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[1] A comprehensive database of existing (since 1954) field and laboratory measurements
of ripple geometry is compiled and combined with newly collected field data to examine the
performance of ripple equilibrium predictors. Reanalysis of this enlarged ripple geometry
data set reveals that ripples formed from monochromatic waves scale differently than
ripples formed from random waves for many existing ripple predictors. Our analysis
indicates that ripple wavelengths from the two data sets collapse into a single scaling when
the semiorbital excursion and sediment grain diameter are used as normalizing factors.
Ripple steepness remains relatively constant for both regular and irregular wave conditions,
and it only slightly increases for shorter ripple wavelengths. These findings allowed for the
development of a new equilibrium ripple predictor suitable for application in a wide range
of wave and sediment conditions.
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Res. Oceans, 118, 3202–3220, doi:10.1002/jgrc.20241.

1. Introduction

[2] In the coastal ocean, ripples are formed by surface
gravity waves traveling in water depths shallow enough for
the oscillatory motion to be felt by the bed sediments. Once
these oscillatory motions become large enough for the sedi-
ment grains to mobilize, the seabed begins to organize into
a series of parallel ridges oriented perpendicular to the
direction of wave propagation. These initial ripples have a
small steepness (defined as the ratio of ripple height to
wavelength) and are commonly known as rolling grain rip-
ples [Bagnold, 1946]. Once the ripple steepness becomes
greater than approximately 0.1, a vortex (eddy) forms on
the lee side of the ripple that traps any sediment eroded
from the ripple surface. Upon flow reversal, this sediment
is ejected higher into the water column [Bagnold, 1946],
contributing to increased sediment resuspension. In addi-
tion to their effect on resuspension, ripples play an impor-
tant role in bottom friction as they affect turbulence levels
and mean flow structure in the benthic boundary layer [e.g.,
Grant and Madsen, 1986] and also contribute to enhancing

wave attenuation [e.g., Ardhuin et al., 2003]. More
recently, Madsen et al. [2010] showed that wave-induced
ripples could also alter the direction of the mean current
close to the seabed, possibly having implications on the
overall direction of sediment transport.

[3] Ripples can also act as a source (or sink) of seabed
nutrients which are released to the overlying water column
(or injected into the seabed) when they adjust their size and
shape or are eroded during sheet flow conditions [e.g.,
Precht and Huettel, 2004]. Even under stable geometry, the
pressure gradient forming between the high- (stoss) and
low-pressure (lee) sides of the ripple can contribute to fluid
permeating the ripple body, thereby flushing out nutrients
or contaminants trapped in the space between the sedimen-
tary particles that constitute the ripple [Huettel et al., 1998;
Rocha, 2008]. Furthermore, the presence of ripples affects
the use of acoustics in the marine environment as they
facilitate the penetration of acoustic waves in the seabed
[Chotiros et al., 2002; Jackson et al., 2002; Thorsos and
Richardson, 2002], a condition that improves the detection
of buried objects. On the other hand, they provide a back-
scattering surface that complicates seabed classification
using acoustic backscattering techniques [e.g., Voulgaris
et al., 1992; Collins and Voulgaris, 1993].

[4] Because of their importance, a number of studies have
been carried out aiming at predicting the ripple dimensions
for a given wave forcing. Earlier studies focused on identify-
ing the geometric characteristics of ripples (wavelength and
height) for a given wave orbital velocity, wave period, and
sediment size [e.g., Komar, 1974; Clifton, 1976; Nielsen,
1981; Grant and Madsen, 1982 (GM); and references
therein] and produced models that predict ripple wavelength
and height assuming that a final form has been achieved
(equilibrium ripple geometry). More recently, time-variable
ripple prediction models [e.g., Traykovski, 2007 (Tr);
Soulsby et al., 2012] have been developed that are able to
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predict ripple dimensions at any time independently if the
ripples are in equilibrium or not. These models, based on
sediment transport principles, assume that when the seabed
is not in equilibrium with the hydrodynamic forcing, the rip-
ple reorganizes itself in order to achieve the equilibrium con-
ditions. As the wave forcing changes in time so does the
ultimate geometry the seabed tries to achieve (the equilib-
rium conditions) and prediction of this intermediate geome-
try is the goal of the time-dependent models which in turn
depends on the definition of the equilibrium ripple predictor.
To date, a large number of equilibrium models have been
described in the literature. In Table 1 we present the referen-
ces of 13 most commonly used spanning the years 1981–
2009 as well as the type of data they used for deriving their
corresponding model.

[5] The basis for many of the equilibrium ripple predic-
tors is a set of dimensionless parameters based on the flow
properties and sediment characteristics. This approach was
first used by Yalin and Russell [1962] and further devel-
oped by others [Carstens et al., 1969; Mogridge and Kam-
phuis, 1972; Dingler, 1974; Pedocchi and Garc�ıa, 2009a
(PG)]. The parameters commonly include wave bottom or-
bital velocity (ub), wave period (T), median sediment grain
diameter (D50), sediment density (�s), density of fluid (�w),
and gravity (g). This has led to the development of the fol-
lowing nondimensional parameters:

T�=D2
50; ubD50=�;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s� 1ð ÞgD3

50

q
=�; s� 1; �

� �
ð1Þ

where s¼ �s/�w, � is the kinematic viscosity of the fluid,
and � is the angle of repose which for sand is approxi-

mately equal to 32�. Various combinations of the above
nondimensional numbers constitute the basis for many of
the parameters commonly used in sediment dynamics such
as the mobility number, the wave Reynolds number, the
nondimensional sediment parameter, the wave period pa-
rameter, and the ratio of the wave orbital semiexcursion to
the sediment grain size (Ab/D50). A detailed description of
the derivation of these parameters can be found in PG,
while the corresponding equations are further described in
section 2.

[6] The plethora of equilibrium ripple predictors, the dif-
ferent scaling used between them, and the lack of agree-
ment among them emphasizes the point that the problem
has not been resolved yet. The discrepancies could be
attributed to differences in the data sets used in the devel-
opment of these models, with some of them being obtained
in the field and others in the laboratory; the quality of the
data and the accuracy of the assumption that the data used
represent real equilibrium conditions.

[7] Many of the early studies were primarily conducted
in laboratory settings where the hydrodynamics can be eas-
ily controlled and ripples consistently observed [e.g., Yalin
and Russell, 1962; Kennedy and Falcon, 1965; Carstens
et al., 1969; Lofquist, 1978]. Later on, use of divers
allowed for field observations under conditions conducive
to the diver’s safety and water visibility [e.g., Inman, 1957;
Miller and Komar, 1980]. Subsequently, such observations
were automated using underwater cameras which allowed
for regular sampling intervals but were hindered by
reduced visibility during energetic conditions [e.g., Boyd
et al., 1988; Powell et al., 2000; Xu, 2005, and references
therein]. During the past two decades, the use of a

Table 1. Equilibrium Ripple Predictors Examined in This Study

Model Reference Parameters Data Type

NF Nielsen [1981] Mobility number Field
NL Nielsen [1981] Mobility number Lab

Shields parameter
GM Grant and Madsen [1982] Shields parameter Lab

Dimensionless sediment parameter
Vr Van Rijn [1993] Mobility number Field
MO Mogridge et al. [1994] Period parameter Lab and field
WH Wiberg and Harris [1994] Orbital diameter Lab and field

Grain diameter
WM Wikramanayake and Madsen [1994] Mobility number Field

Dimensionless sediment parameter
SG Styles and Glenn [2002] Mobility number Field

Dimensionless sediment parameter
FF Faraci and Foti [2002] Wave Reynolds number Lab

Sediment Reynolds number
Mobility number

GK Grasmeijer and Kleinhans [2004] Mobility number Field
SW Soulsby and Whitehouse [2005] Orbital amplitude Lab and field

Grain diameter
Tr Traykovski [2007] Orbital diameter Field

Settling velocity
Radian wave frequency

Orbital velocity
PG Pedocchi and Garc�ıa [2009a] Dimensionless particle size Lab and field

Orbital velocity
Settling velocity
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stationary sector scanning sonar system has allowed for
continuous sampling during long deployments regardless
of water visibility [e.g., Hay and Wilson, 1994; Traykovski
et al., 1999; Voulgaris and Morin, 2008; Warner et al.,
2012] and wave activity levels. This proliferation of ripple
measurements and the collection of additional data allow
for testing the performance of existing models, their
improvement, and possibly the development of a new
model that better predicts wave-induced ripples in the ma-
rine environment.

[8] The objectives of this study are to (i) assemble all
existing data (field and laboratory) of equilibrium ripples in
a common database with commonly described hydrody-
namic forcing; (ii) enrich this database with additional infor-
mation that has become available; (iii) use this enriched
database to evaluate already developed models; and (iv) if
possible, present a new model that better fits all the data
available to date. This is attempted by collecting existing
data of ripple measurements from the published literature as
well as including data from two new field experiments. All
data assembled are presented in an electronic tabular form
(see supporting information) for use by other investigators
and enrichment over time as new data become available.

[9] The manuscript organization is so that section 2
presents a brief overview of the most widely used equilib-
rium ripple predictors. This is followed with a presentation
of the ripple database and the source of the data (section 3).
In section 4, an evaluation of the existing predictors against
all the data assembled is carried out, while a discussion of
their performance together with a new formulation is pre-
sented in section 5. Finally, in section 6 we present the con-
clusions of the study.

2. Existing Equilibrium Models

[10] In this section, we briefly present selective existing
equilibrium models (see Table 1). The main criterion for
their selection was their wide application in the literature
and their diversity in terms of forcing parameters used. All
of the models presented relate the ripple height and/or
wavelength to hydrodynamic conditions usually normal-
ized by parameters describing the sedimentary particles. At
this junction it should be noted that different investigators
have been defining the bottom orbital velocity parameter
differently depending on the method they used to make
their estimates (i.e., from direct velocity time series or
wave height measurements) and the statistical representa-
tion adopted. For example, ub in Wikramanayake and Mad-
sen [1994] (WM) corresponds to standard deviation (�) of
oscillatory velocity, while in GM and Styles and Glenn
[2002] (SG) the same parameter corresponds to amplitude
of bottom orbital velocity which is defined as the

ffiffiffi
2
p

�. On
the other hand, orbital velocities derived from significant
wave height measurements correspond to 2� [e.g., Tray-
kovski et al., 1999; Wiberg and Sherwood, 2008]. In order
to avoid confusion, we have elected to define the parame-
ters used through the adoption of appropriate subscripts
that reveal the method of estimation as well as the relation-
ship between different parameters (see Table 2).

[11] In the remainder of this section, the existing equilib-
rium models are described in subsections organized by the
main parameter used in the model.

2.1. Mobility Number

[12] One of the most common nondimensional parame-
ters used to determine ripple geometry is the mobility num-
ber ( ), which represents the ratio of mobilizing forces
acting on the sediment to the stabilizing forces:

 ¼ u2
b= s� 1ð ÞgD50½ � ð2Þ

where s is the normalized sediment density, g is the accel-
eration due to gravity, and D50 is the median particle size.

[13] Nielsen [1981] proposed two sets of equations based
on field/irregular and laboratory/regular wave conditions
denoted as NF and NL, respectively. The equations devel-
oped for the regular monochromatic wave generated ripples
were based on the studies of Yalin and Russell [1962], Ken-
nedy and Falcon [1965], Carstens et al. [1969], Mogridge
and Kamphuis [1972], Dingler [1974], Nielsen [1979], and
used laboratory data from the Danish Hydraulic Institute.
Nielsen [1981] found these ripples to be best described by
the following equations:

�=Ab;1=3 ¼ 0:275� 0:022
ffiffiffiffiffiffiffiffiffi
 1=3

q
ð3Þ

�=Ab;1=3 ¼ 2:2� 0:345 0:34
1=3 ð4Þ

where Ab is the wave orbital amplitude (¼2�ub/T) and T is
the wave period.

[14] For field conditions, Nielsen [1981] used data col-
lected from Inman [1957], Dingler [1974], and Miller and
Komar [1980] to propose the following set of equations:

�=Ab;1=3 ¼ 21 �1:85
1=3 ;  1=3 > 10 ð5Þ

�=Ab;1=3 ¼ exp 693� 0:37 ln 8 1=3

� �
= 1000þ 0:75 ln 7 1=3

� �h i
ð6Þ

[15] For  1/3< 10, Nielsen [1981] recommends using the
ripple height from equation (3). Nielsen [1981] also pro-
posed a set of equations for ripple steepness based on the
Shields parameter, which is further discussed in section
2.3.

[16] Van Rijn [1993] (Vr) also noted the potential scaling
of ripple geometry with the mobility number. He used rip-
ple dimensions measured under irregular waves from
Inman [1957], Dingler [1974], Ribberink and van Rijn
[1987], Nieuwjaar and Van der Kaay [1987], and Van Rijn
[1987], and he suggested that equilibrium ripple geometry
can be predicted by

Table 2. Definitions and Subscripts Used for Wave Statistics

Subscript Velocitya Wave Height

rms ub,rms¼ (�u
2þ�v

2)1/2 0.5Hsig

eq(br) ub,eq¼ [2(�u
2þ�v

2)]1/2 Hrms ¼Hsig/�2
1/3 ub,1/3¼ 2(�u

2þ�v
2)1/2 Hsig

1/10 ub,1/10¼ 1.27 � 2(�u
2þ�v

2)1/2 H1/10 ¼1.27H1/3

a�u
2 and �v

2 denote variance of wave-induced velocity.
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�=Ab;1=3 ¼
0:22;  1=3 � 10

2:8� 10�13 250�  1=3

� �5
; 10 <  1=3 � 250

(

ð7Þ

�=� ¼
0:18;  1=3 � 10

2:0� 10�7 250�  1=3

� �2:5
; 10 <  1=3 � 250

(
ð8Þ

[17] Grasmeijer and Kleinhans [2004] (GK) analyzed
the ripple measurements of Inman [1957], Van Rijn et al.
[1993], Van Rijn and Havinga [1995], Grasmeijer and van
Rijn [1999], and Hanes et al. [2001] as well as their own
data collected off the coast of Egmond aan Zee, Nether-
lands, and to suggest that

�=Ab;1=3 ¼
0:275� 0:022 0:5

1=3;  1=3 � 10

2 �1
1=3;  1=3 > 10

(
ð9Þ

�=� ¼
0:14;  1=3 � 10

�0:078þ 0:355 �0:221
1=3 ;  1=3 > 10

�
ð10Þ

[18] One commonality between the latter two models
(i.e., Vr and GK) is that wave steepness is assumed to be
constant (0.14 and 0.18 for the GK and Vr models, respec-
tively) for low energy flows, while it decreases under more
energetic wave activity.

2.2. Mobility Number and Dimensionless Sediment
Parameter

[19] Another nondimensional parameter used to deter-
mine ripple geometry is the ratio of the mobility number
( ) and the dimensionless sediment parameter (S�) with the
latter being defined as

S� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s� 1ð ÞgD3

50

q
=4� ð11Þ

[20] This parameter was first proposed by WM and later
adopted by SG. In addition to taking into account the sedi-
ment properties and orbital wave forcing, this parameter
also accounts for water viscosity (�) and therefore requires
knowledge of the water temperature, salinity, and pressure
(i.e., water depth).

[21] WM utilized the data from the field measurements
of Inman [1957], Miller and Komar [1980], and Nielsen
[1984] and suggested the following equations to predict rip-
ple height and wavelength:

�=Ab;rms ¼ 0:27  rms=S�ð Þ�1=2;  rms=S� � 3
0:52  rms=S�ð Þ�1:1;  rms=S� > 3

�
ð12Þ

and

�=Ab;rms ¼ 1:70  rms=S�ð Þ�1=2;  rms=S� � 3
2:10  rms=S�ð Þ�0:7;  rms=S� > 3

�
ð13Þ

[22] Equations (12) and (13) were later revised by SG
who incorporated additional field data from Wiberg and
Harris [1994] (WH) and Traykovski et al. [1999] to derive
an improved fit between data and model so that

�=Ab;eq ¼
0:30  eq=S�

� 	�0:38
;  eq=S� � 2

0:48  eq=S�
� 	�1:1

;  eq=S� > 2

(
ð14Þ

�=Ab;eq ¼
1:95  eq=S�

� 	�0:30
;  eq=S� � 2

2:80  eq=S�
� 	�0:82

;  eq=S� > 2

(
ð15Þ

where  eq is the mobility number attained from calculating
ub using the root-mean-square (rms) wave height (or �2
times the variance of flow velocity). At this juncture, it
should be noted that equations (14) and (15) vary slightly
from those in the original manuscript of SG due to a typo-
graphical error in the original manuscript (Styles, personal
communication).

2.3. Shields Parameter Based Equilibrium Models

[23] While Nielsen [1981] found that ripple wavelength
and height were best described by the mobility number, he
proposed a separate equation for steepness, which is based
on the wave Shields [1936] parameter (	). For regular labo-
ratory waves, Nielsen [1981] suggested

�=� ¼ 0:182� 0:24	1:5
1=3 ð16Þ

while for irregular field waves, he proposed

�=� ¼ 0:342� 0:34
ffiffiffiffiffiffiffiffi
	1=3

4

q
ð17Þ

where 	 is defined as

	 ¼ 0:5fwu2
b= s� 1ð ÞgD50½ � ð18Þ

with the wave friction coefficient (fw) defined as [Jonsson,
1966]

fw¼ exp 5:213 � 2:5D50=Abð Þ0:194�5:977
h i

; Ab= 2:5D50ð Þ> 1:57

0:3; Ab= 2:5D50ð Þ� 1:57

(

ð19Þ

[24] GM utilized data from Carstens et al. [1969] and
found a relationship between the Shields parameter and rip-
ple dimensions that defines increasing ripple wavelengths
with increasing Shields parameter value up to 1.8S�2 and
decreasing wavelengths thereafter. This led to a new set of
equations for the prediction of equilibrium ripples:

�=Ab;eq ¼
0:22 	eq=	cr

� 	�0:16
; 	eq=	cr � 1:8S2

�
0:48S0:6

� 	eq=	cr

� 	�1:5
; 	eq=	cr > 1:8S2

�

(
ð20Þ

�=� ¼ 0:16 	eq=	cr

� 	�0:04
; 	eq=	cr � 1:8S2

�
0:28S0:6

� 	eq=	cr

� 	�1:0
; 	eq=	cr > 1:8S2

�

(
ð21Þ

where 	cr is the critical Shields parameter for sediment
mobility.

2.4. Period Parameter

[25] Mogridge et al. [1994] (MO) used the data of Bag-
nold [1946], Inman [1957], Yalin and Russell [1962],
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Kennedy and Falcon [1965], Horikawa and Watanabe
[1967], Carstens et al. [1969], Mogridge [1972], Dingler
[1974], Miller and Komar [1980], and Willis et al. [1993]
to develop a set of equations that provide an upper limit on
the ripple dimensions rather than an actual prediction.
These upper limits were related to a newly defined parame-
ter 
 as follows:

�=D50 ¼ 108:542�10:822
0:03967 ð22Þ

�=D50 ¼ 1394; 
 < 1:5� 10�7

1013:373�13:772
0:02054

; 
 	 1:5� 10�7

�
ð23Þ

where 
 relates the sediment size to wave period as
follows:


 ¼ �wD50= �sgT2
� 	

ð24Þ

[26] While Nielsen [1981] argued that this parameter
does not have any physical meaning, MO suggested that
the wave period directly reflects velocities, accelerations,
and forces of the oscillatory motion. MO found �/D50 to be
accurately described by a single equation; however, the
ripple wavelength diverges at 
 values smaller than 1.5 �
10�5. They found that field data best conforms to a constant
�/D50 value of 1394.

2.5. Orbital Excursion and Grain Size

[27] Another parameter widely used to predict ripple
dimensions is the wave orbital excursion (do=2Ab) normal-
ized by the sediment grain diameter (do/D50). Clifton
[1976] and Clifton and Dingler [1984] first observed a de-
pendence of ripple characteristics to different parameters
depending on the value of the ratio of wave orbital excur-
sion to grain size (do/D50). For smaller values of do/D50,
these orbital ripples have a wavelength that scales with the
wave orbital diameter.

[28] WH proposed a set of equations based on orbital-
suborbital-anorbital classification scheme using laboratory
and field data from Inman [1957], Kennedy and Falcon
[1965], Carstens et al. [1969], Mogridge and Kamphuis
[1972], and Dingler [1974]. The original WH model
requires an iterative approach, but Malarkey and Davies
[2003] presented a modification that simplifies the estima-
tion of ripple characteristics :

do;1=3=� ¼ exp C1 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C2 � C3 ln do;1=3=�

� 	q� �
ð25Þ

�¼
0:62do;1=3; do;1=3=�ano<20

535D50 exp �ln
0:62do;1=3

535D50


 �
ln 0:01d1=3

� 	
ln 5ð Þ

� �
;20�do;1=3=�ano�100

535D50; do;1=3=�ano<100

8>>><
>>>:

ð26Þ

where do,1/3/�ano is calculated using equation (25) with
� ¼�ano¼535D50, C1¼7.59, C2¼33.60, C3¼10.53, do,1/3 is
the significant wave orbital diameter, (ano) indicates the

anorbital ripple geometry, and the equilibrium � is found
using � in equation (25).

[29] Soulsby and Whitehouse [2005] (SW) used data
from an extensive database of published ripple dimensions,
including the ones mentioned earlier, to suggest that scaling
of ripple geometry characteristics with the ratio of wave or-
bital semiexcursion of the highest 1/10 velocities (Ab,1/

10¼ 1.27Ab,1/3) to the median particle diameter (D50) pro-
vides the least scatter suggesting

�=Ab;1=10 ¼
�

1þ 1:8710�3Ab;1=10=D50

n
1� exp

� 2� 10�4Ab;1=10=D50

� 	1:5
h io��1

ð27Þ

�=� ¼ 0:15 1� exp � 5000D50=Ab;1=10

� 	3:5
h in o

ð28Þ

2.6. Orbital Excursion (do) and ws/x

[30] Similar to the predictors described earlier, Tr also
noted that ripples do tend to scale with orbital diameter.
However, his predictor assumes that the cutoff for orbital
ripples (i.e., where ripples scale with the orbital diameter)
occurs at a value of ub,1/3/ws� 4.2. Above this value, the
ripples scale as a function of sediment settling velocity (ws)
and wave radian frequency (!¼2�/T). Tr found strong
agreement between ripples observed off the coast of Mar-
tha’s Vineyard [Traykovski et al., 1999; Tr], using the fol-
lowing set of equations:

� ¼ 0:75do;1=3; ub;1=3=ws � 4:2
6:3ws=!; ub;1=3=ws > 4:2

�
ð29Þ

where ws is the particle settling velocity calculated from
Gibbs et al. [1971]. Assuming a constant value for ripple
steepness of �/�¼ 0.16, the ripple equilibrium height is
obtained as

� ¼ 0:12do;1=3; ub;1=3=ws � 4:2
1:008ws=!; ub;1=3=ws > 4:2

�
ð30Þ

[31] It is worth noting that according to equations (29)
and (30), for ub,1/3/ws> 4.2, ripple geometry depends solely
on wave period and sediment settling velocity. This follows
the observations of MO and might explain some of the scat-
ter and different trends observed in their predictor.

2.7. Reynolds Numbers

[32] Faraci and Foti [2002] (FF) derived a relationship
based on the wave (Rew) and sediment (Red) Reynolds
numbers, respectively, defined as

Rew ¼ ub;1=3Ab;1=3=� ð31Þ

Red ¼ ub;1=3D50=� ð32Þ

[33] Using ripple geometry data from wave tank experi-
ments with both monochromatic and irregular waves, they
developed the following expressions for ripple wavelength
and height:

NELSON ET AL.: WAVE-INDUCED EQUILIBRIUM RIPPLES

3206



�=Ab;1=3 ¼ 12:0613RedRe�0:68
w ð33Þ

�=Ab;1=3 ¼ 1� 0:022 1=2
1=3=0:275

� �
exp � 0:0076Re0:5

w þ 0:1681
� 	� 

ð34Þ

[34] Although they found the measured ripple steepness
to agree with Nielsen [1979], they also noticed that the av-
erage steepness was 0.18, which corresponds to fully devel-
oped vortex ripples. They suggested that ripple steepness
must depend on the angle of repose (�) and recommended,
as in Nielsen [1979, 1981], that

�=� ¼ 0:32 tan� ð35Þ

which leads to �/�¼ 0.185 if we assume an angle of repose
of 30�.

2.8. Orbital Velocity/Settling Velocity

[35] PG used published ripple dimension data as well as
data from a wave tunnel experiment [Pedocchi and Garc�ıa,
2009b] to suggest that ripple dimensions should be related
to the ratio of ub,1/3/ws for three different grain size regimes
based on the particle Reynolds number (Rep). The latter
relates to the dimensionless particle size parameter (S�) as
follows:

Rep ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s� 1ð ÞgD3

50

q
=� ¼ 4S� ð36Þ

[36] Their study led to the following sets of equations:

�=D50 ¼

0:65 0:050ub;1=3=ws

� 	2 þ 1
h i�1

; Rep 	 13

0:65 0:040ub;1=3=ws

� 	2 þ 1
h i�1

; 9 � Rep < 13

0:65 0:054ub;1=3=ws

� 	3 þ 1
h i�1

; Rep < 9

8>>>><
>>>>:

ð37Þ

�=D50 ¼

0:1 0:055ub;1=3=ws

� 	3 þ 1
h i�1

; Rep 	 13

0:1 0:055ub;1=3=ws

� 	4 þ 1
h i�1

; 9 � Rep < 13

0:1 0:055ub;1=3=ws

� 	5 þ 1
h i�1

; Rep < 9

8>>>><
>>>>:

ð38Þ

where ws is the particle settling velocity calculated using
the method of Dietrich [1982]. These equations are divided
into three grain size regions with Rep¼ 13 corresponding to
220 �m and Rep¼ 9 corresponding to 177 �m at 20�C.

3. Data Availability

3.1. Existing Data Sources

[37] Numerous experiments on oscillatory flow ripples
have been carried out over the years resulting in a large
number of ripple wavelength and height data for a variety
of wave conditions and sediment sizes. Various subsets of
these data were used in the development of the equilibrium
prediction models described in section 2. As part of this
study, all data available (see Table 3) are compiled into a

single database to be used for the production of a more
comprehensive formulation for ripple equilibrium dimen-
sions that is not experiment or site specific. The ripple ge-
ometry data found in the literature include descriptions of
hydrodynamic forcing, sediment type, and ripple dimen-
sions; however, not all sources provide the same parame-
ters, and for this reason, all hydrodynamic data have been
converted to commonly defined parameters: significant or-
bital velocity (ub,1/3), wave period (T), median grain diame-
ter (D50), water temperature (Temp), water density (�w),
sediment density (�s), water depth (h), salinity (S), ripple
wavelength (�), and ripple height (�). For the experiments
where wave forcing was listed as wave height alone, the
significant (1/3) bottom orbital velocity was calculated
using linear wave theory:

ub;1=3 ¼ H1=3! 2sinh khð Þ½ � ð39Þ

where ! is the wave radial frequency, H1/3 is the significant
wave height, k is the wave number, and h is the local water
depth.

[38] Another parameter, which is often omitted but
required by several of the predictors presented in section 2,
is the water viscosity (�). When water temperature, salinity,
and water depth data are provided, the viscosity is calcu-
lated from these values, otherwise a water temperature of
20�C and a salinity of 0 are assumed for laboratory experi-
ments. For field experiments, temperature and salinity in-
formation obtained at a nearby buoy from the national data
buoy center (http://www.ndbc.noaa.gov/) is used. When no
historical data exist, an average (climatological) value of
water temperature for the specified month(s) of the experi-
ment is taken and if no salinity is recorded, a value of 35
psu is assumed.

3.2. New Data Sources

[39] In addition to the existing data described earlier,
new data sets from two experimental sites, representing dif-
ferent wave environments and sediment characteristics, are
also included in this database and subsequent analysis.
Both sites are located in the South Atlantic Bight offshore
South Carolina and Georgia (USA), respectively. The first
field data set is from the shelf on the northern part of South
Carolina (USA) off Long Bay (33�43.350N, 78�46.750W;
Figure 1). These data were collected as part of the U.S. Ge-
ological Survey’s South Carolina Coastal Erosion Study,
which took place from October 2003 to April 2004 [Sulli-
van et al., 2006; Schwab et al., 2009; Warner et al., 2012].
The seabed sediment at this site consists of fine to medium
quartz sand with a median grain diameter (D50) of 177 mm.
Data from the period 30 January to 15 March 2004 are used
in this study as this provides the most complete record of
hydrodynamic and bed form wavelength data. The second
data set is from the continental shelf off the coast of Geor-
gia (USA; 31�22.3430N, 80�34.0730W; Figure 2). The
seabed at this site consists of medium to coarse sand with a
mean diameter of 388 mm. Two periods of simultaneous
hydrodynamic and bed form imagery data collection are
used, corresponding to 16 September to 7 October 2007
and 13 December 2007 to 15 February 2008. These periods
include several sediment mobilization events where bed
forms change dimension and orientation (Figure 2). The
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Table 3. Data Sources Used in This Study Also Included in the Databasea

Source Setup Wave Conditionb s¼ �s/�w T (s) ub,1/3 (cm/s) Depth (m) � (cm) � (cm)

Inman [1957] Field IRG 2.65 0.5–16 10–310 0.03–33.5 4.3–125 0.5–22.9
Yalin and Russell [1962] Flume REG 1.48, 1.19, 2.7 1–4.3 9.5–50.5 0.7 2–15.2 N/A
Kennedy and Flacon [1965] Flume REG 1.03, 1.35, 2.67 1.1–7.3 0.6–42.1 0.4–5.8 1.7–8.6 0.1–1.7
Carstens et al. [1969] Tunnel REG 2.47–2.65 3.3–3.8 12.9–79.6 0.3 8.8–46.3 0.5–6.9
Mogridge and Kamphuis [1972] Tunnel REG 2.65 1–14.1 1.4–68.5 1.2 3–101.7 0.4–18.4

Flume
Dingler [1974] Field IRG 2.65 6.9–13.9 19.8–127.3 0.5–8 7.2–79 0.1–13.5

Tunnel REG 2.65 1.7–5 14–68 1.2, 1.7 6.9–39 0.8–6.3
Lofquist [1978] Tunnel REG 2.65 1.6–16 17.7–77.1 0.3 3.8–72.5 1.6–15.5
Nielsen [1979] Flume REG 2.65 1, 1.3, 1.7, 3 6.3–51.3 0.4 2.5–46 0.4–2.7
Miller and Komar [1980] Field IRG 2.65 6–18.2 4–158.5 3.1–32.9 7.6–27.1 N/A
Bosman [1981] Tunnel REG 2.65 0.5–20 13–78 0.4 1.7–30 0.4–4.5
Du Toit and Van Rijn [1981] Flume REG 2.65 3.2–5.8 8.8–27.7 0.48 6.5–25.3 1–4.4
Hayakawa et al. [1983] Tunnel REG 2.65 4, 5, 6 31.5–54.7 N/A 25.7–34.1 2.7–3.8
Nielsen [1984] Field IRG 2.65 5.3–14.4 39.1–113.6 0.8–1.8 5–150 0.5–20
Steetzel [1984] Tunnel REG 2.65 3–7 20–50 N/A 13–31.5 2–4.5

IRG
Sakakiyama et al. [1986] Flume REG 2.65 3–12 17–197 N/A 14.3–148 1.9–11.7
Nieuwjaar and Van der Kaay [1987] Tunnel IRG 2.65 2.4, 2.5 21.2–47.6 N/A 8.5–9.3 1.1–1.8
Ribberink and Van Rijn [1987] Tunnel IRG 2.65 2–5 38.5–71.3 N/A 8–13.5 1–1.8
Boyd et al. [1988] Field IRG 2.65 3.1–11.4 6.4–121.6 9.6–12.5 7–24 N/A
Van Rijn [1987] Tunnel IRG 2.65 4.6–6.3 62.2–178.2 N/A 20 0.1–2
Southard et al. [1990] Duct REG 2.65 3.1–19.3 10–100 0.2 12–196 2.1–23.9
Van Rijn [1993] Flume IRG 2.65 2.2–2.7 13.7–36.1 0.5 6–20 0.6–2.9
Ribberink and Al-Salem [1994] Tunnel REG 2.65 2–12 20–150 0.8 8.4–270 0.3–35
Van Rijn and Havinga [1995] Basin REG 2.65 2.1–2.3 14.4–29.9 0.4 5.9–11.1 0.6–1.4

IRG
Li and Amos [1998] Field IRG 2.65 8–12.8 1.9–28.8 38.7–40 7.7–15.4 0.8–2.2
Grasmeijer and van Rijn [1999] Flume IRG 2.65 2.3 27–52.1 0.3–0.6 3.8–8.3 0.5–1.3
Hume et al. [1999] Field IRG 2.65 11 20–75 25 40–90 3–13
Traykovski et al. [1999] Field IRG 2.65 5.1–14.3 4.6–49.2 11.8–13.7 36.7–107 N/A
Doucette [2000] Field IRG 2.65 4.7–12.2 17–102.8 0.3–1.7 5–70 0.5–11
Khelifa and Ouellet [2000] Basin REG 2.65 0.9–1.4 8.2–25.5 0.3 2.8–12.1 0.4–1.7
Williams et al. [2000] Flume REG 2.65 3.5–5 19–69 6.5 8–35 1.5–6
Faraci and Foti [2001] Flume REG 1.2, 1.3–4.2 5.4–86 0.2, 0.3 3.7–12 0.4–2.1

IRG 2.65
Hanes et al. [2001] Field IRG 2.65 7.1–19.7 9.2–271.8 1.6–6.8 6–270 0.4–9.9
O’Donoghue and Clubb [2001] Tunnel REG 2.65 2–15 18–106 0.6 6–121 0.9–19.4

IRG
Ardhuin et al. [2002] Field IRG 2.65 11.4–13.8 37–67 19.7–27.6 77–137 N/A
Doucette [2002] Field IRG 2.65 2.2–12.2 15.6–59.1 0.2–1.1 8–91 2–14
Faraci and Foti [2002] Flume REG 2.65 1.3–4.2 12.7–35 0.3 4.4–10.7 0.7–2.1

IRG
Sleath and Wallbridge [2002] Tunnel REG 2.65 2.8–6.8 8–164 0.3 10–50 1.7–9
Thorne et al. [2002] Flume IRG 2.65 4–6 25.7–65.8 4.5 26.2–51.3 4–6.5
Grasmeijer and Kleinhans [2004] Field IRG 2.65 4–10.5 23–98.5 2 19–200 0.7–10
Williams et al. [2004] Flume IRG 2.65 4–6 13.1–102.6 4, 4.5 20–104 1–7
Dumas et al. [2005] Tunnel REG 2.65 7.9–11 20.1–165.3 0.7 6.5–723.8 0.4–53.2
Smith and Sleath [2005] Tray REG 2.65 0.9–3.8 15.6–49 0.4 3.5–30.7 0.3–4.1
Xu [2005] Field IRG 2.65 8.8–18.3 15.6–43.8 15 4.6–7.5 N/A
Brown [2006] Flume REG 2.65 4, 6, 8 26.5–66.8 4.6 5.5–23 0.2–2.3

IRG
Doucette and O’Donoghue [2006] Tunnel REG 2.65 2–12.5 29.8–146.6 0.5 8.7–82.3 1.3–12.8

IRG
O’Donoghue et al. [2006] Tunnel REG 2.65 3.1–12.5 27–88 0.5, 0.8 11.4–110.7 1.5–13.9

IRG
Traykovski [2007]

Martha’s Vineyard Coastal Observatory 2002 Field IRG 2.65 1–12.9 5.5–133.1 12–13.9 10–127 N/A
Martha’s Vineyard Coastal Observatory 2005 Field IRG 2.65 6.2–11.6 12–80.9 12.3–13.7 39.4–127.8 2.9–16.6

Pedocchi and Garc�ıa [2009b] Tunnel REG 2.65 2–25 20–100 0.6 5–180 0.6–19
Nelson and Voulgarisc

Long Bay, SC Field IRG 2.65 4.8–12.7 6.6–43.9 8.2–10.6 7–22.4 N/A
Georgia Shelf Field IRG 2.65 6.5–12.3 3.1–45.6 26.1–29 9.5–75.8 N/A

aSee supporting information.
bREG (IRG) denote regular (irregular) wave conditions.
cNelson and Voulgaris (submitted manuscript, 2013).
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detailed description of the experimental setup, hydrody-
namic conditions, ripple evolution description, as well as
the methodologies used is presented in detail by T. R. Nel-
son and G. Voulgaris [Temporal and spatial evolution of
wave-induced ripple geometry: Regular versus irregular
ripples, submitted to Journal of Geophysical Research,
2013] and by Voulgaris and Morin [2008]. It should be
noted that these data sets do not contain any ripple height
observations and are limited to wavelength information
only.

3.3. Equilibrium Ripple Criterion

[40] Some of the data sources contain measurements of
mega ripples with wavelengths of up to 8 m; since this
study focuses on wave ripples only any ripples with wave-
lengths greater than 1.5 m have been excluded from further
analysis. A smaller cutoff of 1 m is applied to laboratory
data as most of the larger ripples were the result of scaled
experiments carried out at high water temperature (
60�C)

[e.g., Southard et al., 1990; Dumas et al., 2005]. The fol-
lowing criteria were used to ensure that the data used repre-
sent equilibrium conditions with the flow. Since laboratory
experiments are run until the ripples no longer show any
significant change, any laboratory experiments with a
Shields parameter greater than the critical Shields parame-
ter for sediment motion (	1/3>	cr), we assumed represent
ripples in equilibrium with the flow. For field conditions,
where an objective definition of equilibrium is difficult
without information of the time history of the ripple evolu-
tion, only ripple data corresponding to 	1/3 >2	cr are con-
sidered to be in equilibrium. For the cases where time
history of the ripple evolution is known (Traykovski et al.
[1999], Tr, and the data discussed in section 3.2), equilib-
rium ripples were identified as those recorded during peri-
ods where the hydrodynamic forcing (i.e., excess Shields
parameter) does not change significantly over the time
required for a ripple to adjust itself to the given hydrody-
namic forcing. This corresponds to the time scale (Tk) given

Figure 1. Time series of data collected in Long Bay, South Carolina (USA) during 2004: (a) significant wave orbital ve-
locity (black) and wave period (gray); (b) wave Shields parameter (black) and critical Shields parameter
(gray); and (c) measured ripple wavelength. The shaded areas indicate periods when 0< d	/dt< 0.1	1/

3(t)/Tk(t) and 	1/3> 1.5	cr (see text).

Figure 2. Time series of data collected in the South Atlantic Bight off Georgia (USA) during 2007–2008: (a) significant
wave orbital velocity (black) and wave period (gray); (b) wave Shields parameter (black) and critical
Shields parameter (gray); and (c) measured ripple wavelength. The shaded areas indicate periods when
0< d	/dt< 0.1	1/3(t)/Tk(t) and 	1/3> 1.5	cr (see text).
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by Tr [equation (9)], and it is a function of the Shields pa-
rameter (	1/3). Thus, only ripple data corresponding to con-
ditions where 0< d	1/3/dt< 0.1	1/3(t)/Tk(t) are assumed to
be in equilibrium with the flow. A further criterion of 	1/

3> 1.5	cr was applied to eliminated low-energy conditions
where the bed may only experience intermittent sediment
mobilization during a wave group and hence would require
more time than what the time scale Tk predicts.

[41] The database developed from all sources of data
described in the previous two sections includes ripple data
from experiments conducted with both regular/monochro-
matic waves and irregular/random waves, with the former
consisting of data from laboratory experiments only. After
applying the wavelength and equilibrium criteria, the regu-
lar wave data set left consists of 1145 measurements of
wavelength and 1049 measurements of ripple steepness.
The irregular wave data set consists of all field data and a
few laboratory experiments (see Table 3) resulting in 1765
measurements of wavelength and 699 measurements of rip-
ple steepness. The distribution of ripple dimensions (height
and wavelength), hydrodynamic conditions (wave period,
orbital velocity and bottom excursion), and grain sizes
incorporated in this data set is shown in Figure 3. The com-
bination of regular and irregular wave data results in a total

of 2910 measurements of ripple wavelength and 1748
measurements of ripple steepness.

4. Results

[42] In this section, all previously published and the newly
collected data that have passed the equilibrium criteria are
used to evaluate the predictors presented in section 2.

4.1. Mobility Number Based Equilibrium Models

[43] The predictions of equilibrium ripple length, height,
and steepness using the mobility number based models
(i.e., NF, NL, Vr, and GK) are plotted against the observa-
tions in Figure 4. All ripple dimensions have been normal-
ized by the bottom orbital semiexcursion (Ab,1/3).

[44] It is worth noting that all four models converge for
 1/3< 10 predicting a nearly constant value, indicating a
sole dependence of ripple dimensions on Ab. However, this
trend is not supported by the data, which show a gradually
increasing �/Ab ratio for decreasing  1/3. The ripple wave-
length data (see Figure 4a) suggest either an inverse rela-
tionship between normalized wavelength and  1/3 or a
constant value that should be larger than that predicted by
these models. For  1/3> 10, the models start deviating
from each other with the irregular wave data suggesting
two trends. One trend follows the predictors of NL, Vr, and
to an extent, that of GK while the remaining data follow
that of NF and yield a smaller �/Ab,1/3 ratio value for the
same  1/3. This deviation was also noted by Nielsen
[1981], who attributed it to differences between laboratory/
regular versus field/irregular waves. However, this is not
the case in here, as ripples under different wave forcings
appear to follow either trend without a specific reference to
regular/irregular forcing or sediment size.

[45] The normalized ripple height (see Figure 4b) also fol-
lows the trend of decreasing �/Ab,1/3 with increasing  1/3,

Figure 3. Frequency distribution of range of values for
parameters representing hydrodynamic forcing and ripple
dimensions for the ripple data sets compiled for this study
(N¼ 2968). Data corresponding to regular (REG) and irreg-
ular (IRG) conditions are shown as stacked bars. For sym-
bols see text.

Figure 4. Scatterplot of (a) normalized ripple wavelength
(�/Ab,1/3), (b) normalized ripple height (�/Ab,1/3), and (c)
ripple steepness (�/�) against mobility number ( 1/3). Key :
REG, regular wave ripples; IRG, irregular wave ripples;
NL, Nielsen [1981] model for REG waves; NF, Nielsen
[1981] model for IRG waves; Vr, Van Rijn [1993] model;
GK, Grasmeijer and Kleinhans [2004] model.
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although there are fewer measurements for height than for
wavelength. All of the predictors fail to yield an accurate rip-
ple height for larger values of  1/3. NF predicts a smaller
height than observed, while NL and Vr yield a flat bed at
these larger values and the GK method yields increasing and
exceptionally large ripple heights (for  1/3> 900). The
steepness of these ripples estimated from the individual pre-
dictions of � and � (see equations (3)–(6)) is shown in
Figure 4c, whereas with wavelength and height, two trends
emerge. One trend suggests a nearly constant steepness of

0.15, for  1/3<10 which is successfully predicted by the
models. However, there is significant scatter at larger values
of  1/3 with some ripples maintaining a steepness of 
0.15,
while others show a decrease in steepness with higher values
of  1/3. There is no clear distinction between regular and
irregular wave-induced ripples.

4.2. Mobility Number and Sediment Parameter

[46] Both predictors of WM and SG, based on the ratio
of the mobility number to the nondimensional sediment pa-
rameter, are shown in Figure 5. This ratio reduces some of
the scatter and the dual trend in ripple wavelength observed
with the predictors presented in the previous section. This
is attributed mainly to the fact that this formulation
accounts for differences in sediment size found in the data.
The overall trend is a decreasing �/Ab value for increasing

ratio of  /S�, with a greater rate of decrease for  rms/S�> 3
for WM and  eq/S�> 2 for SG. However, while the ripples
tend to scale with  /S�, the cutoff values of two and three
used by these models are too small as the data suggest val-
ues between eight and nine. For nondimensional height,
both predictors capture the slope of the data for  rms/S�> 3
and  eq/S�> 2, while for smaller values of  /S�, the predic-
tors overestimate the rate of decrease. Ripple steepness
(Figures 6c and 6f) suggests that some ripples maintain a
nearly constant steepness between 0.15 and 0.20, while the
remaining ripple data show evidence of a decreasing �/�
for increasing  /S�. The ripple steepness converges around
0.15 for small  /S� but begins to diverge and scatter over
an order of magnitude for  /S�> 2. The WM predictor
assumes a constant �/� for  rms/S�< 2 which agrees with
the data, while SG predicts an increasing steepness for
decreasing  eq/S� which is not observed. Both WM and SG
were only validated over a range of  /S� limited by the
available data as shown by the short predicted lines.

4.3. Shields Parameter

[47] While Nielsen [1981] found ripple wavelength and
height to vary as a function of the mobility number, he also
noted that steepness is better described by the Shields param-
eter (Figure 6). As with his equations for � and �, he found a
disparity between ripples under regular and irregular waves,
and he established two different equations to describe the
observed measurements. However, as shown in Figure 6,
these equations fail to accurately describe the observed
trend. Similar to the dependence on the mobility number, the
steepness follows two trends: constant and decreasing with
increasing Shields parameter. Both predictors indicate a
flatbed near a Shields parameter value of one, which agrees
with some of the data, but ripples clearly remain present at
least up to Shields parameter values of 10.

[48] When using the GM model formulations the obser-
vations (Figure 7) show no clear trend when S� � 5; for
S�> 5 the data plot together but they do not segregate as
predicted by the GM equation. Better agreement is found

Figure 5. (a–c) Evaluation of the WM ripple predictor
where Ab and  are calculated using the rms wave orbital
velocity. (d–f) Evaluation of the SG ripple predictor where
Ab and  are calculated using the equivalent wave orbital
velocities (see text for details). Symbolsþ and � represent
ripple data under REG and IRG wave conditions,
respectively.

Figure 6. Scatterplot of ripple steepness (�/�) as a func-
tion of the Shields parameter (	1/3) for data collected under
REG (þ) and IRG (�) wave conditions. The Nielsen
[1981] ripple steepness predictions for REG (solid line)
and IRG waves (dashed line) are also shown.
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for regular wave data although a significant amount of scat-
ter is still notable. Ignoring data with S� � 5, both the
observed and predicted trends indicate a nearly constant to
gradually decreasing �/Ab,eq for 	eq/	cr <5. For 	eq/	cr >5,
the dimensionless ripple geometry decreases. The GM pre-
diction for �/Ab,eq agrees with that observed with the
exception of the data not segregating by S�. The ripple
height as a function of 	eq/	cr gradually decreases (on a
log-log scale), and it does not follow the predicted ripple
height of GM. As noted previously, the ripple steepness
follows two trends, however, for S�> 5, the majority of the
ripple data suggest a constant steepness for increasing
	eq/	cr.

4.4. Period Parameter

[49] MO model (see Figure 8) appears to be successful in
providing the upper limits for both wavelength and ripple
height. However, the assumption of constant value of �/D50

for 
< 1.4 � 10�7 in equation (24) (see dashed line in Fig-
ure 8a) does not seem to be supported by the data.

4.5. Orbital Excursion

[50] The predictors of WH and Soulsby and Whitehouse
[2005] are both based on variations of the wave orbital
excursion and are shown against the data in Figure 9. The
WH predictor (based on 2Ab,1/3/D50¼ do,1/3/D50) captures
the general trend of the data (although a high scatter is
noted for larger values of 2Ab,1/3/D50 (see Figure 9, left col-
umn)). The normalized wavelength (�/D50, Figure 9a) data
for regular waves continue to follow the orbital trend well
into the suborbital and anorbital regimes. If these data are
excluded, the predicted characteristics for suborbital and
anorbital ripples agree with the observed data. However,
the regular wave data tend to have smaller �/D50 ratios

than the irregular ones, for the same 2Ab,1/3/D50 values.
Therefore, the predictor appears to slightly overpredict reg-
ular and underpredict irregular wave ripple dimensions. For
normalized ripple height (�/D50, Figure 9b), the regular and
irregular wave ripple dimensions agree with the equations

Figure 8. Scatterplot of (a) normalized ripple wavelength
(�/D50) and (b) height (�/D50) plotted against the parameter

 (see equations (22) and (23)) for REG (þ) and IRG (�)
wave conditions. The maximum equilibrium ripple condi-
tions from the MO equations are also shown as solid lines.
The dashed line indicates the equation for field wave condi-
tions (equation (23)) when 
< 1.5 � 10�7.

Figure 7. Scatterplot of (a) normalized ripple wavelength
(�/Ab,eq), (b) normalized ripple height (�/Ab,eq), and (c) rip-
ple steepness (�/�) against the ratio of 	eq/	cr for REG (þ)
and IRG (�) wave conditions. The corresponding predic-
tions based on the GM for the various ranges of sediment
parameter (S�) are also shown.

Figure 9. (a–c) Scatterplots of normalized ripple wave-
length (�/D50), height (�/D50), and ripple steepness (�/�)
against normalized wave excursion (2Ab,1/3/D50) as in the
model of WH. (d–f) Scatterplots of normalized ripple
wavelength (�/A1/10), height (�/A1/10), and ripple steepness
(�/�) against normalized wave excursion (Ab,1/10/D50) as in
the model of SW. Solid lines show the predictions of the re-
spective models, while data points with the symbolsþ and
� represent ripple geometry data under REG and IRG
wave conditions, respectively.
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for orbital ripples, however, as with wavelength, some data
continue along the trend for larger 2Ab,1/3/D50 ratios. For
suborbital ripples, the equations closely follow that of the
data but tend to overpredict the regular wave data. For
anorbital ripples, �/D50 scatters over an order of magnitude
around the predicted dimensions. The ripple steepness (Fig-
ure 9c) still shows the dual trend observed in the previous
predictors.

[51] The SW predictor closely follows the trend of regu-
lar wave data for Ab,1/10/D50< 103 (Figure 9, right column).
For Ab,1/10/D50> 103 the data follow two trends; that of
fairly constant �/D50 (�1), and that, supported by the bulk
of the data, of a gradually decrease in normalized wave-
lengths, as predicted by the equation. This decreasing trend
also follows the measured irregular wave data; however, it
does not follow a constant �/Ab,1/10 for Ab,1/10/D50< 103

but continues to increase. The predicted normalized ripple
height shows a rapid decrease in �/Ab,1/10 with increasing
Ab,1/10/D50, while the data scatter exhibit a distribution very
similar in shape with that of �/Ab,1/10 but reduced by a fac-
tor of 
10, something that suggests constant ripple steep-
ness. As with other methods, the ripple steepness
calculated from the predicted dimensions follows the same
trend of being constant initially and decreasing for increas-
ing forcing. Soulsby et al. [2012] argue that their predictor
worked best for a wide range of the published data; how-
ever, although it does appear to reduce the error for many
conditions, it ultimately fails to predict ripple height and
steepness.

4.6. Orbital Excursion and ws/!

[52] In Figure 10, we see that the Tr predictor is able to
capture the overall ripple wavelength and height (and con-
sequently steepness) trend, although the data scatter around
the model is higher for ub,1/3/ws >4.2 (Figures 10d–10f)
than for ub,1/3/ws <4.2 (see Figure 10a). A better agreement
(less scatter) is found with the irregular wave data than
with the regular ones.

4.7. Reynolds Numbers and Mobility Number

[53] The FF equations predict that �/Ab,1/3 decreases for
increasing Rew and increases for increasing Red (see Figure
11). The observed ripple dimensions follow the decreasing
�/Ab,1/3 for increasing Rew pattern, but the segregation by
Red suggested by the model is not observable in the data
(Figure 11). For ripple height, the observations do not
reveal any correlation with Rew and  1/3 as suggested by
equation (34). Taken as a single equation fit through the
scatter the equation might perform well, but the depend-
ence on Red and Rew is not evident. For steepness, FF pre-
dicted a value of 
0.18, which plots along the largest
steepness observed (Figure 11c), thereby overpredicting the
majority of the observations.

4.8. Orbital Velocity, Settling Velocity, and Rep

[54] The PG equations (37) and (38) provide estimates of
ripple dimensions normalized by grain size (see Figure 12).
Under this classification, the dimensions for regular and
irregular wave data cluster all together; however, the PG
predictor estimates do deviate from the observed data. This
predictor captures the trend of the data with a decreasing �/
do,1/3 and �/do,1/3 for increasing ub,1/3/ws, but it either over-
predicts or underpredicts, depending on the Rep value.

When Rep	 13, the data scatter show the �/do,1/3 ratio to
decrease at larger rate for smaller ub,1/3/ws values than the
equation predicts. This leads to underprediction for small
and overprediction at larger ub,1/3/ws values. Ripple steep-
ness is poorly captured by this predictor, as the observa-
tions suggest a constant value for ub,1/3/ws< 0.18 and a
decrease for ub,1/3/ws> 0.18 following local increase at
ub,1/3/ws 
 0.18. When 9�Rep< 13 (see Figures 12d–12f),
the predictor follows the general trend of the wavelength
data only for small ub,1/3/ws ratios; a better agreement is
found with the normalized ripple height data (�/do,1/3) and
ripple steepness. For Rep< 9 (Figures 12g–12i), the predic-
tor underpredicts both normalized ripple wavelength and
height. The same applies for steepness as the observations
follow only a weak decreasing trend and scatter almost as
much along the ub,1/3/ws axis as in �/�.

5. Discussion

[55] The qualitative comparison between the newly cre-
ated ripple geometry database and the predictors presented
in section 2 confirmed the widespread differences in

Figure 10. Scatter diagrams of ripple wavelength (�),
height (�), and steepness (�/�) plotted against wave orbital
excursion (2Ab,1/3) (a–c) and against the ratio of settling ve-
locity (ws) over wave radial period (!) (d–f) for data corre-
sponding to conditions ub,1/3� 4.2�ws and for ub,1/3> 4.2�ws

as suggested by Tr. Solid lines denote the predictions of the
Tr model. Data points with the symbolsþ and � represent
ripple geometry data under REG and IRG wave conditions,
respectively.
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performance. Some of the presented models failed to agree
well with the data under large wave forcing conditions. In
terms of wavelength, this was particularly the case for the
Vr and GK equations. Vr used his data set to determine that
a flatbed should occur at a mobility number of 250 and
therefore derived an equation where the ripple geometry
goes to zero at this value. However, the data set (see Figure
4) confirms the existence of ripples even when the mobility
number value exceeds 250. Establishment of an accurate
cutoff between a rippled and flat bed is not pursued here, as
the goal is to have a predictor capable of predicting dimen-
sion over the whole range of conditions observed in this
data set. The failure of the GK predictor is attributed
mainly to the fact that the polynomial equation describing
the model yields increasing and exceptionally large values
for mobility numbers greater than 900. Similarly, the pre-
dictors of Nielsen [1981] were introduced for 	1/3< 1, as
above this value Nielsen [1981] suggested the transition to
a flat bed. However, in our data set we can see ripples being
present for 	> 1 so we have not imposed this condition on

the Nielsen [1981] models either. For ripple height, the pre-
dictors of NL, FF, GK, and the Nielsen [1981] for steepness
have not shown a good agreement with the data especially
under large wave forcing. These limitations suggest that
these predictors might not be suitable for use under all con-
ditions but limited to cases with small mobility number and
shear stress values only.

[56] Throughout our comparison of models and data, a
different response was present for monochromatic and irreg-
ular wave forcing. This explains some of the diverging
trends observed in predictors such as SW and MO as well as
in the original development of the two different predictors
by Nielsen [1981]. Assuming that hydrodynamic processes
are represented correctly by the corresponding hydrody-
namic parameters, the geometry of the ripples should not be
significantly different for monochromatic and random wave
fields. This motivated SW and PG to create a single predic-
tor which incorporates both laboratory and field data. For the
same wave parameters, different ripple characteristics might
occur depending on the nature of the waves (i.e., directional
spectral characteristics), their complexity (i.e., velocity
asymmetry, acceleration skewness), and potential superposi-
tion of mean flows. However, these differences should not
create significantly different ripple geometries as those iden-
tified in the data. This is investigated by initially examining
the regular and irregular wave data sets separately.

5.1. Ripple Wavelength

[57] Ripple wavelength is a quantity approximately 10
times larger than ripple height. Therefore, ripple wavelength

Figure 12. Scatterplots of ripple dimensions normalized
by the wave orbital excursion (do,1/3) and ripple steepness
against the ratio of wave orbital velocity over sediment set-
tling velocity (ub,1/3/ws) for the various ranges of particle
Reynolds number (Rep) as suggested by the PG equilibrium
model (equations (37) and (38)) of PG. The symbolsþ and
� denote data collected under REG and IRG waves,
respectively.

Figure 11. Scatter diagrams of (a) normalized ripple
wavelength (�/Ab,1/3) against wave Reynolds number
(Rew) ; (b) normalized ripple height (�/Ab,1/3) against the
mobility number ( 1/3) ; and (c) ripple height (�) against
ripple wavelength (�). Solid lines show the predictions of
the FF model for the various ranges of sediment (Red) and
wave (Rew) Reynolds numbers where a 30� angle of repose
is shown in (c) (for details see text). The symbolsþ and �
denote ripple geometry data corresponding to REG and
IRG wave conditions, respectively.
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measurements are expected to be more accurate than meas-
urements of ripple height. Furthermore, qualitatively predic-
tors such as that of WH and SW (see Figure 9) that relate
ripple wavelength to the ratio of semiorbital excursion (Ab)
over median grain size (D50) provided the best agreement
with the enriched database. This is explored in Figure 13
where we plot normalized ripple wavelength against the ratio
of Ab,1/3/D50 for regular (Figure 13a) and irregular (Figure
13b) wave conditions. The ripple wavelength normalization is
done using mean particle size for irregular waves and wave
excursion for regular waves. A clear linear trend (on a log-log
scale) is identified between normalized ripple wavelengths
and normalized wave excursion although the slopes of the
two linear trends are opposite to each other, while the correla-
tion coefficients (r2) are 0.73 and 0.78 for regular and irregu-
lar wave forcing, respectively. A least squares fitting on a log-
log scale produces the following statistical models for normal-
ized ripple wavelengths for regular waves (Figure 13a):

�=D50 ¼ 6:76 Ab;1=3=D50

� 	0:68 ð40Þ

and for irregular waves:

�=Ab;1=3 ¼ 2:22� 103 Ab;1=3=D50

� 	�1:11 ð41Þ

[58] Solving these equations for ripple wavelength, we
obtain

� ¼ 6:76A0:68
b;1=3D0:32

50 ð42Þ

� ¼ 2:22� 103 � A�0:11
b;1=3 D1:11

50 ð43Þ

for ripples under regular and irregular wave forcing,
respectively. Equation (42) clearly shows that for regular
waves, orbital semiexcursion is the dominant parameter
controlling ripple wavelength, while for irregular waves
(equation (43)) the median grain diameter is the dominant
scaling factor. Based on the range of Ab,1/3/D50 values
found in our data sets (10–104 for regular waves, 102 to 5
� 105 for irregular waves), the monochromatic wave con-
ditions extend to typically orbital scale ripples (Ab,1/3/
D50< 877) with some suborbital (877<Ab,1/3/D50< 2794)
which partially explains the greater dependence on semiex-
cursion. On the other hand, ripples formed by irregular
waves fall in the suborbital and anorbital (Ab,1/3/
D50> 2794) regimes where grain size becomes more im-
portant. However, at the overlapping suborbital region, the
data from the monochromatic wave conditions (Figure 13a)
trend in agreement with equation (42) well into the suborbi-
tal regime, while irregular wave formed ripples continue on
an opposing trend into the orbital regime (see Figure 13b).
One explanation for the scaling differences between these
two types of waves is the consistency of the forcing pres-
ent. Under monochromatic waves, the bed is subjected to
the same orbital excursion with each passing wave, while
under irregular waves the orbital excursion varies for each
wave. Thus, the grain size acts as a filter and a limiting fac-
tor preventing or delaying the transition from suborbital to
orbital scaling.

[59] The best attempt to collapse both regular and irregu-
lar data using a common parameterization is achieved
when we plot �/Ab,1/3 versus Ab,1/3/D50 (see Figure 13c) in
a similar manner as in SW. Comparing our enriched data

Figure 13. (top) Scatterplots of (a) ripple wavelength (�) normalized by particle size (D50) for REG wave conditions
(equation (42)); (b) ripple wavelength (�) normalized by wave semiorbital excursion (Ab,1/3) for IRG
wave conditions (equation (43)) ; and (c) the same as (b) but with all data combined (CMB; equation
(44)). (bottom) Scatterplots of ripple height (�) versus wavelength (�) for (d) REG wave (equation (45)),
(e) IRG wave (equation (46)), and (f) both REG and IRG wave conditions (equation (49)).
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set to that used by SW, we see that our data set includes
significantly more field observations with smaller Ab,1/3/
D50 values that allow to define the trend of ripple character-
istics over a larger range. Least squares fit, on a log-log
scale, of an equation similar to that of SW (equation (27))
through our expanded data set leads to

�=Ab;1=3 ¼
�

0:72þ 2:0� 10�3Ab;1=3=D50

n
1� exph

�
�

1:57� 10�4Ab;1=3=D50

�1:15io��1 ð44Þ

with a correlation coefficient (r2) of 0.73. This equation
captures the data trend for values of Ab,1/3/D50< 7000 but
may overpredict irregular wave ripples at larger Ab,1/3/D50

values.

5.2. Ripple Height and Steepness

[60] During the comparison of the data with existing pre-
dictors (see section 4), there were a number of occasions
where ripple steepness appeared to be constant for a large
range of values of the parameter used in the x axis. Similar to
wavelength, ripple steepness data (note that the new data set
described in section 3.2 did not include ripple heights) are
examined for monochromatic and irregular wave conditions,
separately. A log-log scatterplot of ripple height versus
wavelength shows a linear trend. Least squares analysis on
the data reveals the following best fit relationships for regular
(Figure 13d) and irregular (Figure 13e) wave conditions:

� ¼ 0:115�0:89 ð45Þ

� ¼ 0:126�1:05 ð46Þ

with correlation coefficients (r2), on a log-log scale, of 0.78
and 0.81, respectively. It should be noted that in the above
equations both � and � are in meters. Dividing both parts
by wavelength, the following relationships for wave steep-
ness are established

�=� ¼ 0:115��0:11 ¼ 0:093A�0:075
b;1=3 D�0:035

50 ð47Þ

�=� ¼ 0:126�0:05 ¼ 0:185� 10�2A�0:006
b;1=3 D0:056

50 ð48Þ

for regular and irregular wave conditions, respectively. The
data and equations (47) and (48) suggest that ripples formed
under irregular wave conditions are slightly steeper (0.126)
than those formed under regular wave conditions (0.115)
with both having an almost constant steepness. The scatter
of data points under the predicted line in Figure 13e is attrib-
uted to large errors associated with the measurements of
very small ripple height (�< 1 mm) in the field and is con-
sidered to represent the experimental error. Unlike for wave-
length, when the two data sets are overlaid (see Figure 13f),
they collapse on a single trend and least squares fitting pro-
duces the following steepness relationship:

�=� ¼ 0:120��0:056 ð49Þ

with a correlation coefficient r2 of 0.79. The small correc-
tion for very long wavelengths is attributed to the enhanced

turbulence at the crests due to flow contraction over the rip-
ples [Du Toit and Sleath, 1981; Nielsen, 1992]. Since rip-
ple height increases with increasing wavelength, the
enhancement will be greater for larger ripples.

5.3. Model Errors

[61] The performance of the new models described in
equations (40)–(49) is compared to that of all previously
presented models (see section 2). For each model, the pre-
dicted ripple wavelength and height values are compared
against the measured ones from the database; the scatter-
plots together with the 1:1 line are shown in Figures 14
and 15 for ripple wavelength and height, respectively. The
least squares error of each predictor (in a log-log scale) was
estimated using the root-mean-square (RMS) error, normal-
ized by the range of the observed values for each parameter
predicted:

" ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N �
P

log 10 Xp

� 	
� log 10 Xmð Þ

� 	2
q
jlog 10 max Xmð Þð Þ � log 10 min Xmð Þð Þj ð50Þ

where X is the parameter evaluated (i.e., ripple wavelength,
height, and steepness), while the subscripts m and p denote
measured and predicted values, respectively. The errors
associated with the existing ripple predictors and the newly
developed ones (see equations (40)–(49)) are listed in Ta-
ble 4. The error analysis was performed for all data col-
lected under regular and irregular waves separately but also
on the combined data set.

[62] Under regular waves, equations (44) and (49) yield
the least error (E¼ 0.10), despite the fact that they have
been developed using the irregular wave data set. It is char-
acteristic that the WH and the SW predictors provide good
agreements with the data as they are also based on the ratio
Ab/D50, with their errors being only 0.11. Equations (42)
and (45) developed from the regular wave data provide an
error similar to that of WH and SW (E¼ 0.11).

[63] For irregular wave ripples, the corresponding equa-
tions (43) and (46) and equations (44) and (49) developed
using all data, as well as the WH model provides the least
error (E¼ 0.15).

[64] Comparing against the whole data set (combined
data), neither the equations for regular nor irregular waves
perform as well ("¼ 0.13 and 0.17, respectively) as those
developed using these data (equations (44) and (49)), which
together with the WH equation, yield the smallest average
error ("¼ 0.11). The disparity between these models is
mainly due to the different scaling of ripple wavelength
between regular and irregular wave conditions. The former
ripples scale with semiorbital excursion length, while the
latter ones scale with the particle size.

[65] Overall, the newly developed predictors provide the
least normalized RMS errors for most of the cases, with
that of WH emerging as the second best. The strong per-
formance of the newly developed models is not surprising
as this is the only model that has been developed using the
whole data set assembled in this database.

[66] It should be pointed out that equations (44) and (49)
yield an identical mean error to the WH predictor, for both
the irregular wave and the combined data sets ("¼ 0.15 and
"¼ 0.11, respectively). These same equations perform
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Figure 14. Comparison of predicted (�p) versus measured (�m) ripple wavelengths for the various models examined in
this study (see Table 2) and equations (42)–(44) developed using data from REG, IRG, and CMB wave
conditions. Light and dark gray symbols represent data from IRG and REG wave conditions,
respectively.

Figure 15. Comparison of predicted (�p) versus measured (�m) ripple height for the various models examined in this
study (see Table 2) and equations (45), (46), and (49) developed using data from REG, IRG, and all
(CMB) wave conditions. Light and dark gray symbols represent data from IRG and REG wave condi-
tions, respectively.



better than WH for regular wave conditions. In terms of
ripple wavelength, equations (44) and (49) yield the best
predictions, for all three conditions, while for ripple height,
these equations are as good as WH for the irregular wave,
and better than any other model for the regular and com-
bined data sets. Furthermore, equation (44) is in a simpler
and easier to apply form, whereas the WH predictor
requires an iterative or a multistep approach [Malarkey and
Davies, 2003].

6. Conclusions

[67] In this contribution, an extensive database of ripple
dimensions was assembled that includes existing data from
published literature and two additional field sites. After
processing for uniformity in the parameters used to
describe hydrodynamic conditions, the data are tabulated
and made available for the community in electronic form
(see supporting information).

[68] Our analysis showed that ripple steepness is a rela-
tively constant number that slightly increases for decreas-
ing ripple length. This applies for both regular and irregular
wave conditions, and it can be collapsed into a single
model (equation (49)). According to this model, ripple
steepness is 0.12 at large wavelengths (
1 m) increasing
by approximately 29% (to 0.15) for ripples with a wave-
length of only 1 cm.

[69] For all practical applications, the equilibrium wave-
length is better scaled by wave semiorbital excursion rather
than by particle size, and it can be predicted by equation
(44). This is similar to the equation presented by SW but
with the fitting parameters defined from a larger range of
experimental data. For field applications, with Ab,1/3/D50

ratios smaller than 1000, equation (43) is recommended.
[70] Ripple height can be predicted from wave steepness

(equation (49)), after the wavelength has been estimated
from either equation (43) or (44).

[71] The WH predictor also provides good agreement
with this extensive data set; however, the simplicity of this

new model might make its application more attractive for
inclusion in numerical models or in time-dependent ripple
dimension prediction models.

[72] Finally, we should emphasize that these predictors
provide equilibrium ripple conditions, which could resem-
ble real ripple conditions only if enough time has lapsed for
the ripples to adjust to the prevailing hydrodynamic forc-
ing. Experience has shown that these dimensions might be
close to reality during increasing hydrodynamic forcing;
they can deviate from reality during periods of descending
wave energy as in such cases relic ripples dominate the
environment.
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