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Ripple geometry in wave-dominated environments 

Patricia L. Wiberg and Courtney K. Harris 
Department of Environmental Sciences, University of Virginia, Charlottesville 

The wavelength, height, and steepness of tipples formed under oscillatory flows in flume and field studies are 
reexamined to construct a simple and accurate method of predicting these ripple properties. Ripples with 
wavelengths proportional to near-bed wave orbital diameter (orbital tipples), predominant in laboratory expeti- 
ments, are found to have heights in excess of the thickness of the wave boundary layer. Ripples with wavelengths 
that are roughly proportional to grain size and nearly independent of orbital diameter (anorbital tipples), which 
predominate in the field, have heights at least several times smaller than wave boundary layer thickness. Relating 
wave boundary layer height to the generally more easily estimated wave orbital diameter, a set of expressions are 
developed for predicting tipple type and geometry based on mean grain size, wave orbital diameter, and estimated 
anorbital tipple height. This method provides a good charactetization of tipple wavelength and steepness for a 
large set of combined field and flume data. 

INTRODUCTION 

The geometry of wave-generated ripples in environments in 
which surface gravity waves impinge on an erodible bed, e.g., the 
nearshore zone and much of the continental shelf, is important for 
bottom boundary layer flow, sediment transport, and wave energy 
dissipation calculations. As a result, numerous studies have 
investigated the relationship between wave parameters, grain size, 
and ripple geometry in laboratory and field settings. Laboratory 
studies include those of Baghold [1946], Manohar [1955], Yalin 
and Russell [1962], Kennedy and Falcon [1965], Horikawa and 
Watanabe [1967], Carstens et al. [1969], Mogridge and Kam- 
phuis [1972], Dingler [1974], and Miller and Komar [1980a]. 
These studies have been conducted in a variety of types of flumes 
and for a large range of sediment sizes and densities. (See sum- 
maries by Miller and Komar [1980a], Dingler [1974], and 
Vongvisessornjai [1984].) One notable limitation to these meas- 
urements is the relatively low wave periods used in most cases 
owing to limitations of the experimental apparatus. Field studies 
include those of Inrnan [1957], Dingler [1974], and Miller and 
Komar [1980b]. Average wave period in these studies is gen- 
erally longer than in the laboratory studies, but the wave field is 
typically comprised of a range of wave heights and periods, com- 
plicating the interpretation of the relationship between wave con- 
ditions and measured ripple geometry. 

Analyses of ripple wavelengths, )•, indicate that most wave- 
formed ripples fall into one of three categories. At small values of 
the ratio of wave orbital diameter to mean grain diameter, do/D, 
ripple wavelength, or spacing, is proportional to do. Clifton 
[1976] refers to these as orbital ripples. At relatively large values 
of do/D, ripple wavelength appears to be a roughly constant multi- 
ple of grain size (•.500D) and is nearly independent of do. Clifton 
[1976] refers to these as anorbital ripples. A transitional range of 
do/D values exists at intermediate wave conditions in which both 
anorbital and orbital ripples appear possible, as well as ripples 
having intermediate wavelengths, termed suborbital ripples [Clif- 
ton, 1976]. In this transitional range of wave conditions, ripple 
wavelengths measured in the laboratory and field can differ by 
more than a factor of 3 at a given do/D. Conditions on the con- 
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tinental shelf most often'fall in the range for suborbital and anor- 
bital ripples, although orbital ripples are occasionally found. 

Other important geometric properties of wave-generated tipples 
are ripple height, x i, steepness (tipple height to wavelength ratio, 
xi/)0, and symmetry. Ripple height is more difficult to measure 
than ripple wavelength and was omitted in some studies. Ana- 
lyses of ripple steepness indicate that steepness is nearly constant 
for orbital ripples, with a typical value of 0.17. The steepness of 
anorbital ripples is significantly smaller and decreases with 
increasing wave conditions for a given grain size. The decrease in 
steepness is primarily associated with decreasing ripple height, 
probably as a result of suspension of sediment at ripple crests. 
Under purely oscillatory flows, bed ripples tend to be symmetric 
in cross section, with broad troughs and narrow crests. The super- 
position of a mean current on an oscillatory flow can add a degree 
of asymmetry to the tipples in the direction of the mean flow; 
asymmetry in orbital velocities can also cause ripple asymmetry 
[Clifton and Dingler, 1984]. In this analysis, we focus on sym- 
metric ripples. 

Available empirical expressions for predicting ripple 
wavelength and height (or steepness) for a given flow condition 
and bed sediment size generally are based on either laboratory 
data or field data, but rarely both. Grant and Madsen [1982] pri- 
marily used the Carstens et al. [1969] flume measurements of rip- 
ple spacing and height to develop general expressions for ripple 
height and steepness. Nielsen [1981] developed two sets of 
empirical relationships for ripple wavelength, height, and steep- 
ness, one for laboratory data and the other for field data. While 
these perform weI1 within the range of conditions for which they 
were developed, neither adequately considers the full range of rip- 
ple response to wave conditions and they can yield values of rip- 
ple wavelength and height considerably in error when applied out 
of their range. The purpose of the work presented herein is to 
interpret laboratory and field measurements within a single frame- 
work and to construct a simple method for predicting ripple type, 
wavelength, and height applicable to both field and flume environ- 
ments. 

OBSERVATIONS OF WAVE-GENERA, TED RIPPLES 

Beds of sand-sized sediment deform into ripples when sub- 
jected to oscillatory flows capable of initiating sediment motion. 
If the wavelength, L, of a surface gravity wave is less than about 
half the water depth, h, wave orbital motion will be present at the 
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Fig. 1. (a) Example of velocity profiles in an oscillatory rough turbulent 
boundary layer over a half wave period. (b) Maximum velocity profile, nor- 
malized by maximum orbital velocity, u•,, as a function of nondimensional 
height above the bed, •=z/•=zto/u.=. In this example, u•,= 120 cm/s, 
to= 2•/T =0.524 s -1 , u.= = 7.8 cm/s, and z0 =0.007 cm. 

bed. For waves of small steepness, parameters such as wave orbi- 
tal velocity and orbital diameter can be calculated using small- 
amplitude wave theory. In this case the diameter of the orbital 
motion just above the bed is given by do = H/sinh(kh), where H is 
wave height, h is water depth, and k is wave number, 2rc/L. The 
maximum near-bed wave orbital velocity associated with this 
orbital motion at the bed is Uom = redo/T, where T is wave period. 
Small-amplitude wave theory assumes that the bed is frictionless, 
but owing to the no-slip condition at the bed surface, a thin wave 
boundary layer exists in which the velocity increases from zero to 

than 0.8u.c•, where u.c• is the critical shear velocity for initial 
motion, the measurement was not included in the primary data set; 
the method used to determine u.= is discussed later in the paper. 
Only data for quartz density beds have been used. The sources for 
the laboratory data are Carstens et al. [1969], Mogridge and Kam- 
phuis [1972], Dingier [1974], and Kennedy and Falcon [1965]. 
Sources for field data are lnman [1957] and Dingier [1974]; 
significant wave height was used to determine do for field data. 
Data from oscillating bed experiments were not included (see dis- 
cussions of Miller and Komar [ 1980a]; Vongvisessomjai [1984]). 

The spacing of orbital ripples, which predominate at low values 
of do/D, is proportional to orbital diameter. Miller and Komar 
[1980a], using laboratory measurements of ripple wavelength for 
different sediment sizes and wave orbital diameters, proposed that 
for orbital ripples 

•o•b = 0.65do (1) 

Artorbital ripples, which occur at relatively high values of do/D, 
have spacings that are essentially independent of do, but vary in 
roughly constant proportion to grain diameter [Clifton and 
Dingier, 1984] 

)•ano = 400D-600D (2) 

Ripples with spacings that fall between these limiting relation- 
ships are considered suborbital ripples. The relationships for the 
wavelength of orbital and anorbital ripples defined by (1) and (2) 
are indicated in Figure 2a. 

Figure 3 shows our classification of these data as orbital, subor- 
the near-bed orbital velocity, Uo (Figure 1). As near-bed orbital bital, or artorbital. The basis for our classification is described 
velocity varies through a wave period, so does the velocity field in below. Comparison of Figures 2a and 3a reveals that most of the 
the wave boundary layer and the bottom shear stress (Figure 1). orbital ripples were observed in flumes, whereas most of the anor- 

The relationship between ripple spacing, •, and orbital diame- bital ripples were observed in the field. Suborbital ripples 
ter, do, defined by field and laboratory measurements is shown in comprise both flume and field data. There are also differences in 
Figure 2a, in which both ripple spacing and orbital diameter have tipple height or steepness associated with the distinction between 
been nondimensiona!ized by mean diameter of the bed sediment; orbital and artorbital ripples; ripple steepness is shown in Figure 
nondimensional ripple height, •I/D, is shown for the same cases in 3b. Orbital tipples are characterized by a constant steepness of 
Figure 2b. The data included in these figures are those for which roughly 0.17. Anorbital ripples have maximum steepnesses 
both ripple wavelength and height were measured as a function of smaller than this, closer to 0.12, and steepness decreases with 
wave period, orbital diameter or orbital velocity, and grain size; increasing orbital diameter, until sheetflow conditions are reached 
we refer to these data as the primary data set. We also attempted (Figure 3b). 
to assure that the ripples were approximately in equilibrium with One of the questions that motivated this study is whether the 
the flow by removing any cases in which the flow was differences between the characteristics of ripplesmeasured in the 
significantly below threshold conditions for initiating sediment laboratory and field are primarily a result of nonoverlapping wave 
motion. If the estimated maximum shear velocity U*m was less conditions or fundamental differences in the dynamics of the two 
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Fig. 2. Measured (a) ripple wavelength •, and (b) ripple height •i, normalized by grain diameter D, as a function of normalized wave 
orbital diameter do/D from the laboratory studies of Carstens et al. [1969], Kennedy and Falcon [1965], Mogridge and Karnphuis 
[1972], and Dingler [1974] and the field studies of lnrnan [1957] and Dingler [1974]. The dashed lines in Figure 2a follow the 
observed trends for wavelength of orbital and anorbital ripples. 



WIBERO AND HARRIS: RIPPLE GEOMETRY IN WAVE-DOMINATED ENVIRONMENTS 777 

10 4 

• 10 3 

10 2 

orbital i,'"' ' - ' ß 

ß 

,,• 
,•o 

anorbital ,•. e v 

....... :_._, ....... 
ß 

.• ß Anorbital 
v Suborbital 

a. 

102 10 3 104 10 2 10 3 104 

do/D do/D 
Fig. 3. Measured (a) ripple wavelength •, and (b) ripple steepness v;/•, for the same cases shown in Figure 2, but with our classification 
of the tipples indicated by symbol type (see legend). The classification is based on equations (10a)-(10c). 

environments. This question might be somewhat academic if we tion (do/D = 2000); orbital ripples occur at combinations of h and 
were certain that the combinations of wave parameters and sedi- H above and to the left of this curve, i.e., deeper water and smaller 
ment sizes that occur naturally on the continental shelf always wave heights. 
yielded anorbital ripples. However, while artorbital ripples are The dotted curves labeled C show the maximum water depths 
most common on the shell a number of the field cases included in and minimum wave heights necessary to initiate sediment motion, 
the primary data set appear to be suborbital, and there are even a based on values of critical orbital velocity, (Uo,,,)c,.it, computed 
few orbital tipples among the field data. from critical shear stress for each sediment size (P.L. Wiberg, A 

The likelihood of orbital and suborbital ripples forming on the theoretical investigation of boundary layer flow and bottom shear 
continental shelf can be further investigated by determining com- stress for smooth, transitional, and rough flow under waves, sub- 
binafions of water depth and wave height in which each type of mitted to Journal of Geophysical Research, 1993) (hereinafter 
ripple would be expected. To do this, we adopted the approxi- referred to as Wiberg (submitted manuscript)). The critical shear 
mate criteria proposed by Clifton and Dingier [1984] that orbital 
ripples occur when do/D < 2000 and artorbital tipples are found 

when do/D = 5000 or larger. The ratio do/D is not a perfect 100 f ......... 100 - / ß , . .... .;-- discriminator, but it will suffice for showing the general distribu- 80 T=Ss, D=0.13mm 80[;',,i••." . tion of ripple types. Given a grain size, D, values of do corresponding to do/D - 2000 and do/D - 5000 can be computed. • 60 [ ,...-o..". _• • 60 
For any value of wave height, H, the ratio H/do is related to water = 40 [ "--'"':•"$' . = 40 

depth, h, through the relationship a0 f !•'"• a0 ,, , . . 
- 0 kh In H + + (3) 

where k is wave number, 2re/L, and L is the wavelength of a sur- f T=Ss. D=0.aSmm face gravity wave. Water depth is then calculated from 80 80 , 

f ...... for a given wave period. Any pair of h, H, and T can be related 20 ,/-' ....... S" 20 _..T=I•s, D=0.25mm d 
given the third parameter and do. Because wave period generally 0 0 0" • ' ,• ' 6 ' 8 ' '0 0 2 4 6 8 10 
varies over a smaller range of values than does wave height and 
water depth on a given continental she]f, we specify period and 100 100 

relate/z to H. f t t T= 12 s' D=•>5'mm""""' Curves delineating the combinations of water depth and wave 80 T=8s, D=0.5mm 80 L O/,,/-•" 
height in which one would expect to find orbital, suborbital, and 
artorbital ripples are plotted in Figure 4 for three grain sizes span- 40 9•''" A ning the fine to medium sand range: D - 0.13 mm, D - 0.25 mm, 20 
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stresses used as the basis for this calculation are plane-bed values 
and can only be considered approximate for a rippled bed, which 
would be expected to require higher values of Uom to produce 
threshold conditions at the bed surface owing to form drag. If the 
initial motion curve (C) lies within the anorbital ripple domain, 
e.g., Figure 4b, then no orbital or suborbital ripples should form in 
sediment of that size under waves of the specified period. The 
dotted curves labeled S indicate the combinations of water depth 
and wave height at which sediment of the given size would be 
expected to be in full suspension, in which case any small-scale 
ripples present on the bed would be expected to wash out; the con- 
dition used for full suspension is w,/(ku.,•) = 1.0, where w, is set- 
tling velocity and k = 0.41 is yon Kam•an's constant. 

As an example, we consider the D = 0.13 mm case at h = 60 m 
(Figures 4a and 4b). For the longer period, 12-s waves (Figure 
4b), these calculations indicate that 2-m-high waves are required 
to initiate motion at this water depth, and that the ripples will 
always be anorbital. A wave height of 4 m appears to be 
sufficient to wash out the ripples, which would reform as anorbital 
tipples as wave height decreased. In contrast, waves with 8-s 
periods (Figure 4a) must be 10 m high just to initiate motion at 
this depth, implying that transport of 0.13-mm sediment occurs 
rarely, if ever, at these depths and wave periods. For a coarser 
bed with D =0.25 mm and T = 12 s (Figure 4d), waves with 
heights of nearly 3 m are necessary to initiate transport, under 
which conditions the ripples would be expected to be suborbital. 
Waves over 4 m high would form anorbital ripples, and waves in 
excess of 10 m are necessary to fully suspend the bed material. 
The coarsest bed considered here (Figures 4e and 4f) is interesting 
because critical conditions occur at approximately the 
orbital/suborbital transition. Thus ripples forming at near critical 

depends on the near-bed wave orbital velocity, Uo, the height of 
the wave boundary layer, $w, and the bed roughness parameter, 
z0, which is a function of k•, the physical roughness scale of the 
bed. These parameters are illustrated in Figure lb for the time of 
maximum near-bed wave orbital velocity, Uo=Uo,•. Wave boun- 
dary layer height is proportional to the ratio of maximum shear 
velocity, u.,,,, over a wave cycle to wave frequency, co= 2•c/T, i.e., 
õ• ~ u.,•/co; the constant of proportionality is of order 1. Shear 
velocity is related to the vertical gradient of velocity at the bed. 
As suggested in Figure lb, the near-bed velocity gradient, and 
therefore shear velocity, increases as the difference in values 
between z 0 and õ• decreases for a given Uo,•. Thus we could 
expect U*,•/Uom = f(Zo/$•). Here we adopt the notation 
•0 =z0o)/u.,,,. Velocity and shear stress vary through a wave 
period, but it is common to parameterize initial motion and 
suspension conditions under waves in terms of maximum boun- 
dary shear stress, •:0,,,, or maximum shear velocity, u.,,,. 

Both experimental [e.g., Jonsson, 1963; Jensen et al., 1989] 
and theoretical [e.g., Kajiura, 1968; Smith, 1977; Grant and Mad- 
sen, 1979; Long, 1981; Trowbridge and Madsen, 1984; Wiberg, 
submitted manuscript] approaches have been taken to the problem 
of relating near-bed orbital velocity to boundary shear stress or 
shear velocity. These studies have mostly concentrated on 
hydraulically rough flow (R. = u.k•/v > 70-100) because of their 
prevalence in natural environments and the fact that the ratio 
u*,•/Uom or wave friction factor f,• = 2(u.,•/Uo,•) 2 depends on just 
one independent variable under these conditions. Some of the 
data and relationships developed for the wave friction factor under 
rough oscillatory flow conditions are shown in Figure 5, including 
the Jonsson [1963] and Jensen [1989] wave tunnel data, the 
widely used semiempirical friction factor curve for rough flow of 

conditions would have heights and spacings close to those Jonsson [1963, 1966], the Grant and Madsen [1982] theoretical 
expected for orbital ripples. Wave heights in excess of 6 m would 
be necessary for anorbital ripples to form in this case. 

These results suggest that while anorbital ripples are the dom- 
inant ripple type on the continental shelf, suborbital ripples should 
also be present, particularly on medium sand and coarser beds, 
and that orbital ripples may be present on coarse sand beds. 

SEDIMENT TRANSPORT CONDITIONS UNDER WAVES 

General Concepts 

Ripple geometry depends significantly on the prevailing sedi- 
ment transport conditions. Ripples develop during times when 
bed material is primarily moving as bed load. This precludes the 
occurrence of ripples on beds comprised entirely of sediment too 
fine to move as bed load (silts and finer). On sandy beds, ripples 
may wash out during high flow conditions when most of the mov- 
ing bed material is carried in suspension but will reform as flow 
intensity wanes. Ripples formed during episodes of bed load 
transport persist during subcritical flows. On the continental shelf 
these tend to be slowly degraded by benthie organisms and occa- 
sional flows only large enough to move material at the ripple 
crests. The presence of these "relict" forms at subthreshold condi- 
tions complicates interpretation of field measurements of ripple 
geometry and must be considered in boundary layer calculations 
for the continental shelf [e.g., Drake eta/., 1992]. 

For sediment of a given size and density, wave conditions pro- 
ducing bed load, suspended load, or no sediment transport are a 
function of the boundary shear stress, •:o, or shear velocity, 
u. = 0:o/p) '•, exerted by the flow at the bed surface. In high- 
frequency oscillatory flows, such as those produced by surface 
gravity waves, the magnitude of the boundary shear stress 

relationship for pure waves, and the Wiberg (submitted 
manuscript) theoretical curve. These curves can be used to esti- 
mate wave-generated boundary shear stress for rough turbulent 
flow given ao/k•, where the orbital amplitude ao=do/2 and k, is the 
physical roughness length of the bed; for a well-sorted planar bed, 
k•--D, while for a rippled bed k,-- 30q2/)• [Grant and Madsen, 
1982]. 

The relationship between shear velocity and orbital velocity is 
more complicated for hydraulically smooth (R. < 3-5) and transi- 
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Fig. 5. Wave friction factor, f•, as a function of ao/k, for rough turbulent 
flow. The symbols indicate measured values off• from Jonsson [ 1963] and 
Jensen et al. [1989]. The friction factor curves are from Jonsson [1966], 
Grant and Madsen [1982] and Wiberg (submitted manuscript). 
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dary layer is laminar for Re. less than roughly 100. These curves can be 
used to compute uo= given u.•,, (o, and z0. 

tional (intermediate values of R.) flows because of the additional 
dependence of U*m/Uom on a wave Reynolds number, which intro- 
duces effects of fluid viscosity into the problem. For these flows, 
U*m/Uo,n = f [•0 = ZOO•/U*m, Re. = U.2m/(O•V)] or U*m/Uom = f [ao/k,, 
u2o, n/(rov)], depending on whether the known variable is U*m or 
U,,n. The theoretical relationship between U*m/Uom, •0, and Re. for 
smooth, transitional, and rough turbulent flow computed by 
Wiberg (submitted manuscript) is shown in Figure 6. For a given 
shear velocity, bed roughness parmeter z0, and wave frequency 
to, Figure 6 can be used to determine Uom. This is convenient, for 
example, for transforming a curve of critical shear stress to curves 
of critical orbital velocity (Wiberg, submitted manuscript). It is 
not as convenient for computing shear velocity or shear stress 
given orbital velocity, although this can be done iteratively. For 
rough flow, the relationship is a function of •0 only, as noted 
above, which can be transformed to ao/k, assuming k, = 30z0 for 
rough flow. This is how the Wiberg curve in Figure 5 was 
obtained. 

For given bed and wave conditions, computed values of wave- 

generated shear stress can be assessed for their transport potential. 
If the bed is rippled, however, some additional factors must be 
considered, and the problem is generally more difficult than for a 
planar bed of the same sediment type. Ripples increase the hydro- 
dynamic roughness of a bed relative to grain roughness, and 
values of z0 or k, for ripples are not well established, although it 
appears that a reasonable estimate of the ripple-generated rough- 
ness parameter for symmetric ripples is given by the product of 
ripple height times ripple steepness, i.e., z0• =rl2/3. [see Grant 
and Madsen, 1982; Wiberg and Nelson, 1992]. The large values 
of bottom roughness associated with ripples can pose a problem 
for boundary shear stress calculations under waves because solu- 
tions to the unsteady boundary layer equations used to compute 
U,rn/Uor n break down when the bed roughness parameter and boun- 
dary layer height are too close in value, i.e., •0 > 0.03 (Wiberg, 
submitted manuscript). This is equivalent to ao/k• = 8, close to 
the limit of ao/k• = 10 suggested by Jonsson [1963], below which 
the assumptions for his friction factor formulation are violated. 

Application to wave-formed ripple measurements 
To examine the transport conditions corresponding to the data 

shown in Figures 2 and 3, U*m was calculated for each case based 
on the formulation of Wiberg (submitted manuscript) used to con- 
struct Figure 6. The roughness parameter z 0 is initially set equal 
to the ripple roughness z0• = rl2/3.. For most of the field cases, the 
value of •0 = Z orCO/U*m was well below the upper limit of 0.03 
noted above, and the calculation of U*m was straightforward. 
However, the values of •0 computed for most of the laboratory 
cases was significantly above this limit, and U*m could not be reli- 
ably computed. This could have been anticipated if we had 
estimated values of ao/k•, the independent variable in the wave 
friction factor relationship (Figure 5), for the orbital ripple data. 
The steepness rl/l of orbital ripples is approximately 0.17, 
3.orb =0.65do, and rlo•b =0.173.o• •. Combining these, we get 
rlo•=O.11do, or do/rlo• = 9 for orbital ripples. Furthermore, 
k• = 30q2/I = 30(0.17rlor•), so that 11o•b = 0.2k•. From this, we 
find that 5do/k• = do/rlo• • = 9, or ao/k• = 1. This is well below the 
limiting value of 10 for reliable use of Jonsson's friction factor. 

The physical significance of these results may be better under- 
stood if we relate do=2Uom/•O to 5w=U.m/•O. The ratio 
5w/do =0.5U*m/Uom. Because U*m/Uo, n varies over a relatively 
small range of values for turbulent oscillatory flow ( Re. > 100 in 
Figure 6), do is roughly proportional to 5•. Taking a representa- 
tive value of U*m/Uom equal to 0.08 (Figure 6), do = 25 5,•. This 
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Fig. 7. Measured (a) ripple wavelength i, normalized by grain diameter D and (b) ripple steepness q/)• as a function of the ratio of 
near-bed wave orbital diameter to ripple height, do/q, for the same cases shown in Figure 2. The curve in Figure 7b is a second-order 
polynomial fit to the steepness data and used to estimate steepness for anorbital and suborbital ripples in our calculations (equation 
(9)). 
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implies that for dolq = 9, the ratio õ,,/q is less than 1, that is bed 
form height exceeds the thickness of the wave boundary layer for 
orbital ripples. Values of ripple wavelength 3. and steepness q/3. 
from the primary data set are plotted against measured values of 
the parameter do/q in Figure 7. As expected, the orbital ripple 
data all fall near do/q = 9. The anorbital data all have values of 
do/q > 100. The much larger values of do/q for anorbital ripples 
indicate that these are always well submerged within the wave 
boundary layer. 

Following the arguments outlined above, we have tentatively 
defined orbital ripples as those with tipple heights greater than 
twice the thickness of the oscillatory boundary layer, that is, 
õ,,/q < 0.5 or roughly do/q < 12. Artorbital ripples are defined as 
those for which ripple height is less than one-quarter of the boun- 
dary layer height, i.e., õ,,/q > 4 or roughly do/q > 100. Ripples 
with ratios of õ,,/q falling between these values are regarded as 
suborbital ripples. This is the scheme used to classify the cases in 
the primary data set, as indicated in Figure 3. 

Ripple heights significantly greater than the height of the wave 
boundary layer suggest that the wave boundary layer over orbital 
tipples may be discontinuous and transient, with a form roughly 
paralleling the ripple surface. Conceptually, this would be analo- 
gous to the viscous sublayer wrapping around bed roughness ele- 
ments in hydraulically rough flow, in which case ks > 6-8 •; 
õv = 11.6v/u. is the thickness of the viscous sublayer. Some evi- 
dence supporting this hypothesis can be found in oscillatory boun- 
dary layer measurements made by Ikeda et al. [1991] over a fixed, 
symmetric ripple. In these measurements, ripple height was 5 cm, 
ripple wavelength was 30 cm, period ranged from 3 to 9 s, and do 
varied from 20 to 40 cm; do/q = 4 to 8. Profiles of velocity and 
Reynolds stress, measured over a wave cycle, suggest that the 
observed turbulence is primarily associated with wake and vortex 
formation on the lee side of the ripple and that the wave boundary 
layer, to the extent that it is present, is thin compared to the scale 
of the tipple. However, it is likely that there is no persistent wave 
boundary layer in this case. Instead, there may be a growing 
internal boundary layer in contact with the bed downstream of the 
region of flow separation that is limited in height by the period of 
the oscillation and is disrupted each half wave cycle as the flow 
reverses. 

If this is the case, the shear velocity u.,• for orbital ripples 
would depend on the bed surface roughness, z0sœ, rather than rip- 
ple roughness, z0r, as well as wave or internal boundary layer 
thickness and potential flow velocity at the top of the boundary 
layer. There would be no region of spatially uniform, turbulent 
flow or shear stress as we assume exists above ripples well sub- 
merged in the wave boundary layer. The measurements of Ikeda 
et al. [1991] indicate that near-bed potential flow velocity on the 
upstream side of a ripple close to the crest has a value similar to 
the spatially uniform potential flow velocity above the ripple; 
potential velocity is much lower in the trough. Thus as a first 
approximation, we assume the average potential flow velocity 
above the ripples, Uo,•, is representative of the potential flow at the 
top of the wave boundary layer near the crest, where transport is 
likely to begin first. Potential flow theory could be used to gen- 
erate an estimate of the spafially varying potential velocity at the 
top of the wave boundary layer, but it is not clear that this added 
level of sophistication is warranted in this analysis. 

In light of these considerations, the U*m we compute herein for 
orbital ripples is an estimate of the maximum shear velocity acting 
on the bed surface at the ripple crest, i.e., (%f)½,•st = pU*2m ß The 

ing, 1979]; for a mobile bed, the bed load roughness parameter is 
calculated following Wiberg and Rubin [1989]. We use this 
estimate of u.,• both to characterize wave boundary layer height 
(u.,•/co) and the shear velocity at the bed for sediment transport 
calculations. In contrast, we use two different values of shear 

velocity to compute wave boundary layer height and sediment 
transport for anorbital ripples. Maximum shear velocity, u.,,, 
computed using tipple roughness provides an estimate of the 
"outer," spatially uniform shear velocity characteristic of the wave 
boundary layer flow above the ripples, and is used to compute 
wave boundary layer height. To estimate the shear velocity or 
shear stress at the bed surface for sediment transport calculations 
on anorbital ripples, a correction must be made for bed form drag, 
using a method such as that of Einstein [1950] or Smith and 
McLean [1977]. We used a modified form of the Smith and 
McLean [1977] bed form drag correction [Wiberg and Nelson, 
1992], 

•0 =i+i__CD 1 nq__q_ -- q (5) 

where k--0.41 is von Karman's constant and C D is a bed form 
drag coefficient. Wiberg and Nelson [1992] found CD = 1.0 for 
undirectional flow over relatively sharp-crested, fixed symmetric 
tipples with geometries similar to those of wave-formed ripples. 

The average shear stress at the bed surface computed from (5), 
x•f, is smaller than x0, the shear stress above the ripples. In addi- 
tion, the actual value of shear stress at the bed surface varies with 
position over a ripple, with lower values in the broad troughs and 
higher values near the ripple crests. Thus sediment transport, 
when it begins, tends be localized at ripple crests. Based on the 
shear stress distributions over symmetric ripples measured by 
Wiberg and Nelson [1992], we have approximated the bed shear 
stress near the ripple crest for anorbital ripples as 
(Xsf)crest = (l+12q/3.)x•f; for q/3.= 0.125, (Xsf)crest = 2.5%œ while in 
the limit of a flat bed, q/3. = 0 and (x•f)½•,st = x•f = Xo. For suborbi- 
tal ripples, we compute shear stress following the procedure for 
anorbital ripples if •0<0.03 and using that for orbital ripples for 
larger values of •. 

PREDICTING RIPPLE WAVELENGTH AND HEIGHT 

Using the view of the problem developed above, we have 
attempted to construct a more general method for predicting ripple 
height and wavelength than those currently available. We begin 
by assuming that the known parameters are grain size D, wave 
period T, and either orbital diameter do or wave height H and 
water depth h, which are related by the relationship 
do = H/sinh(kh); kh can be computed iteratively using the rela- 
tionship kDh = kh tanh(kh), where k D =4rc2/(gT2). These would 
be the known parameters if, for example, one were modeling 
boundary layer flow and sediment transport under specified wave 
conditions. The sedimentological problem is somewhat different, 
and will be considered later. There are two steps involved in our 
approach to predicting bed form characteristics: determining rip- 
ple type (orbital, anorbital, suborbital), and computing ripple 
dimensions based on ripple type and flow characteristics. 

In the previous discussion it was argued that the most important 
difference between orbital and anorbital ripples is the ratio of 
wave boundary-layer thickness to ripple height, which can be 
approximated by the ratio do/q. If this ratio is small, the ripples 
are of the orbital type, and if the ratio is large, the ripples are anor- 

bed surface roughness parameter Z o¾ is assumed to be the grain bital (Figure 7). However, ripple height must be known before 
roughness of the mean bed size for a stationary bed [see Schlicht- this ratio can be computed. Guided by previous work on this 
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problem, we have used our primary data set (Figure 3) to develop 
expressions for ripple wavelength and steepness for orbital and 
anorbital ripples. Ripple heights computed from these values pro- 
vide upper and lower limits on the range of possible ripple heights 
and provide a starting point for our determination of the correct 
ripple type. 

A best fit line fit through the orbital ripple data in Figure 3a 
gives 

= 0.2ao 

and the average value of ripple steepness for the orbital ripple 
points in Figure 3b is 

0.17 (7) 

where the subscript "orb" indicates that the relationships apply to 
orbital ripples. In this case •1orb is readily obtained from the pro- 
duct of length and steepness given near-bed orbital diameter do. 

A line fit through the anorbital ripple data in Figure 3a gives 

)•,,o = 535D (8) 

although there is fair amount of scatter around this value; the sub- 
script "ano" denotes anorbital ripples. Unlike orbital ripples, 
anorbital ripple steepness decreases with flow intensity, compli- 

. 

caring estimation of ripple height. In several previous studies 
[Nielsen, 1981; Grant and Madsen, 1982] anorbital ripple steep- 
ness was parameterized in terms of nondimensional bed shear 
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Fig. 8. Measured ripple data, classified according to type (see legend), plot- 
ted in terms of the ratio of near-bed orbital diameter to predicted anorbital 
ripple height, do/•la•o and Rouse number p• = %/(ku.•). The horizontal dot- 
ted line indicates p• = 2.5, the approximate criterion for incipient suspen- 
sion of bed load sediment. The vertical lines indicate the criteria for orbital 
and anorbital ripples developed from the data. 

do/•lano > 1 O0 artorbital ripples (10b) 

20 < dol•h•o < 100 suborbital ripples (10c) 
stress (skin friction). One could also argue that steepness might 
depend on Rouse number, Ps/= ws/ku.•, since bed form steepness It is interesting to note in Figure 8 that the Rouse number, ps/, is 
tends to decrease as the proportion of sediment in suspension less than 2.5 for almost all anorbital ripples, indicating that some 
increases. Although there are good arguments for using a u.- portion of the bed sediment is at least incipienfiy suspended in 
based parameterization of ripple steepness, we found that ripple most of these cases. 
steepness is as well defined in terms of do/•l (Figure 7b), which Ripple spacing and steepness for ripples classified as orbital or 
has the advantage of eliminating the complications and uncertain- anorbital are given by (6)-(9); ripple height is computed from the 
ties of computing %/. It also has the disadvantage that •1 appears product of wavelength and steepness. Suborbital ripples have 
on both axes so it must be solved for iteratively. The resulting wavelengths that fall between the orbital and anorbital limits. To 
relationship used to estimate the steepness of anorbital ripples is estimate wavelength for these ripples we took a weighted 

do __• = exp[-0.095(ln--)2+0.442 In dø -2.28] (9) 

for do/•l > 10; if do/• I < 10, '!/)• = 0.17. The curve given by (9) is 
plotted with the data in Figure 7b. 

To determine ripple type, orbital and artorbital ripple heights 
(*!o•t, and •1,,•) are computed for each case from the above expres- 
sions. In the previous section the criteria *!/fiw > 2 for orbital rip- 
ples and *!/fiw < 0.25 for anorbital ripples were suggested, which 
are approximately equivalent to do/•l < 12 and do/•l > 100, 
respectively. The ratio of d o to anorbital ripple height '!,•o is used 
to establish ripple type, because the ratio do/rlo•, given by (6) and 
(7) is constant for all wave and sediment conditions. The ability 
of these criteria to discriminate ripple type within the primary set 
of data is indicated in Figure 8 in which do/•h•o is plotted against 
the Rouse number, p•f = w/ku.•f, also computed assuming the rip- 
ples are anorbital. The anorbital limit, do/•h• o > 100 correctly 
classifies almost all of the anorbital points, as expected. The 
orbital limit of do/•hno < 12 is less successful because the cri- 
terion was established based on orbital ripple height and this cal- 
culation uses anorbital ripple height. A criterion of do/•h,o < 20 
correctly classifies more of the orbital ripples without misclassify- 
ing too many suborbital ripples, so we adopt this limit. Thus the 
criteria used in the calculations are 

dol•l•o < 20 orbital ripples (10a) 

geometric average of the bounding values X•,• and Xo•t,, so that 

L• = exp • 2'-•-• •-•6 • (In 3.o•,-ln 3.,•o)+ln 3.• (11) 
This gives •, =X•o when do/•,•o = 100; Xs•, =Xor, when 
do/•,•,o = 20. Ripple steepness and height are estimated using (9) 
and (11). This simple scheme for estimating suborbital ripple pro- 
perties appears to be adequate for relating ripple wavelength and 
height to general wave and sediment characteristics, but may not 
be ideal for estimating a time series of ripple properties owing to 
the sharp changes in the slope of the relationship for ripple 
wavelength at the orbital/suborbital and anorbital/suborbital tran- 
sitions, i.e., do/•,•. o = 20 and do/•,• = 100. A smoother cubic 
function for X•ub that is continuous with the relationships for orbi- 
tal and anorbital wavelength might be more appropriate for time- 
dependent calculations. 

Predicted ripple wavelengths and heights for our primary data 
set are compared with the measured values in Figure 9. This is 
not an independent test of our method since these data were used 
to construct equations (6) through (9), but it indicates the amount 
of the variation in the data we are able to account for with these 

simple relationships. The wavelength predictions (Figure 9a) are 
more accurate than the height predictions (Figure 9b). The scatter 
about the line of perfect agreement in Figure 9b is largely the 
result of scatter about the regression between steepness and do/*i 
used for the anorbital calculations (Figure 7b). The scatter exhi- 
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Fig. 9. Predicted versus measured ripple (a) wavelength and (b) height for the primary data set (data shown in Figure 2) using the 
method described herein (equations (6)-(11)). The dotted lines are the lines of perfect agreement. 

bited by some suborbital points is the result of misclassification. 
For all points in the primary data set, 89% of the orbital ripples 
were correctly identified as orbital in the predictions; 82% of the 
anorbital ripples, and 48% of the suborbital ripples were correctly 
classified. Five cases included in the data set were designated by 
the investigator as upper plane bed, or sheetflow, cases. Of these, 
three were predicted to be upper plane bed, based on a criterion of 
computed steepness being less than 0.01. 

Although all of the available ripple data that included 
measurements of ripple wavelength and height were used to con- 
struct our primary data set, we can use measurements lacking rip- 
ple height, which were left out of the primary data set, to compare 
predicted and measured ripple wavelength for flume and field 
cases. These data cannot be used to test the ripple classification 
scheme because classification of the observed ripples depends on 
measured ripple height. This second, independent set of ripple 
measurements includes the laboratory flume measurements of 
Yalin and Russell [1962] and Miller and Komar [1980a], as well 
as the field measurements of Miller and Komar [1980b] and the 
Inman [1957] data that lacked values for ripple height (the rest of 
the Inman [1957] data are in the primary data set). The Miller and 
Kornar [ 1980b] data include measurements made under wave con- 
ditions in which a significant amount of wave energy was present 
at two, and in one case three, discrete frequencies, probably as a 
result of combined locally generated sea and remotely generated 
swell. Orbital diameters for the component wave frequencies are 

connected by lines in Figure 10; components with orbital veloci- 
ties less than 80% of the estimated critical orbital velocity for ini- 
tial motion were not included. 

Nondimensional ripple wavelength )U'D is plotted against do/D 
in Figure 10a, with the lines for orbital and anorbital ripple 
wavelength given by (6) and (8). While these ripples could not be 
classified by type as noted above, their placement relative to the 
orbital and anorbital ripples line in Figure 10a is suggestive of rip- 
ple type. Measured and predicted wavelengths are compared in 
Figure 10b. The points at •ict• = 8.8 cm indicate the predicted 
anorbital ripple spacing for the Miller and Komar [1980b] field 
data. A number of corresponding measured ripple wavelengths 
fall close to this value, but some are significantly higher. For 
many of the multiple wave frequency cases in the Miller and 
Komar [1980b] data, the ripples were classified as anorbital for 
each component wave period, resulting in a single value for 
predicted spacing. In the other cases, the ripples corresponding to 
the lower values of orbital diameter were suborbital, while the 

higher orbital velocities indicated anorbital ripples. In all cases of 
multiple-peaked spectra, the frequency component with the largest 
orbital velocity was associated with the largest proportion of wave 
energy. As a result, one might expect that these components 
would control the tipple geometry. However, the agreement 
between measured and predicted ripple type was not improved if 
only these components of the Miller and Komar [1980b] field data 
set were compared. 
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Fig. 10. (a) Measured ripple wavelength •, normalized by grain diameter D, as a function of normalized wave orbital diameter do/D 
from the laboratory studies of Yalin and Russell [1962] and Miller and Komar [1980a], the field studies of Miller and Komar 
[1980b], and the field measurements of lnman [1957] that lacked values for ripple height. The horizontal lines connect the values of 
do associated with peaks in multiple-peaked wave spectra measured in some cases by Miller and Komar [1980b]. (b) Predicted 
versus measured ripple wavelength for the data shown in Figure 10a. The dotted line is the line of perfect agreement. These data 
could not be classified because ripple height was not available in most cases. 
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Recently, a new series of measurements of ripples formed in 
oscillatory flow ducts was made by Southard et al. [1990]. These 
data are particularly interesting for the very long wavelength rip- 
ples that formed under high flows in fine-medium sand. The 
majority of measurements were made in a small duct (10 cm wide, 
25 cm deep, and 6 m long) using water heated to 50ø-70øC, which 
made it possible to generate oscillatory motions with 10øC - 
equivalent periods ranging from 3-20 s [Southard et al., 1990]. A 
second set of measurements was made in a larger duct (40 cm 
wide, 26 cm deep, and 15 m long) to facilitate accurate measure- 
ments of larger bed forms. The observed bed forms had two- and 
three-dimensional crestline geometries and wavelengths that 
exceeded 1 m when orbital diameter was large, often with super- 
imposed smaller ripples. 

The Southard et al. [1990] measurements are somewhat 
difficult to interpret in the context of the present analysis. The 
largest bed forms in the small duct had wavelengths much longer 
than the flume width, creating the possibility that flume scales 
interfered with the ripple scales. The measurements in the wider 
flume were undertaken to avoid this problem [Southard et al., 
1990]; these measurements are summarized in Table 1. The 
wide-duct set of measurements began with flows having moderate 
orbital diameters. Both observed ripple wavelengths (-15 cm) 
and predicted values (~10 cm) under these conditions would be 
classified as suborbital (Runs 2-1 to 2-8, Table 1). As orbital 
diameter was increased, smaller ripples with spacings of 6-8 cm 
and heights of roughly 1.5 cm were observed superimposed on 
low relief, larger-scale forms with with spacings of the order of 1 
m. The smaller ripples are consistent with anorbital ripple 
wavelengths and heights predicted for these wave conditions. The 

One interpretation of these measurements is that orbital and 
anorbital ripples were both present during runs 2-10 to 2-15 
(Table 1). The wavelength of the small-scale superimposed rip- 
ples apparently remained fairly constant, with 3. = 6-8 cm. This 
spacing and the high flow conditions are consistent with these 
being anorbital ripples. The spacing of the larger forms is con- 
sistent with that expected for orbital ripples, but in this case, the 
flow conditions are not. Listed in Table 1 are estimated values of 

shear velocity u.sf, computed as described above. While these can 
only be considered rough estimates, calculations of the ratio of 
estimated wave boundary layer height to measured ripple height, 
•i•/•!m• s, and Rouse number p•f = w•/(ku.¾) reveal some interest- 
ing trends. Values of the Rouse number p indicate that a 
significant fraction of the bed material should be moving as 
suspended load, especially near the crests where the boundary 
shear stresses are highest. This is corroborated by the observa- 
tions that the crests of the larger forms were rounded and that 
smaller-scale ripples were only found in the troughs and flanks 
[Southard et al., 1990]. Furthermore, the ratio of wave boundary 
layer height to ripple height for the larger forms is significantly 
less than 1 in most cases and supports the interpretation that they 
are orbital bed forms. These seemingly inconsistent observations 
(orbital tipples forming under conditions of high sediment suspen- 
sion and large orbital diameter) might be explained if the 
suspended material was largely confin• to a relatively thin, high 
concentration layer near the bed, such that the mean travel dis- 
rance of suspended particles is less than the orbital ripple 
wavelength and that small decreases in shear stress cause deposi- 
tion. The relatively shallow, confined depths of the flume in the 
Southard et al. experiments may have contributed to the formation 

spacing of the larger forms is close to that expected for an orbital of the larger bed forms. 
ripple in the given flow (3.orb -- 1 m for do-- 1.6 m). Still higher 

values of do resulted in more pronounced large-scale ripples with Comparison With Other Expressions for Ripple Scales 
spacings of the order of 1-2 m and heights of roughly 15 cm, with 
small superimposed ripples becoming limited to the troughs and Grant and Madsen [1982] and Nielsen [1981] have proposed 
on the flanks of the larger forms [Southard et al., 1990]. Under expressions for the wavelength, height, and steepness of ripples 
these flow conditions, the calculations indicate upper plane bed or formed under oscillatory flows. Nielsen [1981] developed 
sheetflow conditions. The larger forms continue to have spacings separate expressions for laboratory and field conditions based on 
generally consistent with orbital ripples. measurements collected from a wide range of sources. He argued 

TABLE 1. Measured and Computed Characteristics of Oscillatory Bed Forms Measured by Southard et al. [ 1990] 

D, Uo* , do, T*, 3•meas t , •lmeas t, (U. 
Run mm cm/s cm s cm cm cm/s 

2-1 0.11 26 50 6.0 15 2.6 1.7 0.6 1.2 
2-2 0.11 20 38 6.0 13 2.0 1.4 0.7 1.4 
2-4 0.11 22 60 8.5 20 2.5 1.4 0.8 1.4 

2-5 0.11 17 46 8.5 16 1.2 1.2 1.4 1.,6 
2-6 0.11 18 49 8.5 15 1.2 1.3 1.4 1.5 
2-7 0.11 34 92 8.5 7 1.0 2.0 2.7 1.0 
2-8 0.11 25 68 8.5 14 2.2 1.6 1.0 1.2 
2-9 0.11 42 114 8.5 7 1.0 2.3 3.1 0.9 
2-10 0.11 51 138 8.5 7:!: 1.O:!: 5.0 6.8 0.4 
2-10 0.11 51 138 8.5 100õ 2.7õ 2.6 0.7 0.7 
2-11 0.11 57 154 8.5 120 20 2.9 0.2 0.7 
2-12 0.11 60 162 8.5 120 20 3.1 0.2 0.6 
2-13 0.11 74 200 8.5 150 12 3.6 0.4 0.5 
2-14 0.11 83 225 8.5 200 12 4.0 0.5 0.5 
2-15 0.11 88 238 8.5 200 10 4.2 0.6 0.5 
2-16 0.11 100 271 8.5 220 3.0 7.9 3.6 0.3 

* Values of Uo and T are adjusted to 10øC, as given in Table 2 of Southard et al. [ 1990]; do is computed from Uo and T. 
•' Average values of measured wavelength and height taken from Table 2 and the Appendix of Southard et al. [ 1990]. 
$ Small-scale superimposed ripple wavelength and height for Run 2-10. 
õ Large-scale tipple wavelength and height for Run 2-10. 
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that ripple steepness should be a function of nondimensional shear 
stress x. = Xo/[(p,-p)gD] (Shields parameter) and parameterized 
ripple wavelength and height, both nondimensionalized by orbital 
amplitude ao, in terms of what Nielsen [ 1981] called the mobility 
number, W = pUo2/[(p•-p)gD]; • is different from x. by a factor of 
(u.=/Uo=) 2. Nielsen [1981] computed the ratio u.=/Uo= using an 
expression for wave friction factor with a physical roughness 
length k• = 2.5D, so that x. represents skin friction; Nielsen's 
[1981] friction factor curve is essentially the same as Jonsson's 
[1966], shown in Figure 5. Fitting curves to the data, Nielsen 
obtained 

rl/• = 0.182-0.24'1:. 3/2 (12a) 

L/ao = 2.2-0.345•t ø'34 (12b) 

rl/ao = 0.275-0.022•t • 

for laboratory data; and 

q/X, = 0.342-0.34x? 

(12c) 

L/a o = exp[(693-0.371nS•t)/(1000+0.751n7•)] 

rl/a o = 21•t -1-85 (•t> 10) 

D=0.2mm, ps/p=2.65 

o 

(13b) 
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(13a) Fig. 11. Comparison of the predicted relationships for (a, b) ripple wavelength, normalized by orbital amplitude ao--do/2, and (c, d) ripple 
steepness as a function of do/D computed using the methods of Nielsen 
[1981], Grant and Madsen [1982], and the me/hod described in this paper. 
The calculations were made for quartz-density, 0.2 mm diameter sand; a 
water density of 1.0 g/cm 3 and a water temperature of 10øC were assumed. 

(13c) Results are shown for wave pedods of 3.5 s (Figures 11aand 11c)and 10s 
(Figures 11 b and 1 ld), representative of laboratory and field waves. 

for field data; the expressions for ripple height are based on quartz 
density sediment only. 

Grant and Madsen [ 1982] developed empirical relationships for 
tipple steepness and height (rl/ao) expressed as a function of 
transport stage, x.¾l(X.)c,, that is, the ratio of nondimensional bed 
shear stress (skin friction) to the nondimensional critical shear 
stress for initiating sediment motion. Primarily using the Carstens 
et al. [1969] laboratory study of oscillatory ripples, Grant and 
Madsen [ 1982] suggested 

rl/•, = O.16(x.,,r/(x. )c,,) -ø'ø• (14a) 

rl/a o = 0.22(x.•ff(x.)c,)-øa6 (14b) 
for values of transport stage less than what Grant and Madsen 
[1982] call the breakoff point, i.e., x.,ff(x.)• < [x.•(x.)•]•; this 
was termed the equilibrium range and roughly corresponds to 
what we are calling orbital ripples. At higher transport stages, in 
the "breakoff range," Grant and Madsen [1982] found 

q/•, = 0.28S.ø'6(x.•/(x.)•,)-• (15a) 

rl/ao = 0.48S .ø'8 ('%/(x. )•,)-]'• (15b) 

where S. = [(ps/p)-l]gD3/2/4v is a dimensionless grain parame- 
ter. The breakoff point is given by [x.•ff(x.)c•]• = 1.8S. ø'6 [Grant 
and Madsen, 1982]. Wave orbital amplitude and skin friction are 
related via the Grant and Madsen friction factor relationship 
shown in Figure 5. 

The Nielsen and Grant and Madsen relationships for ripples 
utilize both the wave orbital amplitude, ao, and skin friction, %/, 
which are related through a wave friction factor. Thus for both 
methods, ripple height, wavelength, and steepness are completely 
specified given ao, wave period, T, mean grain size, D, sediment 
and fluid density, and fluid temperature. This set of parameters 
also provides the information necessary to compute ripple proper- 
ties using our method, suggesting that an appropriate basis for 
intercomparison of these relationships would be orbital amplitude 
or orbital diameter. The three relationships for ripple wavelength 
and steepness as a function of orbital diameter are compared in 

Figure 11 for 0.2 mm, fine quartz sand; when computing these 
curves, we assume fluid density is 1.02 g/cm 3 and water tempera- 
ture is 10øC. Comparisons are shown for wave periods ofT=3.5 s 
and T=10 s, representative of laboratory and field conditions; 
Nielsen's laboratory expressions (12) were used when T=3.5 s 
and his field relationships (13) were used when T=10 s. Based on 
estimates of critical shear stress for initial motion and for full 

suspension of 0.2-mm quartz sand, the range of values of do/D for 
bed load transport is roughly 900-3000 when T=3.5 s; if T=10 s, 
the range of do/D is roughly 3000-10,000. These ranges define 
the conditions under which ripples would be active and indicate 
that the T=3.5 s ripples are orbital and suborbital, whereas the 
T=10 s ripples are suborbital and anorbital. 

At lower wave periods (T=3.5 s), the three methods give simi- 
lar relationships for ripple length over the range of do/D in which 
ripples are active. This agreement could be expected inasmuch as 
the orbital ripples observed and predicted to dominate at these low 
periods are the best defined observationally. The Nielsen and 
Grant and Madsen curves for ripple steepness for T=3.5 s also 
give similar relationships for the decrease in ripple steepness at 
higher values of do/D. Our method appears to overpredict the 
steepness of suborbital ripples at these low wave periods which 
are representative of laboratory conditions. At higher wave 
periods (T=10 s), when the ripples are suborbital to anorbital, 
Nielsen's relationship and ours for ripple wavelength are very 
close; the Grant and Madsen relationship yields much longer 
wavelengths. All three relationships for steepness when T=10 s 
are similar, although the Grant and Madsen relationship yields 
somewhat higher values of steepness than the other two methods. 

Figure 12 shows the results of applying the predictions of the 
Nielsen [1981] and the Grant and Madsen [1982] expressions to 
our primary data set, and, with Figure 9, provide some sense of 
the strengths and weaknesses of the various methods. The Grant 
and Madsen [ 1982] expressions closely predict orbital and many 
suborbital ripple spacings and heights but significantly overpredict 
spacings and heights for anorbital ripples. Nielsen's method 
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yields wavelengths in close agreement with the data and values 
comparable to our predicted wavelengths, with the exception of a 
series of flume measurements of relatively long wavelength orbi- 
tal ripples from Mogridge and Kamphuis [1972]. Our method 
indicates that these ripples should be suborbital (open circles fal- 
ling below the line of perfect agreement in Figure 9), whereas the 

crescentic dunes of fine sand-underlain by coarse sand and shell 
fragments. In some areas large-scale ripples (spacings > 50 cm) 
are present in the coarser sediment. Between the rocky promon- 
tories and on the dunes, the bed is characterized by fine sand 
molded into small-scale symmetric ripples (spacings of roughly 
10-15 cm). The wide variation in bottom ripple scales under 

measurements show that they continue to have spacings and essentially identical wave conditions provides a good test of the 
height consistent with orbital ripples. Nielsen's expressions for methods available for predicting ripple type. Wave orbital veloci- 
laboratory conditions provide a better estimate of )• and r I for ties determined from significant wave height measured during 
these ripples. Comparison of measured ripple heights to predicted these deployments by the Geoprobe bottom tripod [Cacchione and 
values computed using our method and Nielsen's equations indi- Drake, 1979] ranged from 10 to 55 cm/s with periods of 12-16 s. 
cate roughly comparable performance. Nielsen's method The highest wave conditions could suspend the fine sand, while 
significantly overpredicts ripple height for some orbital and subor- moderately high wave conditions are necessary to initiate motion 
bital cases, whereas our method results in a larger scatter of values of the coarse sand. 
for anorbital ripple height. Part of the error in our method is attri- Selecting representative wave conditions from the time series 
butable to improperly classifying ripple type. Some of the error in that were sufficient to mobilize the bed material but not so high as 
Nielsen's method may result from the classification of ripples by to suspend sediment of the mean size, we computed predicted 
environment rather than by ripple type. wavelengths for these ripples using the three methods discussed 

Field Example 

An interesting test of these methods for predicting ripple scales 
is provided by some recent bottom boundary layer measurements 
made on the northern California inner continental shelf just north 
of the Russian River as part of STRESS, a continental shelf sedi- 
ment transport study. Bottom characteristics of the inner shelf 
study area vary considerably over relatively short distances [Cac- 
chione et al., 1984, 1987]. In regions where rocky promontories 
are present at the shoreline, the bottom exhibits large, low-relief 

above. The input wave conditions and results are listed in Table 
2. The observed ripple spacing on the fine-medium sand bed (D = 
0.25 mm) is the expected spacing for anorbital ripples. Our 
method and Nielsen's [1981] predict ripple wavelengths of the 
correct order, although ripples as large as the Nielsen value of 20 
cm were rare in bottom photographs. The Grant and Madsen 
[1982] method results in considerable overestimation of ripple 
wavelength. Close estimation of the actual wavelength for the 
coarse sand bed was difficult to make because in many cases there 
was only one crest in the camera's field of view; in some cases, 
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TABLE 2. Measured and Predicted Ripple Wavelengths at the STRESS Inner Shelf Site, Northem California 

h, D, %,., 
m mm dyn/cm 2 cm/s s cm cm cm cm 

54 0.25 2.2 40 14 12-15 13 107 20 

54 0.65 3.3 50 15 >50 63 140 48 

* Ripple wavelength computed using the Wiberg and Harris method described in this paper. 
'• Ripple wavelength computed using the Grant and Madsen [ 1982] method. 
• Ripple wavelength computed using the Nielsen [ 1981] method for field conditions. 

however, two crests were visible (D.A. Cacchione, personal com- 
munication, 1992). The field of view is roughly 80 cm, so we can 
conclude that the features are >50 cm in wavelength, and at least 
some of the ripples are <100 cm, but the average spacing is 
unknown. In this case our method predicts suborbital ripples with 
spacings of roughly 60 cm, which may be on the low side. 
Nielsen's method for field conditions yields still smaller 
wavelengths. The Grant and Madsen method predicts spacings 
that are much higher, close to orbital ripple spacings for these 
waves. These values are probably high. 

APPLICATION TO HYDRODYNAMIC iNTERPRETATION OF 

SHALLOW M^e, INE DF. Posrrs 

One of the motivations for studying the relationship between 
wave parameters and the characteristics of ripples on the underly- 
ing beds is the possibility of reversing the logic to infer wave 
parameters from bed form characteristics preserved in shallow 
marine deposits. Most wave-formed ripples on the continental 
shelf fall in the anorbital and suborbital classes (Figure 4), thus it 
is generally not possible to directly relate ripple wavelength to 
orbital diameter as one could for orbital ripples. When recon- 
structing the hydrodynamic environment associated with anorbital 
or suborbital ripples, critical shear stress is the strongest piece of 
evidence available. Another important sediment transport thres- 
hold is the transition from a rippled bed to upper plane bed condi- 
tions. As discussed earlier, shear velocity can be related to orbital 
velocity, and orbital velocity can be related to combinations of 
water depth and wave height for a given wave period and bed sed- 
iment size (Figure 4). As illustrated in Figure 4, the initial motion 
and suspension curves define a range of water depth and wave 
height over which active ripples will exist on the bed. Likely 

ranges of wave periods can then be used to narrow the range of 
possible depths. 

As an example, we consider a section from the Elkton siltstone 
of southwestern Oregon. This Eocene-age unit has been inter- 
preted by Dott and Bird [ 1979] as a shelf or slope sequence, depo- 
sited in front of the advancing Coaledo delta. Figure 13 is a line 
drawing (J. Bourgeois, personal communication, 1986) of one 
section of this deposit. It includes wave ripple structures showing 
distinct internal lamination above what appears to be an erosional 
contact and which change about halfway up the section into verti- 
cally climbing ripples that suggest draping by sediment settling 
out of suspension. The ripples are about 10 cm long and 1-1.5 cm 
high, with an average grain size of roughly 0.2 mm (J. Bourgeois, 
personal communication, 1986). The bottom half of the section 
clearly indicates active bed load transport, with a likely drop to 
subcritical shear stresses higher in the section where the ripples 
climb vertically and the laminae become nearly parallel. There is 
a suggestion of near-parallel bedding above the erosional base that 
may indicate transport conditions approaching upper plane bed at 
the bottom of the section. Generally the sequence is consistent 
with a waning-flow storm deposit. 

Curves showing the combinations of water depth and wave 
height necessary to produce orbital velocities sufficient to initiate 
sediment motion (planar bed values) and fully suspend the bed 
material are shown in Figure 14, assuming a wave period of 12 s, 
typical of moderate swell on the Oregon continental shelf. As 
indicated by the horizontal lines, the depth of water necessary for 
initial motion under a 3-m-high wave (3m-IM) and full suspen- 

lOO 

, , j 

6m-IM : initjal motion (IJVI) 

•' 6m S ' ' i i suspend;ion (S) ; 

o 

H (m) 
Fig. 13. Line drawing of a section from the Elkton siltstone, an Eocene-aged 
deposit from southwest Oregon. The drawing was made by Joanne Bour- Fig. 14. Constraints on the depth of the Elkton deposit (Figure 13) at the 
geois from a photograph of the section. The mean sediment size for the sec- time of formation based on combinations of wave height H and water depth 
fion is approximately 0.2 mm. The ripple spacing is roughly 10 cm and rip- h necessary to initiate sediment motion and to fully suspend sediment of the 
ple heights average 1.0-1.5 cm. The scale is a penny. average bed size. 
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sion under a 9-m (9m-S) wave is about 65 m. Initial motion for 
6-m-high waves occurs at roughly 92 m and suspension at about 
50 m. A 3-m-high wave on today's Oregon coast would be con- 
sidered a typical storm wave, a 6-m-high wave would be a large 
storm wave, and a 9-m wave would be an extreme wave. Because 

there is little evidence of parallel bedding in this section, or else- 
where in the upper Elkton (J. Bourgeois, personal communication, 
1986), it is likely that the depth at which the deposit was formed 
was greater than the depth corresponding to full suspension for the 
larger waves, so that h > 50-60 m. This suggests there was little 
or no transport occurring on the bed during nonstorm conditions 
because the water depth is approaching the value at which even 
normal storm waves could not generate stresses large enough to 
initiate sediment motion. This is also consistent with the apparent 
lack of bed load transport during deposition in the upper part of 
the section in Figure 13. On the other hand, bed load transport 
clearly was occurring in the lower part of the section, so the depth 
must be shallower than the maximum depth for initial motion of 
the bed material under large 6-m storm waves, that is, h < 92 m. 
If the sequence of bedding is considered, the deposit must have 
formed at a depth at which the large storms waves were capable of 
transport approaching upper plane bed conditions, moderate 
waves could transport sediment as bed load, and the waves that 
followed the storm could not move the bed material. Shelf depths 
of the order of 65 m +10 m or so are most consistent with these 

constraints for the Elkton deposit based on these calculations. 

DISCUSSION 

The results of our analysis suggest that the ripples observed in 
laboratory flumes and in the field can be interpreted within a com- 
mon framework. This framework provides a method for classify- 
ing ripples as orbital, anorbital, or suborbital, based on ripple 
height and near-bottom wave orbital diameter, and for predicting 
ripple wavelength and height based on the grain size of the bed 
sediment and wave orbital diameter. As others have noted, orbital 
ripples dominate ripple types observed in laboratory studies, 
whereas anorbital ripples are the most commonly found type in 
field settings deep enough that the waves can reasonably be con- 
sidered small amplitude. This is a consequence of the fact that 
orbital ripples are generally found at smaller wave orbital diame- 
ters than are anorbital ripples, and, largely owing to differences in 
period, the orbital diameter of oscillatory flows in wave tanks and 
tunnels is generally significantly lower than that typically found 
on the continental shelf. Thus the difference in ripple type in the 
two environments appears to be largely a result of the lack of sub- 
stantial overlap in wave period in field and flume settings. 

The proportionality between the wavelength of orbital ripples 
and the orbital diameter of the accompanying oscillatory flow sug- 
gests that wave motion, probably coupled with the lee vortices 
forming on both sides of each crest, directly controls ripple spac- 
ing for these bed forms. The velocity pattem measured by Ikeda 
et al. [1991], averaged over the period of oscillation, shows two 
stationary cells each occupying half the distance between crests 
and extending to several times the ripple height. Once orbital rip- 
ples are established, it appears that they persist as long as sedi- 
ment is predominantly being transported as bed load. If shear 
velocity is increased without commensurate increases in the 
period of oscillation, the wave boundary layer will increase in 
thickness. At the same time, the flow conditions will approach 
those necessary to begin moving some of the sediment in suspen- 
sion, particularly sediment near the crest where the local shear 
stresses are highest. As the ripples lose sediment at their crests to 
suspension, their heights decrease and, eventually, the ratio of 

wave boundary layer thickness to ripple height will increase to the 
point where the ripples are completely submerged in the wave 
boundary layer. Some of the available data sets that include 
measurements spanning this transition [e.g., Intoart, 1957; Car- 
stens et al., 1969; Mogridge and Kamphuis, 1972] suggest that 
this transition is accompanied by an adjustment in ripple 
wavelength such that two or more ripples fill the space originally 
occupied by one, until a new spacing of the order of 500-600D is 
established. At the same time, however, the sediment forming the 
ripples continues to go into suspension, so that the bed is also 
approaching upper plane bed conditions as shear velocity is 
increased. 

The Southard et al. [1990] flume measurements appear to pro- 
vide an exception to this generalization, in that large-scale oscilla- 
tory bed forms with wavelengths roughly consistent with orbital 
ripple scales (i.e.,)•or•, --0.62do) are observed under suspended- 
sediment transporting conditions. Superimposed on these are 
smaller-scale ripples with spacings that suggest they are anorbital 
ripples. The crests of the larger forms are rounded. As a result, 
lee vortices, if they exist at all, are unlikely to have scales 
approaching half the wavelength of the bed forms, suggesting the 
scale of the vortices is not the primary control on spacing of orbi- 
tal ripples. A cross-sectional view of the stratification associated 
with the large-scale oscillatory bed forms shows similarities with 
some types of hummocky cross-bedding observed in ancient shal- 
low marine deposits [Sourhard et al., 1990]. If our hypothesis is 
correct that the large-scale bed forms in the Southard et al. [1990] 
experiments are essentially orbital ripples that form under condi- 
tions when a significant amount of sediment is moving in suspen- 
sion, but the suspended load is largely confined to a thin, high 
concentration layer, then it may be possible using some of the 
methods described herein to constrain the possible surface wave 
conditions that could produce this type of bed form. As Southard 
et al. [1990] also note, the flow would have to be nearly purely 
oscillatory. Any significant superimposed current would allow 
suspended sediment to diffuse out of the wave boundary layer 
reducing the likelihood that there would be sufficient deposition 
during the required high oscillatory flows to produce a bed form 
with an appreciable height. 

The spacing of 500-600D for anorbital ripples in our primary 
data set is similar to the spacings observed for unidirectional 
current ripples. Yalin [1977], for example, suggests that ripple 
spacing in steady flows is of the order of 1000D. This suggests 
that the instability mechanism governing the wavelength of anor- 
bital ripples may be related to that controlling ripple wavelength 
in steady flows. Because the orbital diameter is much larger than 
ripple spacing for anorbital ripples, from the standpoint of sedi- 
ment transport the flow might be considered quasi-steady over 
part of the wave cycle. An important feature of natural wave set- 
tings, such as the continental shell is that the bed is continually 
subjected to wave forcing over long periods of time. Ripples tend 
to persist until a large wave event suspends enough of the bed 
material that the preexisting ripples are washed out and upper 
plane bed conditions are established. As wave height and the 
wave-generated shear stresses decrease back to normal levels, 
suspended sediment will retum to the bed and bed load will once 
again dominate the transport. As this occurs, ripples will quickly 
reform. 

These observations point toward another important difference 
between ripples found in flumes and in the field, namely, that in 
flumes ripples are usually first formed under lower plane bed con- 
ditions and continue to develop as orbital diameter is increased, 
whereas in the field ripples are more likely to form as orbital 
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diameter decreases following upper plane-bed (sheetflow) condi- 
tions. Other differences that are likely to contribute to the greater 
variability of anorbital ripple spacing compared to orbital ripples 
is that, whereas the oscillations in flumes tend to be simple 
sinusoidal motions and the bed material is relatively well sorted, 
the wave field impinging on the continental shelf is characterized 
by a range of wave heights and periods, there is often a superim- 
posed current, and the bed material in natural settings is generally 
more heterogeneous. Our analysis of field ripples utilizes 
significant wave height except for the Miller and Komar [1980b] 
data in which the several discrete frequencies containing 
significant energy were used. Laboratory measurements simulat- 
ing field wave conditions are probably necessary to gain further 
insight into the characteristics of ripples formed by a complex 
wave field. We have neglected any effects of superimposed 
currents. Consequently, our approach is best suited to environ- 
ments in which the bed shear stress is dominated by the contribu- 
tion of waves, as is commonly the case on the inner to mid- 
continental shelf. However, inasmuch as wave-formed anorbital 

ripples have wavelengths similar to current-formed ripples, esti- 
mates of ripple scales using our method may provide a reasonable 
approximation even for cases where currents dominate, although 
the ripples would be expected to have more asymmetric shapes 
under current-dominated conditions. 

If our assessment of orbital ripples is correct, that is, if orbital 
ripple height is significantly greater than wave boundary layer 
thickness, there are implications for the methods generally used to 
calculate wave-generated shear stresses. Because the dominant 
roughness elements, i.e., the ripples, are larger than the boundary 
layer, the unsteady boundary layer theory used to compute wave 
friction factor and the values of u.,•/Uo,• plotted in Figure 6 can 

The relationship between wave boundary layer thickness and 
ripple height provides a plausible physical explanation for the 
differences in observed ripple types, but many questions remain 
unanswered. Among these are the instability mechanism govern- 
ing the spacing of orbital and anorbital ripples, the proper method 
for computing the boundary shear stress on ripples under oscilla- 
tory flows when the ripple roughness length exceeds wave boun- 
dary layer thickness, the appropriate representation of a complex 
wave field, and the correct way to compute skin friction on bed 
forms submerged in the boundary layer. Many of the concepts 
and calculations described here can be applied to the interpreta- 
tion of wave-formed structures in shallow marine deposits. This 
raises another set of questions but also offers the possibility of 
providing some quantitative constraints on wave conditions at the 
time of deposition. 
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