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SAND RIPPLES IN IRREGULAR AND CHANGING WAVE CONDITIONS: A 
REVIEW OF LABORATORY AND FIELD STUDIES  
 
1.0 INTRODUCTION 
A large number of studies have been carried out on wave-generated ripples since 
Bagnold’s early experiments with oscillating trays of sediment in still water (Bagnold, 
1946). They include field studies, laboratory wave tank experiments and oscillatory flow 
tunnel experiments. Most of the laboratory work has involved regular wave flows and 
“equilibrium” ripple conditions. Very few laboratory studies have involved irregular flows 
and even fewer have involved irregular flows with periods and amplitudes typical of field 
conditions (Appendix). In contrast to the laboratory work, field measurements involve 
irregular flows and, often, non-equilibrium conditions because of the differences in time-
scales between flow and bed changes. In non-equilibrium conditions the ripple geometry, 
ripple migration, suspended sand concentrations and the sand transport depend on flow and 
bed history as well as on the prevailing flow. This review examines previous laboratory 
and field studies of wave-generated ripple regime sand transport with these issues in mind.  
 
The review is a precursor to a new programme of experiments on ripple regime sediment 
transport processes to be carried out in the Aberdeen Oscillatory Flow Tunnel (AOFT) as 
part of the SANDPIT project. The experiments will involve oscillatory flow only. For this 
reason the review concentrates on ripple regime transport under wave-only conditions and 
little reference is made to studies involving waves plus currents. The review places more 
emphasis on laboratory work involving field-scale flow periods and amplitudes than on 
laboratory studies involving short period, low amplitude flows. This is because 
extrapolation of results from experiments involving short period, low amplitude flows to 
field-scale flow conditions is very uncertain. The new experiments in the AOFT will 
involve field-scale flow periods and amplitudes. 
 
The review has two main sections. The first main section is concerned with ripple 
geometry and the second is concerned with sand transport processes with separate 
consideration of suspended sediment concentrations and transport, ripple migration and net 
transport. 
 
 
2.0 RIPPLE GEOMETRY  
 
2.1 Introduction 
Formulae and mathematical models for sediment transport in rippled-bed conditions 
require ripple geometry as input. Depending on the complexity of the model, ripple 
geometry may simply impact on an empirical calculation of bed roughness and subsequent 
empirical calculation of sediment transport, or it may impact on the detailed flow and 
sediment behaviour around individual ripples predicted by a computational fluid dynamics 
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simulation. In both cases the ripple geometry must be known a priori. Boundary roughness 
in unsteady oscillatory flows over movable noncohesive beds is a function of skin friction, 
form drag and near-bed sediment transport (Grant and Madsen, 1982).  Skin friction is a 
function of grain size; form drag is a result of the bed morphology.  Grant and Madsen 
(1982) found that ripples are responsible for the majority of roughness under waves when 
ripple steepness is greater than 0.1. Studies by Drake and Cacchione (1989), Vincent et al. 
(1991), Vincent and Downing (1994), Li et al. (1996) and Masselink and Pattiaratchi 
(2000) show that ripple geometry significantly affects the sediment resuspension 
coefficient which is important for estimating suspended sediment concentration profiles. 
 
  
Empirical formulae based on field and laboratory observations have been developed which 
relate ripple height, length or steepness to the flow and sediment parameters (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). The formulae tend to perform well for the range of conditions they 
were developed under, but perform poorly outside that range. Many predictive formulae 
are heavily based on empirical data from laboratory wave flume experiments in which the 
flow is regular, short period and low amplitude and in which the ripples are in equilibrium 
with the flow. These models do not generally perform well against measured data from 
large-scale laboratory experiments involving regular flows with field-scale periods and 
orbital amplitudes (O’Donoghue and Clubb, 2001). In field conditions ripples occur under 
irregular flows. Also, the ripples may not be in equilibrium with the flow conditions under 
which they have been measured. For these reasons a number of studies have shown poor 
agreement between predicted and field measurements of ripple geometry (Kos’yan, 1988; 
Osborne and Vincent, 1993; Li et al., 1996; Doucette, 2002b).  
 
2.2 Ripple geometry in irregular flows 
Irregular flows have been used in some laboratory studies in order to better model natural 
environments. There are conflicting results regarding the degree of difference in ripple 
geometry produced under regular and irregular flow. Marsh et al. (1999) found in wave 
flume studies that irregular waves simulated from field measurements did not produce 
ripples that fit the ripple geometry prediction models they tested. The models were found 
to perform better under monochromatic waves. They suggest that it is rather difficult to 
change the wavelength of ripples once they have formed; under field conditions, with a 
broad wave spectrum, there may be no particular near-bed orbital diameter of sufficient 
dominance to force the bed to re-form. This means that the bed history is as important as 
the hydrodynamic conditions in determining ripple geometry. In large-scale oscillatory 
flow tunnel experiments, Ribberink & Al-Salem (1994) found a substantial decrease in 
ripple size under asymmetric and random flows compared with regular flows. In contrast, 
Williams et al. (2000), working with 2 sands (D50=0.33mm and 0.16mm) in a very large 
wave flume, found that ripple dimensions under regular and irregular waves were in good 
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agreement with those predicted by Nielsen’s (1992) formula for regular flows. Vincent et 
al. (2001) also measured ripples under regular and irregular waves in a large wave flume. 
For a sand size of 0.23mm, they report ripples of similar magnitude (η=5-20mm, λ=200-
400mm) under regular and irregular “groupy” waves of similar significant wave height 
(with T=6.5s, d≈0.9m) but the ripples were superimposed on much larger bedforms 
(η=0.08m, λ=2m) in the case of the irregular waves. In small-scale wave flume 
experiments, Faraci & Foti (2002) also found little difference in ripples generated by 
regular and irregular waves but found that the equilibrium morphology was reached 
through different mechanisms.  
 
The total number and range of laboratory studies involving field-scale irregular flows is 
small. Further research is needed to better define the differences in ripples produced under 
regular and irregular flows so that the applicability of existing regular flow data and 
knowledge to field-type irregular flow conditions can be determined.  
 
2.3 Ripple geometry in non-equilibrium conditions 
O’Donoghue and Clubb (2001) observed in their large-scale flow tunnel experiments that, 
depending on the mobility, it can take many hours for equilibrium ripple geometry to be 
reached in a given constant flow (of the order of 20 hours for their low mobility 
experiments). They conclude that, because it takes time for ripples to grow towards 
equilibrium and for established ripples to respond to a change in the flow, ripple geometry 
in the field at any given instant may not be the equilibrium geometry corresponding to the 
flow condition at that instant. There is evidence from the field to support this view. Recent 
developments in remote sensing technology has allowed high frequency accurate 
measurements of ripple dimension and pattern in sandy shoreface and nearshore 
environments (e.g. Hay & Wilson, 1994; Thornton et al., 1998; Crawford and Hay, 1998; 
2001; Traykovski et al., 1999; Hanes et al., 2001; Bell & Thorne, 1997; Bell et al., 1998).  
While these studies provide detailed measurements of ripple dimensions and associated 
hydrodynamic conditions, there is difficulty determining whether the bedforms are actually 
in equilibrium with the flow under which they have been measured. This is due to the 
unknown time scale for ripple adjustment to the evolving flow. For example, Osborne & 
Vincent (1993) found that predictive models for ripple geometry performed poorly in 
macrotidal environments and attributed this partially to the rapidly changing hydrodynamic 
conditions resulting from tidal water level fluctuations. Hanes et al. (2001) present 
extensive measurements of ripple geometries in the field. They found both short and long 
wave ripples to exist simultaneously but only the short wave ripples fit the models. This 
suggests that the longer wave ripples had formed under previously more energetic flows 
and had not adjusted to the prevailing flow conditions. They were possibly relic features 
because insufficient time had passed for the bed to reach an equilibrium state under the 
new conditions. Similar observations were made by Traykovski et al. (1999) who observed 
hysteresis in ripple geometry during storm growth and decay: as the storm approaches the 
ripples grow quickly in response to the increasing near-bed flow but the large ripples 
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created by the high flows maintain their size for some considerable period of time after the 
storm has passed and the near-bed flow has diminished.  
 
It is clear from the foregoing that more research is needed to better understand the time 
scales at which ripples respond to a change in the prevailing flow conditions. Fundamental 
questions of the following need to be addressed: What is the time to equilibrium ripple 
geometry for given flow and bed conditions and how does this time depend on the initial 
bed geometry? Put another way: What are the time scales of change in ripple geometry for 
ripples generated by oscillatory flow A subject to new oscillatory flow B?  
 
2.4 Two-dimensional and three-dimensional ripples 
Geometry formulae for wave-generated sand ripples apply to two-dimensional (2-d) 
ripples, i.e. long-crested, parallel ripples with height and length constant over a large bed 
area. However, three-dimensional (3-d) ripples have been observed on numerous occasions 
in laboratory and field settings (e.g. Boyd et al., 1988; Osborne & Vincent, 1993; 
Ribberink and Al-Salem, 1994) and temporal and spatial sequences of alternating 2-d and 
3-d patterns have been observed in a number of studies in the field and in the laboratory 
(Boyd et al., 1988; Osborne and Vincent, 1993; Doucette, 2000; Crawford and Hay, 2001; 
O’Donoghue and Clubb, 2001; Traykovski et al., 1999).   
 
3-d ripples are often attributed to the presence of mean currents oblique to the oscillatory 
motion but these patterns have been observed under regular flows in laboratory settings 
where mean currents were not present (Lofquist, 1978; Sato and Horikawa, 1986; 
O’Donoghue & Clubb, 2001) and in field settings where mean currents were negligible 
(Doucette, 2000). O’Donoghue & Clubb (2001) observed, under large-scale oscillatory 
flows, that as ripples develop from a plane bed they first form small 2-d ripples and then 
proceed to a 3-d transitory stage before the formation of the final larger 2-d equilibrium 
ripples. The observed 3-d transitional stage can persist for many hours and suggests that 3-
d ripples observed in field studies may not, in some cases, be in equilibrium with the flow.  
 
Because the ripple geometry predictive formulae do not apply to 3-d ripples and because 
suspension mechanisms and net transport may be very different for 2-d and 3-d ripples, it 
is important to be able to predict the occurrence of 2-d/3-d ripples. Doucette (2000) 
observed from measurements of ripples at a number of nearshore field sites that 2-d ripples 
occurred only in cases of relatively coarse sand, with D50 greater than approximately 
0.3mm. Sato and Horikawa (1986) recorded both 2-d and 3-d ripples in their tunnel 
experiments with 0.18mm sand and flow periods between 3 and 7 seconds. They noted a 
“drastic” difference in sand transport mechanics between the two bed types with much less 
net transport in the case of 3-d ripples. They suggest that the occurrence of 2-d or 3-d 
ripples depends on the relative orbital diameter (d/D50) and the Shields parameter. 
O’Donoghue and Clubb (2001) and Loftquist (1978) both found that 2-d ripples eventually 
occurred in their laboratory experiments with larger sands but that 3-d ripples occurred in 
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conditions of relatively fine sand and field-scale flow orbital diameters. O’Donoghue & 
Clubb (2001) found that previously-suggested simple criteria for the occurrence of 2-d/3-d 
ripples (e.g. Sato and Horikawa, 1986) fail when applied to their results covering a wide 
range of sand sizes and flow conditions.  
 
Present understanding of the occurrence of 2-d/3-d ripples is poor. The problem is 
complicated by the fact that it depends not only on flow and sand properties (possibly 
including the sediment sorting) but also on flow duration. Given that ripple dimensions and 
transport processes may be very different for 2-d and 3-d ripples, research is needed to 
better establish criteria for the occurrence of 2-d and 3-d ripples and to examine how well 
formulae for 2-d ripple geometry predict the major dimensions of 3-d ripples. 
 
 
3.0 RIPPLE REGIME SEDIMENT TRANSPORT  
 
3.1 Introduction 
Wave-generated sediment transport over rippled beds is considered to have two main 
components – transport due to suspended sediments and transport due to ripple migration. 
These are best described by considering the case of ripples in regular asymmetric flow in 
which the onshore velocity maximum is substantially greater than the offshore velocity 
maximum (velocity time-history corresponding to Stokes 2nd order wave). For this case the 
ripples are asymmetric with steeper onshore sides than offshore sides and there is 
asymmetry in the transport mechanisms between the onshore and offshore parts of the flow 
cycle. During the onshore flow, the high onshore velocities transport a large volume of 
sand up the offshore side of the ripple and over the ripple crest. Some of this sand is 
entrained in the developing lee vortex, which also entrains sand from the ripple’s onshore 
flank. The vortex becomes very large as the flow slows, entraining more sand as it does so. 
It is ejected into the main flow above the ripple at about the time of flow reversal, making 
a relatively large contribution to the offshore directed suspended sediment transport. Much 
of the sand that has been carried up the offshore side and over the ripple crest during the 
onshore flow does not get carried into suspension by the lee side vortex. Instead it slumps 
down the onshore side contributing to onshore shift of the ripple position, i.e. it contributes 
to onshore ripple migration. The same processes occur during the offshore half cycle but 
because of the lower offshore velocities and the less steep offshore ripple flank, (1) a much 
weaker vortex is produced resulting in much less onshore directed suspended sediment 
transport and (2) much less sediment is carried up the steep onshore side and over the 
ripple crest resulting in less, if any, offshore ripple migration compared to onshore 
migration. For this case of regular asymmetric flow therefore, the net suspended transport 
is offshore while the ripple migration is onshore; the total net transport depends on the 
relative magnitudes of the suspended and ripple migration transports. Which of the two 
transport mechanisms dominates depends on the ripple geometry, the flow and the 
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sediment characteristics. For conditions involving relatively large magnitudes of suspended 
sediment, net transport is offshore and is opposite to the direction of ripple migration.  
 
While these processes are understood qualitatively, a lack of measurements in well-
controlled conditions means that quantitative understanding is poor. Here we look at 
previous laboratory and field studies of (1) sediment suspension and suspended sediment 
transport over ripples, (2) ripple migration and (3) net transport. Our particular interest 
remains on irregular flows and non-equilibrium conditions. 
 
3.2 Suspended sediment 
Suspended sand concentration above a rippled bed depends on time (wave phase), height 
above the bed and horizontal location relative to the ripple crest. The suspended sediment 
concentration profile (concentration c as function of height z above the bed) is therefore 
both time- and horizontally-varying. Laboratory-based research on suspended sediment 
above rippled beds has largely been concerned with establishing the time- and 
horizontally-averaged concentration profile for given flow (wave) and bed conditions. 
Much of this research has been based in small wave flumes or small flow tunnels (e.g. 
Nakato et al., 1977; McFetridge and Nielsen, 1985; Bosman and Steetzel, 1986; Ono et al., 
1994). Laboratory studies involving the longer period, larger amplitude flows typical of 
field-scale conditions have been carried out in large oscillatory flow tunnels (Hayakawa et 
al., 1983; Ribberink and Al-Salem, 1994; Clubb, 2001) and in large wave flumes and 
basins (Williams et al., 2000; Vincent et al., 2001; Villard et al., 2000; Villard and 
Osborne, 2002). Ribberink and Al-Salem (1994) measured time- and horizontally-
averaged concentration profiles for a relatively large number of sinusoidal flows and a few 
irregular flows over a sand bed with D50=0.21mm. Clubb (2001) used a carousel-based 
suction sampling system to obtain time- and horizontally-varying concentration 
measurements at many locations above large 2-d ripples in regular sinusoidal and 
asymmetric flows over a 0.34mm sand bed. He found that sinusoidal and asymmetric flows 
with the same rms velocity and period resulted in very similar time- and horizontally-
averaged concentration profiles despite very large differences in the time- and 
horizontally-varying concentrations in the two flow types. Williams et al. (2000) also used 
suction sampling to measure time- and horizontally-averaged concentration profiles for 
two different sand beds (D50=0.33mm and 0.16mm) under regular and irregular waves in a 
large wave flume. They show that a diffusion-based formula for concentration profile 
describes the measured concentration profiles very well, for both regular and irregular 
wave conditions. The measured profiles were in relatively poor agreement with the 
convection-based formula of Nielsen (1992). 
 
Acoustic backscatter systems (ABS) enable easier measurement of time-varying 
concentration profiles compared to suction sampling. ABS has been used in recent years in 
a number of laboratory studies conducted in large wave flumes and wave basins involving 
regular and irregular waves. Measurements show that suspension processes in irregular 
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flows are more complicated than in regular flows. For example, Villard & Osborne (2002) 
found that the suspended sediment concentrations in irregular flows are influenced by the 
recent history of the flow, with large suspension events associated with the pairing of 
antecedent and developing vortices due to the passage of wave groups. Vincent et al. 
(2001) compared suspended sediment concentrations measured in regular and irregular 
waves and found that regular waves suspend an order of magnitude more sediment than 
“groupy” irregular waves with similar significant wave height.  
 
ABS has also been used to measure suspended sand concentrations over ripples in the field 
(e.g. Vincent and Green, 1991; Vincent and Downing, 1994; Osborne and Vincent, 1996; 
Webb and Vincent, 1999; Green and Black, 1999). Field studies are complicated by the 
lack of control over the many variables involved in determining the sand suspensions. For 
example, Vincent and Green (1991) measured very different suspended sediment patterns 
at two different times at the same location under very similar wave conditions. The 
difference is assumed to be due to different ripples being present at the two times. Vincent 
and Green conclude that sand size and near-bed flow are not sufficient to determine ripple 
dimensions and, consequently, are insufficient to determine the sand suspension. As 
discussed in Section 2.3, the duration of the flow and the bed history are also important in 
determining the ripple geometry and related sediment suspension. 
 
The complexities of suspended sediment transport under field conditions in which the 
waves are irregular and sometimes bimodal and the ripples are changing with time are 
illustrated in the field measurements of Brander and Greenwood (1993) and Doucette 
(2000). Brander and Greenwood (1993) found that the wave component of suspended 
sediment transport over steep ripples was directed onshore, but as ripple steepness declined 
the direction of transport at higher elevations reversed.  Doucette (2000) found mainly 
onshore directed suspended sediment transport measured at 0.05m above the bed for 
steeper 2-d ripples and onshore and offshore transport at different frequencies over flatter 
2-d and 3-d ripples.  
 
It is clear that the number of controlled, large-scale experiments for which suspended 
sediment concentration data have been obtained is relatively few and the range of 
conditions covered by the experiments is small. More data is available from small-scale 
experiments but scale effects make application of results from these experiments to field-
scale conditions uncertain. There remains a lack of data from controlled, large-scale 
experiments to address questions like: (1) How do suspended sediment concentrations and 
transport in irregular flows compare with suspended sediment concentrations and transport 
in “equivalent” regular flows? Can results from regular flow experiments be applied to 
irregular flow conditions? (2) What are the suspended sediment concentrations and 
suspended sediment transport rates in non-equilibrium conditions? Or: What are the 
suspended sediment concentrations and suspended sediment transport rates for flow A over 
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ripples generated by oscillatory flow B? Of course these questions cannot be addressed 
independently of the corresponding ripple geometry questions. 
 
3.2 Ripple Migration 
Migration of ripples under oscillatory conditions is poorly understood because of the lack 
of controlled, systematic studies of the migration process. Faraci & Foti (2002) observed 
ripple migration in the laboratory for irregular waves but the wave periods were relatively 
short (<5s). Only Ribberink and Al-Salem (1994) and Clubb (2001) present measures of 
ripple migration from field-scale laboratory experiments. Ribberink and Al-Salem 
measured ripple migration for test conditions involving a 0.21mm sand and irregular flows. 
They reported 2-d and 3-d small ripples (η<15mm, λ<100mm) with high onshore 
migration rates (6-30mm/min). Net transport in the Ribberink and Al-Salem experiments 
was onshore, which means that the onshore transport due to ripple migration was greater 
than the offshore transport due to suspended sediment. This behaviour is different to that 
described by Clubb (2001) for large 2-d ripples (η=70-140mm, λ=510-770mm) 
comprising 0.34mm sand in regular asymmetric flows. In Clubb’s case the large ripples 
migrated onshore with speeds in the range 2.5-8.5mm/min but high sand suspensions 
occurred over the large ripples so that the total net transport was offshore. Clubb showed 
that the onshore transport was determined by ripple migration and could be reasonably 
well estimated from the product of ripple height and migration speed. He also showed that 
the transport processes lead to sediment sorting with coarser sand moving onshore with the 
ripple migration and finer sand moving offshore in the sand suspensions.  
 
Field measurements of ripple migration under waves have been in rips (Sherman et al., 
1993), under strong tidal currents (Sternberg, 1967; Kachel and Sternberg, 1971; 
Langhorne, 1981; 1982; Yang, 1986) on the deeper shoreface (Li et al., 1997; Boyd et al., 
1988; Amos et al., 1999, Traykovski et al., 1999) and under wave-only conditions in the 
nearshore (Dingler and Inman, 1976; Osborne and Vincent, 1993; Vincent and Osborne, 
1993; Crawford & Hay, 2001; Doucette, 2002a).   
 
Boyd et al. (1988) measured ripple migration in a field study where the prevailing 
conditions are summarised as T=4-11s, orbital diameter d=0.2-1.9m, and sand size 
D=0.11mm. Ripple migration rates in the range 0≤vr<0.8mm/min were generally observed 
but migration rates of vr=1.6mm/min were observed under one storm event (with T≈11s 
and d≈1.9m and ripples with λ≈0.1m). Migration was predominantly onshore but offshore 
migration was observed under the highest waves during two storms. Boyd et al. (1988) 
found no consistent relationship between ripple migration and flow velocity mean and 
skewness, whereas Vincent and Osborne (1993) found a positive relationship between the 
migration rate of small ripples and shear stress but found no relationship between the 
migration rate of larger ripples and shear stress. These different observations are possibly 
due to the fact that they were made in different environments, over different sized ripples, 
but they may also be a result of changing relationships around a break-off point. For 
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example, under combined waves and currents on the shoreface, Amos et al. (1999) found 
ripple migration rate increased up to a break-off point with increasing steady flow and then 
decreased above the break-off point. An additional explanation is required for ripple 
migration rate under purely oscillatory flows. 
 
Traykovski et al. (1999) measured ripple migration in the field for wave conditions with 
T=7-10s, d=0.2-1.0m and sand with D≈0.4mm. The study included one event with T=16-
18s and d≈2m for which the largest ripples with length λ≈1m were measured. The 
migration rate of the largest ripples was ≈0.5mm/min and the average migration rate 
reported over the study period was 0.17mm/min. For the majority of the study, ripple 
migration was directed onshore (opposite to the direction of the suspended sand transport) 
although under transient conditions the ripple crests appeared to move offshore, especially 
when ripples were adjusting to a change in angle of wave incidence. Traykovski et al. 
(1999) concluded that ripple migration is related to bed load transport and their description 
of the transport processes follows that outlined earlier (Section 3.1): the larger onshore 
velocities generate asymmetry in the bed load and near-bed transport with the net effect 
being coarse sand moving onshore near the bed feeding ripple migration, whilst the 
asymmetry between vortices either side of the ripple crest cause a net offshore transport of 
the finer sediment as suspended load.  
 
Crawford & Hay (2001) measured the migration of small, long-crested, anorbital ripples in 
the nearshore (3.2m mean water depth) in conditions of relatively high wave energy using 
a high-resolution laser-video bed profiling system over the course of a storm event. They 
observed small, low steepness ripples with λ≈85mm and η≈3mm that migrated offshore 
during storm growth and onshore during storm decay. Migration speeds up to vr=7mm/min 
were measured. Ripple migration velocities were highly correlated to near-bed wave 
orbital velocity skewness. Doucette (2002) made similar observations of ripple migration: 
large 2-d ripples were observed to migrate onshore during a narrow-banded swell period 
between two sea breeze events; during the sea breeze events where swell and sea were 
present, the ripples were observed to migrate offshore. These studies suggest that the wave 
spectral distribution is an important factor in determining ripple migration direction.  
 
The conclusion here is similar to that for suspended sediments, i.e. the number of 
controlled, large-scale experiments for which ripple migration has been studied is very 
limited so that quantitative understanding of ripple migration under waves is poor. Further 
controlled, large-scale experimental research is needed to study ripple migration under 
regular and irregular oscillatory flows and for non-equilibrium conditions. Because of the 
inter-dependence of the processes, ripple migration should not be studied independently of 
ripple geometry, suspended sediments and sediment transport.  
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3.4 Sediment transport 
Net transport over rippled beds has been measured in early laboratory experiments using 
oscillating trays in still water (Manohar, 1955; Kalkanis, 1964; Abou-Seida, 1965) and 
more recently in wave flumes with short period (< 3s), low orbital amplitude flows (Ishida 
et al., 1983; Vongvisessomjai et al., 1986; Sistermans, 2001). Laboratory experiments with 
flow periods and amplitudes closer to those of typical field conditions have been carried 
out in oscillatory flow tunnels by Sato and Horikawa (1986: 3-5s regular and irregular 
asymmetric flows and 0.18mm sand), Ribberink and Al-Salem (1994: Series B, 5-9.1s 
irregular asymmetric flows and 0.21mm sand) and Clubb (2001: 5s and 10s regular 
asymmetric flows with 0.34mm sand). 
 
Clubb (2001) and Sato and Horikawa (1986) measured transport for cases of equilibrium 
ripples and found the net transport to be offshore directed in all cases. Sato and Horikawa 
also measured transport as the ripples developed from an initially flat bed and showed that 
net transport was initially onshore before becoming increasingly offshore as the 
equilibrium ripples developed. Vongvisessomjai (1986) also measured maximum onshore 
transport when ripples were beginning to form, before decreasing as the equilibrium ripple 
was reached. These results point again to the importance of flow duration, bed history and 
time-scales of bed evolution in determining the sediment transport. In contrast to Clubb 
(2001) and Sato and Horikawa (1986), Ribberink and Al-Salem (1994) measured net 
onshore transport in each of their irregular asymmetric flow ripple regime experiments. 
The Ribberink and Al-Salem ripples are reported as being small (η<15mm, λ<100mm) 
with definite onshore migration. The net onshore transport may have been a result of low 
sand suspensions at flow reversals caused by the ripples being small, resulting in low 
offshore suspended transport compared with the onshore ripple migration. 
 
Sato and Horikawa (1986) do not present transport results for their irregular flows (other 
than to say that the transport is much less than for their regular flows). This means that to 
the authors’ knowledge the Ribberink and Al-Salem’s results covering 6 irregular flows 
and 1 sand size are the only laboratory (controlled) results available for transport over 
wave-generated ripples in field-scale irregular flows.  
 
Measurements of total transport in the field are very problematic. They require 
measurements of ripple migration and measurements of the vertical velocity and 
concentration profiles above the rippled bed in order to obtain the suspended sediment 
flux. Because of the strong horizontal variation in velocity and concentration, the velocity 
and concentration profiles must be measured at the same horizontal position relative to the 
ripple crest, something that is very difficult to achieve in field conditions. Field 
measurements of transport have been reported by Vincent & Green (1990), Li et al. (1997) 
and Traykovski et al. (1999). Traykovski et al. measured ripple migration and time-
varying velocity and suspended sediment profiles at a site where the sand size is 
D≈0.4mm. The net suspended sediment transport was wave-dominated and was offshore 
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directed while the ripple migration was onshore. They also found that bedload model 
calculations forced with measured wave velocities predict bedload sediment transport 
magnitude and direction consistent with observed ripple migration rates. 
 
 
4.0 CONCLUSION  
Despite the large number of laboratory studies, data from controlled, systematic, large-
scale experiments are very limited. At the same time the lack of control over the many 
variables involved, including the possibility of non-equilibrium conditions, means field 
data are complex and interpretation is often problematic. For these reasons quantitative 
understanding of important ripple regime transport processes is currently poor and much 
more research is needed in order to establish good predictive models. This review has been 
conducted as a precursor to a new programme of field-scale, oscillatory flow, ripple regime 
experiments to be carried out in the Aberdeen Oscillatory Flow Tunnel. For this reason our 
recommendations for further research, based on the review, are focussed on what the new 
experimental programme should address. There are two main areas: 
 
Irregular flow  Data from regular flow experiments are useful, especially in terms 
of isolating particular processes and informing the development of process-based 
numerical models, but their applicability to real, irregular flow conditions needs to be 
determined. New field-scale experiments are needed to compare ripple geometry and sand 
transport processes – suspension, migration and transport - for irregular and “equivalent” 
regular flows.  
 
Ripple evolution and non-equilibrium transport Previous laboratory studies have 
tended to concentrate on “equilibrium” ripples but non-equilibrium ripples are common in 
field conditions. Knowledge of the time scales at which ripples adjust to changing flow 
conditions is important because of the effect of different bed morphologies on suspended 
sediment concentrations and sediment transport. The impact of the lag in ripple response to 
changing hydrodynamic conditions on the resulting net sediment transport is not known. 
The presence of ripples that are not in equilibrium with the flow may produce significantly 
different net sediment transport than when equilibrium ripples are present. New 
experiments are needed to establish time scales of ripple development in response to a 
change in flow conditions. A number of different scenarios need to be studied: (a) initial 
bed is flat, (b) initial bed comprises ripples that are substantially larger than the ripples 
associated with the new flow and (c) initial bed comprises ripples that are substantially 
smaller than the ripples associated with the new flow. Measurements of the (time-
dependent) ripple geometry and sand transport processes need to be made in cases where 
the ripples are slow to develop in the new flow, i.e. in cases where the non-equilibrium 
conditions persist for long durations. 
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APPENDIX  
Laboratory studies of ripples in IRREGULAR flow 
      
          

Authors Year Facility Flow Conditions 
Sand Size 

(mm) Comments         
Sato & 1986 Oscillatory T=3.9s, 3.68s 0.18 Regular and irregular asymmetric flows.   

Horikawa   Flow Tunnel do=16-51cm   Net sand transport rate measured.    
     (Tokyo)               

Osborne & 1996  T=3.9s 0.15,0.25 Irregular waves synthesized from field measurements. 

Vincent   
Wave basin 

(NRC, Ottawa) H=0.2-0.4m 0.45,0.485 Mainly suspended sand measurements.   
      depth=1.6m         
                    

Ribberink 1994 Oscillatory T=6.5s, 12s 0.21 
Regular and irregular, ripple and sheet-flow regime 
Flows based on JONSWAP and 2nd order Stokes   

& Al-Salem   Flow Tunnel urms=0.2-0.92m/s   

Geometry, migration, c-profiles, net sediment 
transport rate measured. 
6 irregular ripple regime experiments.    

    (LOWT, Delft)                

Marsh 1999 
Wave basin 

(NRC, Ottawa) T=3-4s 0.315 
Waves from field site and monochromatic waves. Ripple 
geometry mainly.   

et al.     do=0.2-1.06m         
                    

Villard  2000 Wave flume 8 wave groups 0.25 
Monochromatic, bichromatic and waves from field site. 
Influence of wave groups on ssc over vortex ripples. 

et al.    (NHL, Ottawa) U up to 0.7m/s   

ABS measures of temporal and 
spatial variations in ssc.  
     

      T~4-5s          
                    

Williams 2000 

Large wave 
flume 

(Delta flume) T=5s 0.162 and Reg and irreg Jonswap waves    
et al.     H=0.5,0.75,1,1.25m 0.329 Irregular waves conformed to JONSWAP spectrum.   

          
Equilibrium conditions in ~60min; emphasis 
on averaged c-profiles    

                    

Vincent  2001 Large wave Hs=0.6m 0.23 
3 wave conditions: 2 regular 
and 1 “repeating wave groups”     

et al   Flume T=6.5s   

Used multiple transducer array. Comparison 
of ssc for regular and ireg wave with similar 
Hs    

     (Hannover) depth=3.75m            
                

Doering & 2002 Wave flume T=1.75s 0.09 Vertical velocities over ripple crests and troughs.   

Baryla   
(Manitoba 

Univ.)  H=1.88,0.249,0.152m   Stokes waves, Stokes groups, & irregular waves   
      Depth=1m   Not investigating  sediment  behaviour    
                    

Villard & 2002 Wave basin T=2.7s 0.25 Irregular waves synthesized from field measurements. 
Osborne   (NRC, Ottawa Depth=1.6m        

      Bed slope 1:25   Visualization of sediment suspension.    
                    

Faraci & 2002 Wave flume H=8-13cm 0.25 Regular and irregular waves.    
Foti   (catania Univ.)  T=1.25-4.18s   Irregular waves conformed to JONSWAP spectrum.  
      Depth=28cm   Used video to get ripple profiles.    
          

Measurements of ripple evolution and 
migration    
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