes et al., 2001]; plus sign, Inman [1957]; asterisk, Hume et al. [1999]; and solid circle,
Doucette [2002b]. Note that LWRs are indicated by the shaded gray areas.
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to those for typical SWRs. In a similar approach used here
results from a 1DV boundary layer model [O’Connor et al.,
1994] gave essentially the same results showing that flow
separation and associated turbulence generation did not
occur above LWRs and was most intense for bed forms
with dimensions similar to SWRs. This evidence suggests
strongly that the mechanisms leading to formation of LWRs
are unrelated to those forming SWRs and alternatives must
be examined.
[30] As flat bed conditions would normally be expected

the simple fact that bed forms are observed at all in
washout conditions when Y > 156 [Nielsen, 1992] is

unexpected. It is noted also that LWRs persist for periods
of hours in high wave conditions and show little tendency
to diminish in height. A possible mechanism contributing
to the formation and maintenance of LWRs at these high
wave mobility numbers originally put forward by Wiberg
and Harris [1994] concerns the periodic deposition and
resuspension of suspended sediment around the times of
flow reversal and flow maxima, respectively. This mech-
anism is suggested to result in the generation of low
amplitude ripples with relatively long wavelengths scaling
approximately with Ao. This is supported by evidence
from the present data set which shows that that l values

Figure 9. The h/A0, l/A0, and J/A0, as a function of y, qwave, Rewave and Regrain for the RDS. Symbols
for LWRs are as follows: solid diamond, Delta flume (D50 = 0.349 mm); solid square, Delta flume (D50 =
0.220 mm); solid triangle pointing down, SIS96 [Hanes et al., 2001]; solid triangle pointing up,
Sandyduck97 [Hanes et al., 2001]. Symbols for SWRs are as follows: open square, Delta flume
suborbital (all tests); open triangle pointing up, SIS95 [Hanes et al., 2001]; open triangle pointing left,
SIS96 [Hanes et al., 2001]; open triangle pointing right, Sandyduck97 [Hanes et al., 2001]; plus sign,
Inman [1957]; asterisk, Hume et al. [1999]; and solid circle, Doucette [2002b].
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for LWRs in all lie within a factor of approximately 2 of
do. Until the recent development of bed form measure-
ment techniques in the field, it was thought that the
conditions necessary to support the development of such
bed forms could only exist in the laboratory since the
vertical diffusion and advection of suspended sediment
resulting from weak currents would act to suppress such
bed form development. The DFD and SDD show clearly
the persistence of LWRs for Y > 156 and thus for at least
part of the wave cycle a significant amount of sediment
in suspension would be expected in a high-concentration
near-bed layer (Figure 7). This is supported by evidence
of high suspended sediment concentrations measured in
the Delta flume by acoustic means [Williams et al., 2003]
in a region extending 1 cm above the bed. Thus the
conditions necessary to support the generation mechanism
for LWRs suggested by Wiberg and Harris [1994] are
observed to exist.
[31] A further and related mechanism to be implicated

in the formation of LWRs through enhancement of the
near bed sediment transport concerns the residual flows

associated with waves. Principal among these is the
steady wave streaming (or mass transport) effect
[Longuet-Higgins, 1953] which refers to the wave-in-
duced residual driven by vertical wave velocities occur-
ring in the wave direction at the edge of the wave
boundary layer above a plane bed for low waves. Given
the uncertainties associated with sediment thresholds,
settling velocity etc. it is considered here to be unpro-
ductive to use complex models of the wave boundary
layer (wbl) to assess the possible role of wave streaming
in ripple formation processes. Here we adopt a simple
approach where the Eulerian drift velocity (or wave-
induced streaming) for sinusoidal waves at the upper
level of the wave boundary layer, U1 is given approx-
imately by the expression

U1 ¼ 3k

4w
gkAo

w cosh khð Þ

� �2

: ð13Þ

While in the present case it is necessary to also add an
additional term to equation (13) to account for wave

Figure 10. The h/A0, l/A0, and J/A0, as a function of Rewave for the RDS. Symbols for LWRs are as
follows: solid triangle, Delta flume (D50 = 0.349 mm), Delta flume (D50 = 0.220 mm), and SIS96 and
Sandyduck97 [Hanes et al., 2001]. Symbols for SWRs are as follows: solid square, Delta flume
suborbital (all tests); SIS95 and SIS96 [Hanes et al., 2001]; open triangle pointing up, Sandyduck97
[Hanes et al., 2001]; plus sign, Inman [1957]; asterisk, Hume et al. [1999]; and solid circle, Doucette
[2002b].
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asymmetry, [e.g., Fredsøe, 1984], here for simplicity we
assume wave asymmetry adds a further 10% to U1 values
predicted by equation (13).
[32] In order to assess the ability of these wave-induced

flows to move sediment it is necessary to estimate the
resulting bed shear stress due to U1 and the threshold
bed shear stress for the sediment. Here we assume a log
profile in the thin wave boundary layer so that the skin
friction bed shear stress related to wave streaming, tws, is
given by

tws ¼ r
kU1

ln dw=zoð Þ

� �2

; ð14Þ

where k is the Karman constant = 0.4 and dw is the thickness
of the wbl (i.e.,

ffiffiffiffiffiffiffiffiffiffiffi
2n=w

p
). The threshold skin friction shear

stress values, tcrit, were calculated using

tcrit ¼ qcritg rs � rð ÞD50; ð15Þ

where the critical Shields parameter is defined as

qcrit ¼
0:3

1þ 1:2D*
þ 0:055 1� exp �0:020D*

� �	 

: ð16Þ

Soulsby [1997], and the dimensionless grain parameter is
defined as

D* ¼ g s� 1ð Þ=n2
� �1

�
3
D50:

[33] Results from a simulation using equation (13) are
presented in Figure 11 which shows U1 as a function of
Ao for the range 0.5 m < Ao < 1.5 m (typical of the RDS)
in the top panels of Figures 11a–11c and tws as a
function of U1 in the bottom panels of Figures 11a–
11c for D50 = 0.157 mm, 0.220 mm and 0.349 mm, T =
4 s, 6 s, 8 s and 10 s, in water depths of 4.5 m, 6.0 m
and 10 m. Here the gray shaded portion indicates con-
ditions below the threshold of motion for these grain
sizes. Considering Figure 11a first, it is apparent that
irrespective of the grain size, tws has a potential to
transport sediment when Ao exceeds around 1 m. This
example sets parameters close to those pertaining for the
bulk of the RDS and thus indicates that wave streaming
is likely to be implicated in sediment transport under the
larger waves and thus might influence ripple formation
processes. As the water depth is increased, Figure 11b
shows that tws decreases and that progressively larger
waves are required to mobilize the bed sediments. In the
last example, Figure 11c shows that in 10 m water depth
tws values in all cases fall below the tcrit values and thus
sediment transport would not be expected. While results
of the numerical simulations shown in Figure 11 depend
heavily on the parameterization used to define dw, zo and
tcrit they provide a guide to the likelihood of bed
sediment mobilization by wave streaming not previously
considered in this context. They imply that in combina-
tion with the flow and turbulence associated with the
oscillatory component of the wave-induced flows, large
waves have a potential to transport significant amounts of
sediment in a thin, high concentration layer in the

direction of the wave streaming current. It is considered
likely therefore that this mass transport will influence the
formation of bed forms in wave-only situations and
provide a different mechanism leading to the formation
of LWRs. Further it could in principal operate at the same
time as those processes forming SWRs.
[34] While here we make assumptions regarding the

affects of wave asymmetry we note that the effects of
wave asymmetry can reduce greatly (even reverse) the
direction of the combined residual (streaming plus asym-
metry) in cases where the wave steepness is increased.
For the very rough and rippled beds considered here,
even weakly asymmetrical waves may produce an off-
shore mass transport at the edge of the wave boundary
layer (wbl) [cf. Mathisen and Madsen, 1996] and a
pronounced onshore near bed residual jet in the bottom
part of the wbl [Davies and Villaret, 1999]. Recent
numerical modeling based on a solution of the vorticity
equation shows also that steady streaming directed along
the mild slope of the ripples toward the crest can also be
generated at the first order in the wave slope when the
sea bed is covered by asymmetric ripples. The steady
streaming is found to increase with both the Reynolds
number and with the asymmetry index of the ripples. If
the streaming currents are competent to mobilize and
transport bed sediments they might play a further role
in the generation of LWRs through processes not dissim-
ilar to those responsible for current ripples. These effects
are likely to enhance rather than suppress the processes
outlined above and thus our arguments that residual
currents induced by waves may play a role in the
formation and maintenance of LWRs are supported fur-
ther by these considerations.
[35] Turning attention back to the question posed above

concerning the superposition of SWRs on LWRs, the
evidence suggests that once formed in high wave mobility
number conditions, LWRs are persistent bed features.
This evidence supports further the suggestion by Marsh
et al. [1999] that it is rather difficult to change the
wavelength of some wave-generated ripples once they
have formed. At lower Y values, sheet flow ceases and
SWRs are again generated over the surface of the LWRs
by the familiar vortex shedding mechanisms. Since sed-
iment transport is now reduced and the wave-induced
flows probably do not separate above the LWRs, no
effective mechanism exists in wave-only flow to remove
these features quickly and thus they remain as relict
features that coexist with the SWRs for some length of
time. Observations in the Delta flume indicate that in
these circumstances LWRs are slowly reduced in height
by the processes forming new SWRs. These comments
are also supported by Hanes et al. [2001] who suggest
that the geometry of LWRs remains intact long after the
hydrodynamic conditions have changed and thus in many
field situations are mainly relic features.
[36] Attention is now given to consider why measured

wave-generated ripple geometry exhibits such a wide
variance in essentially the same hydrodynamic conditions.
It is self evident that owing to the time taken for ripples
to grow toward equilibrium and for established ripples to
respond to changes in the flow, ripple geometry at any
given instant will be rarely in equilibrium with the
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prevailing flow condition [e.g., Marsh et al., 1999;
Traykovski et al., 1999; Hanes et al., 2001]. This dis-
equilibrium is probably further enhanced by complex
interactions between SWRs and LWRs identified by
Hanes et al. [2001]. Thus here we have two possible
explanations for the data scatter shown in Figure 10:
firstly the highly nonlinear interactions between SWRs
and LWRs introduce a further stochastic element into the
ripple formation processes and result in the generation of

different bed form scales in the same hydrodynamic
regime; and secondly, the time taken for the processes
of SWR formation and the accompanying destruction of
LWRs probably depends on factors such as antecedent and
present hydrodynamic condition and sediment properties
and thus is highly variable. Further factors contributing to
data scatter applies particularly to field observations of
ripple geometry in a broad and ever changing wave
spectrum. In this case there may be no particular dominant

Figure 11. Plots showing potential sediment mobilization and transport by wave streaming for T = 4 s,
6 s, 8 s, and 10s, D50 = 0.157 mm, 0.220 mm, and 0.349 mm over the range 0.5 m < Ao < 1.5 m for h =
(a) 4.5 m, (b) 6.0 m, and (c) 10.0 m. The top panels of Figures 11a–11c show U1 plotted as a function of
Ao. The bottom panels of Figures 11a–11c show t plotted as a function of U1.
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near-bed orbital diameter forcing the formation of ripples
and their geometry will reflect spatial and temporal vari-
ability in the wave field. In these circumstances the idea of
a single values for h or l is meaningless and ripple
geometry is best described spectrally. It is likely also that
in some cases wave-formed ripples are modified by the
presence of a current unrelated to the waves leading directly
to data scatter. A further factor to consider is related to the
2-D or 3-D morphology of the ripples. Work reported by
O’Donoghue and Clubb [2001] suggests that the geome-
tries for 3-D ripples are not related to the local flow in the
same way as 2-D ripples. While we do not find any strong
evidence for this in the DFD, it is considered likely that
some of the variance in measured ripple geometries
reported here can be attributed to this factor.
[37] Since prediction of the hydraulic roughness of the

bed, ks, is necessary and often required a priori in many
numerical models to predict tidal currents, waves and
sediment transport the next question concerns the effects
of bed form superposition on ks. Grant and Madsen [1982]
show that ks is a function of the skin friction (related to
D50), the form drag (related to ripple geometry) and the
near-bed sediment transport. Further, they showed that
ripples are responsible for the majority of hydraulic
roughness under waves when ripple steepness is >0.1. In
terms of their contribution to bed roughness, the relative
importance of LWRs can be assessed by considering the
total hydraulic roughness ks defined as

ks ¼
8h2

l
þ 5qwsD50 ð17Þ

[Nielsen, 1992], where 5qwsD50 is the bedload roughness. For
the DFD and the SDD the contribution made by bedload
roughness to ks is estimated to be only O(0.5%) of the bed
form roughness and may therefore be neglected for all
practical purposes. Taking typical values for LWRs of h =
1 cm and l = 100 cm, and for SWRs of h = 5 cm and l =
30 cm, gives ks values = 0.08 and 1.33, respectively and thus
ks values for SWRs are at least one order of magnitude greater
than those for LWRs. Although of lesser importance in terms
of bed friction, nevertheless LWRs influence hydrodynamic
and associated sedimentary processes and thus require
consideration.
[38] Finally, we ask from a practical standpoint which are

the best equations to use for predicting the geometry of
SWRs and LWRs? A number of widely used empirical
expressions have been shown to under perform in cases
involving ‘‘equilibrium’’ LWRs. Following established
approaches, equations (1)–(4) are shown to have a have a
capacity to predict with greater precision h and l values for
the present data set than the published equations defined in
Appendix B. However to apply these formulae correctly it is
necessary to make a distinction between SWRs and LWRs
which is frequently difficult and impracticable. While
Figures 3 and 4 indicate it might be possible to do this,
there is still considerable uncertainty and thus another
approach is desirable. The present data indicate that an
alternative might be to use equations (8) and (12) to predict
h and J. If the ripple can be classified, equations (9)–(11)
can be used to calculate l or in a simpler approach use l =
h/J. This method gives estimates of h and l values that are
at least as accurate as existing methods and have the

additional advantage that their predictive range spans a
wide range of hydrodynamic conditions and ripple mor-
phologies. The use of these expressions in situations not
encompassed by existing expressions is therefore recom-
mended.

5. Conclusions

[39] The following points summarize our conclusions.
[40] 1. Acoustic technologies have been applied success-

fully to measure the height and wavelength of wave-
generated bed forms on beds of sandy sediment in the
large-scale Delta flume. Given the essential information
pertaining to the bed morphology these instruments provide
their use in all field and laboratory studies of sediment
transport is recommended.
[41] 2. Evidence from flume and field studies shows that

SWRs are commonly superimposed upon LWRs.
[42] 3. LWRs observed in the laboratory and in the field

were longer and had lower relief than was predicted by
models or generally observed previously.
[43] 4. In common with the field data, SWRs observed in

the Delta flume were washed out at high wave mobility
numbers and LWRs were present most of the time. LWRs
were also much more persistent than SWRs are only
evolved slowly once established.
[44] 5. Evidence indicates that LWRs are essentially low-

relief orbital-like ripples, scaling approximately with Ao,
and formed by mechanisms related to the periodic resus-
pension and deposition of sediment and wave-induced
streaming currents.
[45] 6. Nonlinear interactions between SWRs and LWRs

and wave spectra are thought to introduce further stochastic
processes into ripples generation and are probably impli-
cated in the range of bed form geometry observed in
essentially the same hydrodynamic regime.
[46] 7. Time lags between changes in the hydrodynamic

conditions and the bed response indicates that the bed
history may be as important as the hydrodynamic conditions
in determining ripple geometry.
[47] 8. The new predictive equations for wave-generated

ripple dimensions span a broad range of sediment and
hydrodynamic conditions and negate a need to distinguish
between SWRs and LWRs.
[48] 9. These equations may have applications in the

interpretation of past depositional environments where ro-
bust methods based upon the identification and the inter-
pretation of bed forms preserved in sedimentary facies are
needed for accurate environmental reconstruction. This is
especially important in cases where LWRs might be mis-
interpreted as current-generated ripples.

Appendix A: Delta Flume Data (DFD)

[49] Values for the fundamental hydrodynamic and sedi-
ment parameters Hs, do, y, u*ws, h and l are given in
Tables A1 and A2 for the DFD for D50 = 0.349 mm and
0.22 mm, respectively. Here we show only those tests where
LWRs and SWRs coexisted. The subscripts ‘‘s’’ and ‘‘m’’
refer to SWRs and LWRs, respectively. Table A3 summa-
rizes field data from Doucette [2002b] obtained on low-
energy beaches with long-period, low-amplitude waves.
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Note that additional data from the Delta flume and data
from Inman [1957] and Hume et al. [1999] used here are
summarized by Williams et al. [2004].

Appendix B: Definition of Empirical Equations
for Prediction of Ripple Geometry

B1. Prediction of Ripple Geometry [Nielsen, 1981]

[50] Nielsen [1981] computes l and h values in terms
of the skin friction bed shear stress, ts, and y using
separate empirical formulae derived for laboratory and
field conditions. For laboratory data, h/l = 0.182 �
0.24ts

1.5; l/Ao = 2.2 � 0.345 y0.34; and h/Ao = 0.275 �
0.022y0.5. For field data (where y > 10), h/l = 0.342 �
0.34ts

0.25; l/Ao = [(exp 693 � 0.371 ln8 y)/(1000 + 0.75
ln7 y)]; and h/Ao = 21y�1.85. In these expressions, l
and h = zero at y � 156 when sheet flow conditions
apply. Marsh et al. [1999] interpret the distinction made
here between laboratory and field conditions in terms of
the wave spectrum width with laboratory conditions
implying monochromatic waves and field conditions
implying a broad spread of wave heights and/or periods.

B2. Prediction of Ripple Geometry [Grant and Madsen,
1982]

[51] Grant and Madsen [1982] relate the geometry of
ripples to excess bed shear stress. For orbital ripples this
takes the form in the form h/l = 0.16(ts/tc)

�0.04 and h/Ao =
0.22(ts/tc)

�0.16 where ts/tc < 1.8S*
0.6, tc is the critical bed

shear stress for initiation of sediment motion, S* = [(rs/r) �
1]gD50

1.5/4n and n is the kinematic viscosity of the fluid. For
values of ts/tc > 1.8S*

0.6 (i.e., suborbital and anorbital
ripples [Wiberg and Harris, 1994]), h/l = 0.28S*

0.6

(ts/tc)
�1 and h/Ao = 0.48S*

0.8 (ts/tc)
�1.5.

B3. Prediction of Ripple Geometry [Van Rijn, 1989]

[52] Van Rijn [1989] relates h to y for irregular waves in
the form h/Ao = 0.22 for y � 10, h/Ao = 2.8 � 10�13 (250 �
y)5 for 10 < y < 250, and h/Ao = 0 for y > 250. With
knowledge of h, values of l are then computed using h/l =
0.18 for y � 10, h/l = 2 � 10�7 (250 � y)2.5 for 10 < y <
250, and h/l = 0 for y > 250.

Notation

Ao orbital amplitude (m);
D* dimensionless grain parameter (-);
D50 median grain diameter (mm);
H wave height (m);
Hs significant wave height (m);
L surface gravity wave wavelength (m);
Lr length scale (m);
R2 product moment correlation coefficient (-);

Regrain grain Reynolds number;
Rewave orbital Reynolds number;

S* dimensionless grain parameter [Grand and
Madsen, 1982];

T wave period (s);
Tp peak wave period (s);

U1 wave streaming velocity (m/s);
U*w peak wave shear velocity (m/s);

b Rouse parameter (-);
do wave orbital diameter (m);
fw wave friction factor (-);
g acceleration due to gravity (= 9.81 m/s2);
h water depth (m);
k wave number (-);
ks Nikuradse equivalent sand grain roughness

(2.5D50) (mm);
s specific gravity of sediment (-);

Table A3. Field Data From Doucette [2002b, Tables 1 and 2]

h, m D50, mm Hs, m do, m Y - U*w, m/s h, m l, m

0.30 0.58 0.10 0.17 74 0.014 0.03 0.17
0.77 0.35 0.21 1.44 59 0.018 0.09 0.52
0.99 0.35 0.19 1.03 53 0.015 0.09 0.47
0.50 0.51 0.19 0.56 84 0.020 0.06 0.50
0.18 0.40 0.13 1.19 83 0.021 0.06 0.42
0.52 0.40 0.14 0.92 35 0.013 0.05 0.33
0.47 0.62 0.26 2.22 39 0.024 0.11 0.74
0.68 0.62 0.18 0.99 25 0.015 0.14 0.84
0.77 0.62 0.16 0.77 27 0.014 0.11 0.91
0.94 0.62 0.18 0.73 27 0.014 0.11 0.76
1.01 0.62 0.21 0.94 24 0.014 0.10 0.56
1.08 0.62 0.24 1.21 24 0.015 0.07 0.48
0.47 0.62 0.26 2.22 40 0.025 0.09 0.64
0.68 0.62 0.18 0.99 25 0.015 0.10 0.64
0.77 0.62 0.16 0.77 28 0.014 0.12 0.80
0.94 0.62 0.18 0.73 28 0.014 0.13 0.90
1.01 0.62 0.21 0.94 24 0.014 0.11 0.62
1.08 0.62 0.24 1.21 24 0.015 0.07 0.52
0.38 0.38 0.17 0.62 118 0.020 0.05 0.26
0.38 0.38 0.17 0.62 118 0.020 0.05 0.26
0.23 0.43 0.09 1.14 25 0.012 0.05 0.56
0.23 0.43 0.12 1.78 34 0.017 0.03 0.33
0.33 0.41 0.07 0.13 73 0.010 0.02 0.08
0.31 0.53 0.06 0.13 52 0.010 0.02 0.16
0.36 0.53 0.08 0.16 51 0.011 0.03 0.32

Table A2. Suborbital Ripples Coexisting With Megaripples and

Associated Hydrodynamics, Delta-2 Tests, With D50 = 0.220 mma

Test Hs, m do, m Y - U*w, m/s hs, m ls, m hl, m ll, m

D-2F06 1.0 1.17 104 0.034 0.01 0.55 0.021 1.0
D-2F07 1.2 1.38 147 0.039 0.01 0.48 0.013 1.0
D-2F08 1.4 1.61 199 0.044 0.01 0.38 0.014 1.4
D-2F09 1.3 1.48 169 0.041 0.01 0.43 0.012 1.3
D-2F10 1.2 1.39 149 0.039 0.01 0.41 0.013 1.1
D-2F11 1.1 1.28 126 0.037 0.01 0.43 0.015 1.2
D-2F12 1.0 1.17 106 0.035 0.01 0.45 0.015 1.1
D-2F13 0.8 0.95 69 0.032 0.01 0.44 0.019 0.7
D-2F14 0.6 0.73 40 0.024 0.01 0.33 0.020 1.0

aValues in bold indicate theoretical sheet flow conditions.

Table A1. Suborbital Ripples Coexisting With Megaripples and

Associated Hydrodynamics, Delta-2 Tests, With D50 = 0.349 mma

Test Hs, m do, m Y - U*w, m/s hs, m ls, m hl, m ll, m

D2-M08 1.4 1.62 127 0.049 0.05 0.60 0.015 2.0
D2-M09 1.6 1.79 156 0.053 0.05 0.65 0.020 2.5
D2-M10 1.8 1.96 186 0.057 0.05 0.64 0.020 2.0
D2-M11 1.6 1.76 150 0.053 0.06 0.71 0.020 2.0
D2-M12 1.4 1.62 127 0.049 0.04 0.71 0.016 2.0
D2-M13 1.2 1.39 94 0.044 0.06 0.66 0.008 0.8
D2-M14 1.0 1.18 67 0.039 0.03 0.55 0.004 0.8

aValues in bold indicate theoretical sheet flow conditions.
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uw maximum semiorbital wave speed close to the bed
(m/s);

u*ws skin friction (grain roughness) wave-only bed
shear velocity (m/s);

ws grain settling velocity (m/s);
zo total bed roughness length (m);
J wave ripple steepness (-);
dw thickness of the wave boundary layer (m);
g w2 h/g (-);
h wave ripple height (m);
j dispersion parameter (-);
k Karman constant (0.4) (-);
l wave ripple wavelength (m);
n kinematic viscosity of the fluid (m2/s);

qcrit critical Shields parameter (-);
qw wave Shields parameter (-)
qws wave-only skin friction Shields parameter (-)
r fluid density (kg/m3);
rs sediment density (kg/m3);
x coefficient (-);
ts skin friction bed shear stress (N/m2);

tcrit critical bed shear stress for initiation of sediment
motion (N/m2);

tws skin friction (grain roughness) wave-only bed
shear stress (N/m2);

w radian frequency of waves (rad/s);
y mobility number [Brebner, 1980] (-).
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