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What sets the size of current ripples?
Mathieu G.A. Lapotre1, Michael P. Lamb1, and Brandon McElroy2

1Division of Geological and Planetary Sciences, California Institute of Technology, Pasadena, California 91125, USA
2Department of Geology and Geophysics, University of Wyoming, Laramie, Wyoming 82071-2000, USA

ABSTRACT
Water flowing over sand in fluvial and marine settings often results 

in the formation of current ripples. Found in modern and ancient 
deposits on Earth and Mars, ripple stratification records flow direc-
tions and fluid properties that are crucial to interpreting sedimentary 
records. Despite decades of observations of current ripples, there is no 
universal scaling relation to predict their size or to distinguish them 
from dunes. Here we use dimensional analysis and a new data compi-
lation to develop a scaling relation that collapses data for equilibrium 
wavelengths of ripples forming under unidirectional flows. Results 
show that ripples are larger with more viscous fluids, coarser grains, 
smaller bed shear stresses, and smaller specific gravity of sediment. 
The scaling relation also segregates ripples from dunes, highlighting 
a narrow regime of transitional bedforms that have morphologic 
properties and sediment transport conditions that overlap with both 
ripples and dunes. Our analysis shows that previous absolute size–
based definitions of ripples and dunes only hold for certain condi-
tions, such as water flows transporting siliciclastic grains on Earth. 
The new theory allows estimates of ripple sizes in foreign fluids and 
on other planets, including meter-scale ripples in methane flows on 
Titan or in viscous brines on Mars.

INTRODUCTION
Current ripples are migrating waves of sand that form under ocean 

currents, turbidity currents, and rivers. They tend to be 10–20 cm in wave-
length (l), but can be found in sizes ranging from ~8 cm to as large as 

~60 cm (e.g., Middleton and Southard, 1984) (Fig. 1A). Current ripples 
arise from a spatial lag between shear stresses exerted by the flow on the 
bed and sediment flux (Smith, 1970; Richards, 1980; Charru et al., 2013), 
and linear stability analysis shows that their initial wavelength either 
scales with the thickness of the viscous sublayer or a sediment-transport 

saturation length, L
u D

RgDsat
*∝  (where u* is bed shear velocity, D is grain 

diameter, R = s f

f

 is submerged specific density of sediment with rs and 

rf the sediment and fluid densities, respectively, and g is gravitational 
acceleration; Charru et al., 2013). Once initiated, ripples grow until they 
reach an equilibrium wavelength (Betat et al., 2002); however, there exists 
no universal theory to predict it. Ripples are generally considered distinct 
from dunes in that (1) they are typically smaller (l < 60 cm) (Ashley, 1990) 
(Fig. 1A), (2) they compose the smaller mode of what is often a bimodal 
distribution of sandy bedforms under unidirectional flows (Middleton and 
Southard, 1984) (Fig. 1A), and (3) distinct physical processes are thought 
to control their formation and size (e.g., Bennett and Best, 1996). For 
example, dunes are thought to increase in size with increasing flow depth 
and flow velocity and finer grain size (Southard and Boguchwal, 1990a), 
behaviors that are not typically observed for ripples. Ripple size, in con-
trast, is typically thought to be insensitive to flow velocity (Baas, 1994) 
and to increase with grain size (Allen, 1982; Raudkivi, 1997). However, a 
dynamical difference between ripples and dunes is debated. For example, 
Jerolmack and Mohrig (2005) proposed that ripples and dunes are similar 

on the basis of spectral analysis of a riverbed that showed that all scales of 
sandy bedforms coexist, spanning ripples and dunes. Thus, the bimodal-
ity of bedform wavelengths in Figure 1A might result from experimental 
or observational bias. Furthermore, Bartholdy et al. (2015) proposed that 
ripple size should scale with flow depth, an attribute normally associated 
with dunes. It is also unclear if the 60 cm break in scale proposed by Ashley 
(1990) (Fig. 1A) provides a universal discriminant of ripples and dunes that 
can be applied on different planets, or whether it results from the similarity 
of sediment and fluid properties found on Earth (Lamb et al., 2012). These 
studies highlight the need to unify previous work and develop a dynamic 
scaling relation for the equilibrium size of ripples that encompasses grain 
size, flow strength, sediment and fluid properties, and gravity.

Multiple studies have compared the size of ripples to various bed 
and flow characteristics. Yalin (1985) proposed that bedform wavelength 
depends on a number of flow and sediment parameters, but found that the 
wavelength of smaller bedforms (ripples) is proportional to the thickness 
of the viscous sublayer, i.e., v u* (where v is kinematic viscosity of 
the fluid). In contrast, other studies suggested that ripple size scales with 
v2/3 (e.g., Boguchwal and Southard, 1990; Lamb et al., 2012), but does 
not vary with u* (e.g., Baas, 1994). In addition to fluid properties, bed 
characteristics also affect ripple size. Ripple wavelength has been pro-
posed to increase with grain size following linear (Allen, 1982), power-
law (Raudkivi, 1997), and logarithmic (Baas, 1999) relations. Middleton 
and Southard (1984) suggested that wavelength appears to decrease with 
increasing grain density, a finding that is also supported by dimensional 
analysis (Boguchwal and Southard, 1990). However, a single relation has 
yet to be proposed that can reproduce all observed ripple size dependen-
cies across wide ranges in grain size, viscosity, density, and flow strength.

Ripple theory provides a powerful proxy to decipher past and pres-
ent environmental conditions on Earth and other planetary bodies, and 
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Figure 1. A: Probability 
density of bedform wave-
length (Table DR1; see 
footnote 1), and the 60 cm 
threshold of Ashley (1990) 
(vertical line). B: Bedform 
stability diagram (from 
Southard and Boguchwal, 
1990a; van den Berg and 
van Gelder, 2009; as syn-
thesized by Lamb et al., 
2012) with ripples (blue 
circle) and dunes (red 
triangle) discriminated 
by the 60 cm threshold. 
Abbreviations: l.p.b—
lower plane bed regime; 
u.p.b—upper plane bed 
regime.
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has been used to infer the existence of water flows, viscous brines, and a 
low-density paleoatmosphere on Mars (Southard and Boguchwal, 1990b; 
Lamb et al., 2012; Lapotre et al., 2016). Current ripples also are hypoth-
esized to exist in rivers of methane on Titan (Burr et al., 2013; Grotzinger 
et al., 2013). However, proper interpretation of ripples on other planets 
requires a dimensionless scaling relation that accounts for material prop-
erties and gravity that differ from those of Earth. Given that the Shields 
stress (t*) and particle Reynolds number (Rep) reasonably segregate the 
occurrence of ripples and dunes (e.g., Lamb et al., 2012) (Fig. 1B), it 
seems reasonable that these dimensionless quantities also affect ripple size.

Based on dimensional analysis and a comprehensive data compilation, 
we propose herein a new dimensionless number, the Yalin number, that 
allows for a unifying scaling relation for equilibrium ripple size. This 
work builds on that in Lapotre et al. (2016), where a similar dimensionless 
scaling relation for analysis of large wind ripples on Mars was proposed, 
but an exhaustive data compilation of current ripples and dunes was not 
analyzed. Herein we show that ripple size data collapse into a dimension-
less relation with the Yalin number, which also yields a process-based 
discriminant of the ripple-dune transition that is applicable for wide ranges 
in fluids and sediment properties and gravity.

THEORY
Physical parameters often attributed to bedform stability are fluid 

kinematic viscosity, v (m2/s), total bed shear velocity (skin friction + form 
drag), u* (m/s), grain diameter, D (m), and submerged specific gravity of 
sediment, Rg (m/s2) (e.g., Boguchwal and Southard, 1990). These four 
quantities can be recast in terms of two dimensionless parameters. While 
the choice of these parameters is nonunique, here we choose the particle 

Reynolds number, Rep = u*D

v
, and Shields stress, * = u*

2

RgD
 (Fig. 1B). 

Others have used different but mathematically equivalent combinations 
of these parameters (Boguchwal and Southard, 1990; van den Berg and 
van Gelder, 1993). Current-ripple wavelength, which has been argued 
to scale with the thickness of the viscous sublayer (Yalin, 1985), or v/u*, 
introduces another variable. Following the same dimensional analysis, 
a third dimensionless variable becomes the dimensionless wavelength, 

* = u*

v
.

Yalin (1985) argued that the number of dimensionless parameters 
controlling ripple size can be further reduced to two by showing that 
ripple-wavelength data collapsed into the (Xy,Yy) parameter space, where 

Xy = 3.38Rep
1/2

*
1/4, and Yy =

3.38D

Rep
1/2

*
1/4 . We recast the latter parameters 

to isolate l* as

 

=
Xy

2

11.42
= Rep *

* = XyYy = u*

v
. (1)

We name the new parameter c the Yalin number, after Mehmet Selim 
Yalin. The Yalin number can be interpreted as a metric for the suscepti-
bility of a grain on the bed to be entrained by fluid flow, which not only 
depends on flow strength relative to the particle weight (t*), but also on 
the degree to which the particle is immersed within the viscous sublayer 
(Rep) (e.g., Niño et al., 2003). The Yalin number also is proportional to 

Lsatu*

v
, a metric previously proposed to control initial ripple wavelength 

(Charru et al., 2013). To explore this new parameter space, we compiled 
wavelength data for both ripples and dunes inferred to be at steady-state 

morphology; these data cover a wide range of fluid and sediment proper-
ties, including high-viscosity fluids (e.g., Grazer, 1982), and thus a wide 
range in c (Table DR1 in the GSA Data Repository1). Our new compila-
tion comprises 472 data points, from 15 flume and field studies, each of 
which is an average of tens of bedform-size measurements (Table DR1).

RESULTS
We first consider the often-used criterion of Ashley (1990) that clas-

sifies <60-cm-wavelength bedforms as ripples (Fig. 1). Figure 1B shows 
that while this criterion is overall consistent with commonly used bedform 
stability diagrams, a few bedforms that would be interpreted as ripples 
from a size-threshold criterion would be classified as dunes using the 
criteria of Southard and Boguchwal (1990a) and van den Berg and van 
Gelder (1993), based on morphology. The inconsistency between the abso-
lute size definition of Ashley (1990) and the bedform stability diagrams 
highlights the need for a better discriminant between ripples and dunes.

Figure 2A shows our data compilation in (c, l*) space. Most of the 
smaller bedforms collapse to a single power-law relation (R2 = 0.79),

	 *  = 2504 1/3. (2)

Based on this dimensional analysis, we expect such a collapse for 
ripples in this parameter space, whereas dunes are not expected to col-
lapse because this space does not account for parameters such as flow 
depth, which is known to partially control dune size (e.g., Southard and 
Boguchwal, 1990a). We thus interpret those bedforms that collapse to 
Equation 2 as ripples, which also correspond to c < ~4. For 4 ≤ c ≤ 9, 
there is a sharp, order of magnitude, increase in l*. The larger bedforms, 
at c > ~9, do not collapse to a single relation in this parameter space, and 
we therefore interpret them as dunes.

1 GSA Data Repository item 2017063, supplementary figures and table, is 
available online at www .geosociety .org /datarepository /2017, or on request from 
editing@geosociety.org.
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Figure 2. A: Dimensionless bedform wavelength versus Yalin number 
(see text). Bedforms are discriminated by thresholds in c (ripples in 
green, transitional in blue, dunes in pink). Best fit to ripple data, l* = 
2445c0.38 (R2 = 0.80), is statistically indistinguishable from Equation 2. 
B: Probability density of bedform wavelength discriminated by Yalin 
numbers. C: Bedforms classified by Yalin number on bedform stabil-
ity diagram from B. Bedform regimes are as in Figure 1B. Contours 
in the ripple regime indicate lines of constant l* at intervals of 500. D: 
Close-up of the ripple field in dimensional bedform stability diagram 
with predicted ripple wavelength for freshwater on Earth (R = 1.65, 
g = 9.81 m/s2, v = 10–6 m2/s) (u.p.b—upper plane bed regime).
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Our new definition of ripples and dunes, based on Yalin number, is 
consistent with the 60 cm threshold of Ashley (1990) for the majority of 
the data. Figure 2B shows that bedforms with c < 4 have wavelengths 
generally <60 cm, with a mode at 12 cm, consistent with sizes commonly 
attributed to ripples. In contrast, bedforms with c > 9 are generally >60 
cm, and therefore consistent with previous definitions of dunes based on 
size. Bedforms with 4 ≤ c ≤ 9 have wavelengths from both size modes (Fig. 
2B) and are skewed to somewhat larger wavelengths than ripples (Fig. 2B). 
It is also consistent that the boundary between ripples and dunes in the 
bedform stability diagram (Fig. 2C) appears to be a line of constant c (i.e., 
Rep ∝ t*

–1/2 or Lsat v u*), with c = 4 matching well the ripple regime upper 
bound (Fig. 2C). Thus, the Yalin number discriminates between small sandy 
bedform data that collapse to a single relation in (c, l*) space and data 
from larger bedforms that do not collapse, providing a process-based, rather 
than absolute size–based, metric to distinguish between ripples and dunes.

The collapse of ripple data allows for ripple size to be predicted as a 
function of sediment and fluid properties, such that l* can be contoured 
in bedform stability space (Fig. 2C). In particular, Equation 2 can be 
rearranged in dimensional form as

 = 2504
v2/3D1/6

Rg( )1/6
u*

1/3
, (3)

which is valid within the ripple stability field (Fig. 2D), and unifies previ-
ously proposed scaling relations that focused on single dependencies of 
ripple size. For example, the dependence on kinematic viscosity to the 
2/3 power (Fig. 3A) was inferred from dimensional analysis in multiple 
studies (e.g., Middleton and Southard, 1984). Yalin (1985) argued that 
ripple wavelength scales linearly with kinematic viscosity (i.e., l* is con-
stant); however, his data set did not cover as wide of a range in c as in our 
Figure 2A, and thus the relation l* ∝ c1/3 was not evident. Equation 3 is 
consistent with previously published grain-size dependencies (Raudkivi, 
1997; Baas, 1999), and shows an increase of ripple wavelength with grain 
size (Fig. 3B). Earlier studies suggested that there is no dependence of 
ripple wavelength on flow strength (e.g., Baas, 1994), that u*

1 (Yalin, 
1985), or that wavelength increases with flow strength (e.g., Baas, 1999). 
We find a weak decreasing trend of wavelength with shear velocity for 
ripples (c < 4; Fig. 3C), and the bedforms analyzed by Baas (1999) are 

in the transitional regime (4 ≤ c ≤ 9) by our definition. Equation 3 is also 
consistent with predictions from Southard and Boguchwal (1990b) show-
ing a decrease in ripple wavelength with increasing specific submerged 
density (Fig. 3D). Although Bartholdy et al. (2015) suggested that ripple 
wavelength depends on flow depth, we observed no improvement in the 
collapse of ripple data (c < 4) by further regressing based on flow depth; 
many of the data they used for comparison are in our transitional (4 ≤ c 
≤ 9) or dune (c > 9) regimes.

DISCUSSION AND CONCLUSION
The collapse of ripple data to Equation 2, and the failure of dune data to 

collapse in the same parameter space, supports the hypothesis that differ-
ent physical processes are involved in the formation of ripples and dunes. 
Importantly, the c threshold for the upper bound on the ripple regime is 
more consistent with bedform stability diagrams (Fig. 1A) than the abso-
lute size threshold of Ashley (1990) (Fig. 2C). Our analysis highlights a 
transition zone across the ripple-dune boundary (4 ≤ c ≤ 9). Transitional 
bedforms tend to have wavelengths <60 cm, typical of ripples, and yet plot 
in the dune regime based on previous bedform stability diagrams, where 
sediment transport is more vigorous (Fig. 1B). Transitional bedforms thus 
may be a hybrid between ripples and dunes, for which dominant physi-
cal processes responsible for both ripples and dunes are operative. The 
Yalin number separates bedform data into two distinct wavelength modes, 
but the absolute size break of 60 cm likely results from an observational 
bias reflecting little variation in sediment and fluid properties, and grav-
ity, investigated in most studies. For example, at the upper bound of the 
ripple regime c ≈ 4 and l* ≈ 4000, which when combined yields 

2000v1/2 D

Rg

1/4

. Thus, the c threshold implies a different absolute 

size break between ripples and dunes for different viscosity and density 
fluids, different sediment sizes and densities, and different gravitational 
acceleration.

Why does the ripple domain exist for Yalin numbers less than four? 
Previous workers suggested that ripples form under hydraulically smooth 
flow (defined as a roughness Reynolds number <5; Nikuradse, 1933), or 
when the laminar sublayer is thicker than a grain diameter (Rep < ~11.6; 
Engelund and Hansen, 1967), both of which are vertical lines in Figure 
2C that are not consistent with the observed sloping ripple-dune bound-
ary. Another hypothesis is that ripples predominantly form under bedload 
transport (e.g., Richards, 1980); however, the suspension threshold of Niño 
et al. (2003) also differs from a constant c (Fig. DR1). While a constant c 
implies that Lsat is a multiple of viscous sublayer thickness, it is unclear 
why such a criterion would control the ripple-dune transition. Bennett 
and Best (1996) attributed the ripple-dune transition to turbulent wake 
instabilities shed by ripples, leading to the formation of abnormally large 
ripples (Leeder, 1983) or bedform mergers that grow dunes (Fernandez et 
al., 2006). Ultimately, changes in the separation wake may be tied to a cer-
tain value of l* because it is a ripple-scale Reynolds number. For example, 
l* ≈ 4000 approximately matches the onset of fully developed turbulence 
downstream of backward-facing steps (e.g., Armaly et al., 1983).

Equation 3 shows that if v, g, and R do not vary significantly, as is 
often the case on Earth, then ripple size is a function of D and u* only. 
If grain size and wavelength can be estimated from field observations, 
then Equation 3 can be used to calculate formative bed shear velocity, 
which can be related to current velocity. Figure 2D, for example, shows 
predicted ripple wavelengths that range from 8 to 18 cm for decreasing 
shear velocities, assuming fluid and sediment properties typical for Earth 
(g = 9.81 m/s2, R = 1.65, v = 10-6 m2/s). Ripple size is more sensitive to 
kinematic viscosity than it is to bed shear velocity, and thus might be a 
better indicator of current or ocean paleotemperatures. For freshwater, a 
10 °C change in temperature has an equivalent effect on ripple wavelength, 
through kinematic viscosity, as a twofold change in bed shear velocity.
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Preserved ripple strata in martian sandstones were observed and pro-
posed to have formed in highly concentrated brines (Lamb et al., 2012). 
Fluvial transport on Titan may also form ripples when ice grains are 
transported by methane flows (Burr et al., 2013). Because gravity, den-
sity, and viscosity are implicitly taken into account, Equation 2 can be 
applied to other planetary bodies. For example, equivalent freshwater 
flows on Mars would make ripples 14% larger than on Earth (e.g., for R = 
1.65 and g = 9.81 m/s2 on Earth, and R = 1.9 and g = 3.78 m/s2 on Mars), 
consistent with Southard and Boguchwal (1990b). A different kinematic 
viscosity, such as for viscous brines on Mars (e.g., v = 4 × 10-5 m2/s, R = 
1.04) or methane flows on Titan (e.g., v = 5 × 10-6 m2/s, R = 0.85, g = 
1.35 m/s2), has a more significant effect on ripple size. For D = 400 mm 
and u* = 0.02 m/s, predicted wavelengths are of ~0.15, 2.3, and 0.7 m in 
freshwater on Earth, brines on Mars, and ice grains in methane flows on 
Titan, respectively (Fig. DR2). Large ripples in viscous brines may be so 
large that they are limited in height by flow depth, as inferred in Lamb et 
al. (2012), further complicating traditional definitions of ripples and dunes.

In summary, data for small sandy bedforms collapse to a single relation 
in dimensionless wavelength and Yalin number space. This observation 
and the lack of collapse for larger bedforms imply that different physical 
processes are involved in the formation of ripples and dunes. The new 
scaling relation allows for improved paleohydraulic reconstructions based 
on current ripple size on Earth and other planetary bodies with different 
gravitational acceleration and exotic sediments and fluids.
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