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Flat sand beds subjected to wind stress are unstable, and the wind action results in two types of 
aeolian sand ripples: normal ripples and megaripples. The distinction between the two types is based 
on two characteristics: i) the normal ripple pattern usually has a wavelength of up to 30 cm, while the 
megaripple wavelength is on the order of meters; and ii) unimodal distributions of sand grain size lead 
to normal ripples, while bimodal distributions result in megaripples. On Mars, the distinction between 
the two types is more difficult to ascertain because the length scales of normal ripples and megaripples 
can overlap, and often, there is no detailed information regarding their grain size distribution. Unlike 
normal ripples, megaripples show transverse instability, whose mechanism remains elusive, resulting in 
a much larger sinuosity of the crestline than normal ripples. In this study, we investigate the megaripples’ 
transverse instability by using field measurements, wind tunnel experiments and numerical simulations 
of a three-dimensional ripple model. We show that (a) coarse grains accumulate at megaripple crests, 
with a corresponding reduction of the lateral sand transport along the crest, and (b) the transverse 
instability of megaripples is generated by a positive feedback between the height of the crest and the 
accumulation of coarse grains, with more grains accumulating on the higher portions of the crest. The 
outcomes of this positive feedback are that the thickness of the coarse grain armoring layer along the 
crest is not uniform and that it correlates with the crest height. In turn, these height differences drive 
the transverse instability such that higher portions of the ripple migrate more slowly than the lower 
sections, creating a wavy crestline. An analysis of Martian ripple images shows variations in the sinuosity 
index, suggesting that this characteristic can be useful in distinguishing between normal ripples and 
megaripples on Mars.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Aeolian impact ripples, which form ordered patterns on sandy 
environments both on Earth and Mars, arise from the instabil-
ity of flat sand surfaces under wind-induced transport of sand 
grains (Yizhaq et al., 2012a; Kok et al., 2012; Durán et al., 2014;
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Schmerler et al., 2016). Two different types of aeolian ripples, 
the so-called “normal” ripples and the megaripples (or granule 
ripples), are observed in nature (Bagnold, 1941; Sharp, 1963;
Pye and Tsoar, 2009; Yizhaq et al., 2012a; Qian et al., 2012; de Silva 
et al., 2013; Yizhaq and Katra, 2015; Liu and Zimbelman, 2015;
Foroutan and Zimbelman, 2016; Lämmel et al., 2018; Fig. 1 and 
Fig. S1). Normal ripples and megaripples have also been observed 
on Mars (Sullivan et al., 2005, 2008; Zimbelman et al., 2009;
Zimbelman, 2010; Bridges et al., 2012; Zimbelman et al., 2013;
Yizhaq and Katra, 2015, Silvestro et al., 2011; Vaz et al., 2017; 
Sullivan et al., 2018), where aeolian landforms are important 
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Fig. 1. Ripples on Earth and Mars. These different ripple types on both planets show different sinuosity values: whereas normal ripples are relatively straight, megaripple 
crests have a crescentic, barchanoid-like and irregular planform geometry. The arrows indicate the prevailing wind direction (see also Fig. S1). (a) A sharp transition between 
almost straight normal ripples (left) and wavy megaripples (right) on the downwind slope of a dune at Sossusvlei, Namibia (scale bar = 0.5 m). (b) Small coarse “barchan” 
megaripples formed between shrubs at Sossusvlei, Namibia, showing the main transverse instability pattern of megaripples. The coarse crescentic patterns are embedded 
in a background of straight normal ripples. (c) Normal ripples and megaripples in an unnamed crater in Noachis Terra (49.73◦S, 11.36◦E) (HiRISE image ESP_034801_1300). 
(d) Normal ripples and megaripples in Proctor Crater (47.79◦S, 30.69◦E) (HiRISE image ESP_011909_1320).
for understanding the planet’s geology and atmospheric evolution 
(Rubin, 2006; Lapotre et al., 2016; Silvestro et al., 2016).

A bimodal mixture of grain sizes is needed for megaripple 
formation, in which coarse particles are more abundant at the 
crest (Yizhaq et al., 2009; Isenberg et al., 2011; Qian et al., 2012;
Katra and Yizhaq, 2017). Megaripple growth starts with the coales-
cence of small ripples, resulting in the formation of larger ripples 
(Yizhaq et al., 2012a). Coarse and fine particles begin to segre-
gate due to differences in their hop length. The coarse grains, 
which mainly move by creep and rolling, end up near the crest 
where the slope is very small. Eventually, the grain size distri-
bution on the crest becomes bimodal, with an armoring layer 
of coarse grains covering the fine sand (Isenberg et al., 2011;
Yizhaq et al., 2012a; McKenna Neuman and Bédard, 2016). This 
armoring layer allows the ripple growth to continue, since rare 
strong winds above the saltation threshold of the coarse grains are 
needed to destroy this layer (Yizhaq and Katra, 2015).

Observations of normal sand ripples indicate that they are ef-
fectively two-dimensional bedforms, displaying only small modu-
lations in the direction transverse to the wind. In contrast, most 
megaripples have greater sinuosity due to the presence of a trans-
verse instability, causing small undulations along the ripple crest 
to grow over time (Yizhaq et al., 2012b; Gillies et al., 2012; Fig. 1).

According to Rubin (2012), straight bedform crests or two-
dimensional patterns arise in situations where along-crest coupling 
processes are strong enough to overcome the tendency toward 
three-dimensionality. For a ripple or a dune to have a straight, 
continuous crest, some physical mechanism must operate to cou-
ple the topography at different along-crest locations and to over-
come local perturbations driven by natural heterogeneity in the 
system. Without such coupling, different points along the crest 
will not remain locked in phase but will be free to form breaks, 
bends, or junctions. Hypothetically, if the flow and topography 
along every streamline were completely decoupled from adjacent 
streamlines, “bedform” crests would be randomly phased from 
one streamline to another, and coherent bedforms could not ex-
ist, as in current ripples and fluid drag ripples (Bagnold, 1941;
Lapotre et al., 2016). Rubin (2012) suggested three possible mech-
anisms for obtaining straight bedforms with unidirectional flow: 
along-crest flow, gravitational transport along an inclined crest, 
and ballistic splash. In his work, Rubin (2012) also suggested a 
mechanism that may contribute to 3D bedforms: “sorting of sed-
iment by grain size into patches of sediment that respond differ-
ently to flow.” This unexplored mechanism is the main focus of 
this work. In our previous work on the transverse instability of 
megaripples (Yizhaq et al., 2012b), we showed that megaripples 
are laterally unstable, and this instability was explained through 
the differences in the drift velocities of ripple sections along the 
crest, which differ in their heights. Without using any detailed 
modeling or experimental work, we suggested that non-uniform 
megaripple heights may develop due to irregularities in the ac-
cumulation of coarse particles. Here we used wind tunnel ex-
periments, field measurements and a new mathematical model-
ing approach to explain the origin of the transverse instability of 
megaripples in detail and to show its relevance to the study of 
Martian bedforms.

In particular, we focus on the mechanism behind the megarip-
ple transverse instability, and we show that it develops due to 
the presence of coarse particles at the ripple crest. Differences 
in the sinuosity between normal ripples and megaripples are due 
to non-uniform coarse grain accumulations along the crest, which 
are the result of a positive feedback between the surface coverage 
of coarse grains and ripple height. The resulting small lateral flux 
is not sufficient to inhibit the presence of irregularities along the 
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crest. Accumulations of coarse particles allow further growth of the 
ripples at these points, thus decreasing their migration rate and 
enabling further accumulation of coarse grains. This mechanism 
leads to variations in the thickness of the armoring layer along 
the ripple crest, which positively correlates with ripple height (il-
lustrated schematically in Fig. S2). The new mechanism suggested 
here also explains why normal ripples, composed only of fine sand 
with no armoring layer of coarser grains, tend to be straight.

It is important to emphasize here that although transverse 
dunes are known to be laterally unstable due to different migra-
tion rates induced by differences in height along the cross-wind 
direction (Parteli et al., 2011), the exact mechanism is different 
from that of megaripples. According to the model of Parteli et al.
(2011), the instability is due to lateral transport induced by grav-
itational downslope forces, which arise in areas where the local 
slope exceeds the angle of repose. This type of sand flux almost 
never occurs in megaripples where the splash mechanism domi-
nates the sand transport and the lee slope is below the angle of 
repose (Sharp, 1963). In the dune model, the transverse instability 
is explained by a lateral flux from the smaller slice to the adjacent 
large slices, thus resulting in the growth of small perturbations 
(Parteli et al., 2011). In contrast, in megaripples, there is a smaller 
lateral reptation flux between the adjacent slices along the crest; 
thus, a larger slice accumulates more coarse particles that further 
increase its height and enhance the differences in migration rates. 
Despite the fact that for both dunes and megaripples, the trans-
verse instability is due to different migration rates of peaks and 
troughs along the crest, the mechanisms are different. For dunes, it 
is the gravitational flux, whereas for megaripples, it is the smaller 
lateral reptation flux. The role of the coarse particles in megarip-
ples is crucial; without them, only straight normal ripples would 
develop as shown in Fig. 1a.

A main consequence of the transverse instability of megarip-
ples is their higher sinuosity index SI (Yizhaq et al., 2012a, 2012b; 
e.g., SI = 1.19 for the megaripple in Fig. S3), defined as the ra-
tio between the real length of the crestline and the Euclidean 
distance (straight line) between the bedforms’ end points. Be-
cause this characteristic can be easily derived from remote sens-
ing images, it can be used to distinguish between normal ripples 
and megaripples on Mars, where in situ measurements are lim-
ited and remote images from orbiters are the main data sources 
(Bourke et al., 2010; Bridges et al., 2013; Cardinale et al., 2016;
Hugenholtz et al., 2017).

2. Methods

The study includes grain size analyses (GSAs) of samples taken 
from megaripple crests in different locations, controlled wind tun-
nel experiments for measuring reptation flux, and numerical sim-
ulations of a mathematical model for aeolian sand ripples. In addi-
tion, we investigate the sinuosity index of Martian ripple images.

2.1. Field measurements

Sand samples were collected along megaripple crests from 
three sites: Nahal Kasuy (Yizhaq et al., 2012a) and Qetura Sands 
(Yizhaq and Katra, 2015) in the southern Negev Desert, Israel, and 
Wadi Rum in southern Jordan. Samples of sand were collected by 
pressing a tin can (diameter 84 mm, height 35 mm) (Yizhaq et al., 
2009) into the ripple crest. The average sample weight was 310 g 
(with values ranging from 282 to 336 g).

The grain size distributions (GSDs) of the sand samples were 
analyzed by a high-resolution laser diffractometer technique
(ANALYSETTE 22 MicroTec Plus) located at Ben-Gurion University 
over the range of 0.08 to 2000 μm with a resolution of 102 mea-
suring bins with increasing size from 1 μm in the very fine fraction 
(clay) to 182 μm in the very coarse fraction. The samples were 
dispersed in a Na-hexametaphosphate solution (0.5%) by sonica-
tion (at 38 kHz), and then transferred to a fluid module of the 
instrument (containing deionized water). The data were processed 
using the Mie scattering model (refraction index = 1.56, absorption 
coefficient = 0.1). The MasControl software was employed to sta-
tistically determine the mean size, median, sorting values, modes, 
and size fraction weight in multiple modal distributions.

We measured the height and sinuosity of megaripples at the 
three study sites. The ripple heights were measured by a meter 
along the crest with 15-cm intervals by using the area between 
two ripples as the reference point (height = 0 cm). The sinuos-
ity index was calculated as the ratio between the length of the 
line that follows the ripple crest (by an interval of 15 cm) and the 
length of the straight line that connects the two end points of the 
ripple crest (measured by a measuring tape).

2.2. Wind tunnel experiments

We conducted several experiments in the wind tunnel to study 
the mechanism of transverse instability under controlled condi-
tions. In the first set of experiments, we used reptation traps (with 
a cross-section of 1 cm × 2 cm) to measure the sand mass flux 
along the wind direction (denoted by W) and in the lateral direc-
tion (denoted by L) with sand collected from Nahal Kasuy, charac-
terized by a bimodal distribution that is typical of moderate-sized 
megaripples (748 μm coarse mode and 222 μm fine mode; Yizhaq 
et al., 2012a). In similar experiments, we measured the ratio L/W 
for almost unimodal sand (from 247–300 μm). The experiments 
were conducted in the stationary boundary layer tunnel of the Ae-
olian Simulation Laboratory at Ben-Gurion University (BGU), Israel. 
The BGU wind tunnel complies with aerodynamic requirements, 
and it is representative of common wind speeds (up to 25 m/s) 
(Pye and Tsoar, 2009; Katra et al., 2014). It is an open circuit tun-
nel that is composed of three parts: the entrance cone, the test 
section and the diffuser. A feeder is located close to the entrance 
cone to allow sand supply during the experiments. Air is sucked 
in through the bell-shaped entrance by a fan located at the end of 
the diffuser. The cross-sectional area is 0.7 × 0.7 m, and the work-
ing length for measurements in the test section is 7 m (Schmerler 
et al., 2016).

2.3. Martian ripple analysis

We mapped the ripples (n = 4348, n is the number of ripples) 
on one High Resolution Imaging Science Experiment (HiRISE) im-
age from an unnamed crater of 80 km in diameter in the Noachis 
Terra region on Mars (49.7◦S, 1.4◦E) (Fig. 2). The study site was 
chosen because two classes of bedforms, ∼3-m-spaced ripples and 
∼18-m-spaced megaripples, can be easily distinguished upwind 
from a field of dark-toned dunes (Fig. 2a). We chose the mapping 
sites by drawing three 700 × 700 m squares around randomly gen-
erated points from the rippled area in ArcGIS (Fig. 2a). We then 
computed and compared the sinuosity index distributions for the 
two ripple classes by manually digitizing the ripple crestlines on 
the 50 cm/pixel HiRISE and by computing their sinuosity in ArcGIS 
(Figs. 8b, c, S7 and S8). Mapping was performed at the scale of 
1:400 for megaripples and 1:200 for ripples, which is sufficient to 
resolve the bedform crests. However, it should be noted that the 
sinuosity results are probably underestimated due to image reso-
lution constraints. Despite this limitation, the sinuosity values are 
comparable to terrestrial values, thereby supporting the mapping 
performed in this study.

2.4. Numerical simulations

To study the effect of the lateral flux on ripple patterns, we 
used an extension of a 3D ripple model (Yizhaq et al., 2004) de-
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Fig. 2. Martian ripples examined in this study. (a) Location map of the study sites and footprint of HiRISE studied in this work (ESP_034801_1300, NASA/JPL/U of A).
(b)–(d) Ripples mapped in this study.
veloped for normal sand ripples. The model is based on Ander-
son’s idea (Anderson, 1987) that ripples develop due to spatial 
differences in the reptation flux and that the role of saltation 
is merely to introduce energy into the system. The lateral di-
vergence of the flux is modeled by a diffusion term, μzY Y tanϕ

(z is the ripple height), whose intensity is quantified by a diffu-
sivity parameter, μ, which depends on the grain size, and ϕ is 
the average impact angle of the splashing-saltating grains (mea-
sured from the horizontal surface; see Fig. 2 in Yizhaq et al., 
2004). Small values of μ represent coarse particles (low lateral 
flux) while finer particles are associated with larger values of μ. 
μ represents the change in the reptation flux, Q r , due to the 
slope that can be written as Q r = (1 − μzx)Q 0

r where Q 0
r is 

the reptation flux on a flat bed (Yizhaq et al., 2004). Physically, 
part of the energy of the saltating grain is imparted to individual 
surface grains, which vibrate rapidly, and as a result can roll or 
slide down the slope (Isenberg et al., 2011). Hardisty and White-
house (1988) termed this mechanism an “impact-induced grav-
ity flow,” which acts to reduce the flux on the windward slope 
and to increase it on the lee face. This effect is more signifi-
cant for fine grains due to their smaller mass. The 3D equation 
was developed through a long-wave approximation of the integro-
differential equation of the full system (see Yizhaq et al., 2004
for more details) leading to the following dimensionless equa-
tion:

z(X, Y , T )T = −(1 − μ tanϕ)zX X + μ tanϕzY Y

+ ε

2

[
a2zX X X + (tanϕ + 2μ)
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]

(1)
where z is the dimensionless ripple height, X and Y are along-
wind and cross-wind directions, respectively, T is time, ϕ is the 
average impact angle (10◦ in the simulations, Kok et al., 2012), 
and a is the dimensionless reptation length of fine grains as-
sumed as a random variable with a prescribed distribution (Yizhaq 
et al., 2004). The overbars denote averages over the probabil-
ity distribution of a, and ā = 1 was used in the simulations. In 
the above equations, ε is a perturbation parameter, which mea-
sures the average nonlinearity (height over wavelength) of the 
ripples. As mentioned above, μ measures the strength of the 
sand flux along the Y direction, which is responsible for the lat-
eral coupling (if μ = 0, there is no coupling along the Y direc-
tion).

In order to model the feedback between the ripple height and 
the lateral flux, we used the following height dependence of μ, 
which now becomes space-dependent:

μ(X, Y ) = μ0

(
1 − η tanh

(
z − z̄ y

z̄y

))
(2)

where z̄ y(X) = 1
N

∑N
i=1 z(X, Yi) is the average height along the lat-

eral direction for a given value of X . Thus, μ will be small for loca-
tions along the crest that are higher than the average, leading to a 
reduced lateral flux. The parameter 0 ≤ η ≤ 1 dictates the strength 
of the feedback, and μ0 is the value of μ without the feedback 
(η = 0, no height dependence of μ i.e. μ(X, Y ) = μ0). This form 
indirectly expresses the relation between the ripple height and the 
coarse fraction, and it was used to test whether small accumula-
tions of coarse particles (associated with μ < μ0) will continue to 
grow and initiate the transverse instability.

Eq. (1) was integrated using a fourth-order finite difference 
scheme for the spatial derivatives and a second-order Adams–
Bashforth method for the time integration. A 512 × 512 grid was 
used, with periodic boundary conditions. The spatial resolution 
was 0.0307, and the time step was 2 · 10−6 (both space and time 
are dimensionless).
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Fig. 3. The thickness of the armoring layer at a megaripple crest in Nahal Kasuy in the southern Negev Desert, Israel (the megaripple sinuosity is 1.12). (a) The locations 
where the crest was sampled are indicated by white arrows; point A9 is in the lower part of the crest, and A15 is at the highest point along the crest. (b) The GSAs of the 
two samples show that the grain size at A15 is much coarser than at A9. Cross-sections at these two points (panels c and d) show that the armoring layer at A15 (10 mm) is 
thicker than that at A9 (6 mm). (e) Grain size segregation versus ripple height for the megaripple shown in (a). The three measures increase with ripple height although this 
is more significant for D10, which indicates the very coarse mode of the distribution. (f) The coarse fraction grows almost linearly with ripple height (R2 = 0.58), whereas 
there is a less significant decrease in the very fine fraction (R2 = 0.47).
3. Results

3.1. Field measurements

An important new observation for understanding the transverse 
instability of megaripples is that the thickness of the armoring 
layer along the crest is not uniform. Fig. 3 shows the results of 
grain size sampling along the crest of one megaripple at the Nahal 
Kasuy site (for more details on the site, see Isenberg et al., 2011). 
There is a significant difference in the thickness of the armoring 
layer between the point of maximum height along the crest (de-
noted as A15; 10 mm) and the point of minimum height (denoted 
by A9; 6 mm). The difference is also expressed in the GSDs of 
the samples taken from these locations. The GSDs are bimodal dis-
tributions that include the fine sand beneath the armoring layer. 
There are coarser grains at A15, compared with those at A9, ex-
pressed also in a coarser mode (1115 μm at A15 compared with 
1010 μm at A9).
The cumulative percentile values, D10 and D90, and the median 
D50 (the grain sizes at which 10, 90, and 50% of the grains are 
coarser, respectively, Blot and Pye, 2001) of samples taken along 
the megaripple crest versus the crest height are shown in Fig. 3e. 
The median and D10 increase with ripple height, such that the 
higher the crest, the coarser is the average grain size. Fig. 3f shows 
that the very coarse fraction (1–2 mm) increases linearly with rip-
ple height, whereas the very fine fraction (62.5–125 μm) decreases 
(although less significantly) with ripple height. In the supplemen-
tary material (Figs. S3–S5), we show results of megaripples from 
different study sites. The general pattern is the same: the armor-
ing layer thickness along the crest is not uniform, and it correlates 
with the ripple’s height (see also Katra and Yizhaq, 2017).

This non-uniform grain size distribution along the crest, cou-
pled with the small lateral flux, causes the differences in height 
along the crest to persist for long time periods. These differences 
may even become more evident, since more coarse particles driven 
by the impinging saltating grains accumulate at these points of the 
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Fig. 4. (a) Time evolution of incipient megaripples in the wind tunnel starting from a flat bed (wind speed 7 m/s) with natural sand collected from Nahal Kasuy (time 
measured in minutes). (b) Grain size distribution of samples collected from the crest during ripple growth, showing the evolution of segregation. (c) The blue and red curves 
show the mass of reptating sand collected in the parallel and transverse directions with respect to the wind. The mass in the trap along the wind direction is at least four 
times larger than that in the cross-wind direction. The inset (d) shows the ripple height (in mm) during the experiment.
ripple, which migrate more slowly. Thus, under the influence of 
unidirectional winds, the basic mechanism of the transverse insta-
bility is a differential migration along the crest, which will increase 
the megaripple sinuosity as shown in Fig. S2.

3.2. Wind tunnel experiments

We conducted several experiments in the wind tunnel to study 
the mechanism of transverse instability under controlled condi-
tions. Fig. 4a shows snapshots of the growth of small megaripples 
from a flat bed, and Fig. 4b shows the sorting process at the crest 
during the ripples’ evolution. The initial bulk unimodal grain size 
distribution develops into a bimodal distribution, which is a fin-
gerprint of megaripples (Lämmel et al., 2018). This sorting process 
happens for a wind speed that is above the threshold for the fine 
grains but below the threshold of the coarse grains. After 15 min 
of 7 m/s wind speed starting from a flat bed, the ratio of L/W (the 
ratio between along- and across-wind reptation flux) was around 
0.16, whereas at the beginning, it was 0.06 (Fig. 4c). In similar ex-
periments with almost unimodal sand (247–300 μm), the ratio of 
L/W was larger, approximately 0.5 ± 0.22. The smaller L/W ra-
tio in the case of bimodal sand indicates that the lateral coupling 
in megaripples, where coarse grains cover the crest, is smaller 
than in unimodal sand ripples. This result fully supports our main 
hypothesis for the origin of the transverse instability of megarip-
ples.

3.3. Numerical simulations

Fig. 5 shows results for different values of μ0 in the absence of 
the feedback between the ripple height and the lateral flux (η = 0). 
For smaller values of μ0, the ripples look wavier and discontin-
uous, similar to megaripples, whereas for μ0 = 0.8 (large lateral 
flux, i.e., fine sand grains within this modeling approach), the rip-
ples are straight and continuous. Fig. 6 shows the sinuosity index 
(SI) and the roughness as a function of μ0 for five realizations. 
Both measures (SI and roughness) decrease with μ0 as in the case 
of normal ripples composed of fine sand.

Fig. 7 shows model simulations with the feedback defined 
in Eq. (2), starting from small perturbations superimposed at 
the crest onto one of the ripples in the center. These small 
perturbations drive the transverse instability, and as a result, 
the ripple sinuosity increases in time. Interestingly, the sinuos-
ity or the perturbation moves forward to the downwind ripples, 
which are coupled by the diffusion term. For smaller values of 
η, the effect of the perturbations is smaller, as shown in Fig. 8. 
Fig. S6 shows that a similar phenomenon occurs for ripples in the 
field.

These numerical simulations support the idea that owing to the 
small lateral flux, initial accumulations of coarse particles at the 
ripple crest can grow in time, increasing the irregularities along 
the ripple crest and, consequently, increasing the ripple sinuos-
ity.

3.4. Martian ripples

In Figs. 9a, 9b, S7 and S8, we show the variation in the sinuosity 
index of the Martian ripples. Most of the megaripples mapped in 
blue in Fig. 9a show higher sinuosity values than the normal rip-
ples mapped in red. This is highlighted in the histogram in Fig. 8c. 
Normal ripples (n = 3111) reside in a lower sinuosity range (1 to 
1.2) with a higher proportion of low sinuosity counts. Conversely, 
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Fig. 5. 3D simulated ripples based on the Yizhaq et al. (2004) model, initiated from random initial conditions for different values of μ0 (the parameter that controls the 
intensity of lateral flux) and with η = 0. The simulation time is the same in all the panels. For a smaller value of μ0, the ripples look wavy and discontinuous due to the 
smaller lateral flux.

Fig. 6. The sinuosity index SI (a) and the roughness, the average magnitude of the deviation from the mean height (b) as a function of μ0 calculated from five realizations of 
the model with η = 0. The insets (c) and (d) show typical contour lines for μ0 = 0.8 and μ0 = 0.01. Both measures (SI and roughness) decrease with μ0, indicating that the 
ripples become more straight for larger cross-ripple coupling.
the megaripple sinuosity distribution (n = 1234) is wider with val-
ues ranging from 1.01 to 1.58. Below the third bin (sinuosity index 
= 1.042) of the histogram, there is a higher proportion of normal 
ripples, while megaripples dominate above this value. Important 
statistical parameters for the two distributions are summarized in 
the Supplementary Table 1. These results show a clear difference in 
the sinuosity index between normal ripples and megaripples, sug-
gesting that, together with the wavelength, the sinuosity can be 
used to discriminate between these two bedform classes.
4. Discussion and conclusions

In this work, we propose a new mechanism to explain the 
transverse instability of megaripples. This mechanism is based on 
the feedback between the accumulation of coarse particles at the 
crest, the ripple height and the slower drift speed of the higher 
segments of the ripple. Due to the accumulation of coarser grains 
coming from the windward slope, whereas saltating fine particles 
hop over the crest, the higher segments along the crest become 
covered with a thicker armoring layer. These larger grains have 
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Fig. 7. Development of the transverse instability of simulated ripples from initial perturbations on one ripple in the center. Note how the lateral perturbations also move to 
the downwind ripples (see Fig. S10). Parameters: μ0 = 0.8, η = 1. The white arrow indicates the wind direction. Panel (f) shows the ripple cross-sections (across the red line 
in (b)) at different times. The ripple height increases over time due to the feedback between the height and the lateral flux.

Fig. 8. Simulated ripples with different values of η, the parameter that controls the dependence of the lateral flux on the ripple height. (a) η = 0.2, (b) η = 0.5, (c) η = 0.8, 
(d) η = 1.
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Fig. 9. (a) Two ripple classes, normal ripples and megaripples, are distinguished by means of the different wavelengths. (b) Sinuosity index derived for the two ripple classes 
(see also Supplementary Figs. S7 and S8). HiRISE image ESP_034801_1300, NASA/JPL/U of A. (c) Sinuosity index distribution for normal ripples and megaripples.
a smaller lateral flux than finer grains, and small random differ-
ences or perturbations in height along the crest can thus grow over 
time and lead to differential migration rates of different segments 
along the crest. Such random perturbations can be the result of 
wind variability in direction, streamers or small accumulations of 
coarse sand. This process enhances the instability since the trans-
lation speed of the ripple inversely scales with the ripple height. 
Thus, a ripple with a non-uniform height and small lateral flux is 
transversely unstable.

Recently, it was shown that megaripples can be interpreted as 
small dunes or reptation dunes dominated by the short distance 
transport of coarse grains (Lämmel et al., 2018). It was suggested 
that their morphometry is better described by dune characteris-
tics, e.g., using the megaripple base length instead of the con-
ventional wavelength (crest to crest distance). Thus, if megarip-
ples behave like dunes, they are laterally unstable in the same 
manner as transverse dunes, and one isolated megaripple will 
eventually break into a chain of barchans (Parteli et al., 2011;
Lämmel et al., 2018; Fig. S9). The reptation dune interpretation ex-
plains why, under conditions of low coarse sand supply, megarip-
ples are much less regularly spaced and aligned than normal rip-
ples and form mini-barchan structures (Fig. 1b), analogous to the 
formation of isolated barchans in environments with low sand sup-
ply. But as we noted above, the details of the processes in dunes 
and in megaripples are different despite their similar structures—
chiefly gravitational sand flux in sand dunes versus the splash of 
coarse grains and differential sorting in megaripples. The model 
of Lämmel et al. (2018) can be considered as a starting point 
for a deeper understanding of the sorting mechanism, such as 
the mutual feedback between the evolution of topography and 
the lateral grain sorting. The current study moves one step fur-
ther in understanding the lateral sorting and its impact on the 
morphology of megaripples, namely, the transverse instability. We 
show for the first time that in addition to the along-wind sorting 
that was previously studied (e.g. Sharp, 1963; Yizhaq et al., 2009;
Qian et al., 2012), there is a cross-wind sorting that correlates with 
the megaripples’ height. We do not have a full physical explanation 
as to why the lateral flux is smaller for coarse particles. One possi-
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Fig. 10. Square patterned and sinuous ripples in the MSL Curiosity landing site as seen by the HiRISE camera (PSP_009294_1750, NASA/JPL/U of A). For the Curiosity’s 
perspective, refer to Fig. 1c in Lapotre et al. (2016) and Fig. 4 in Ewing et al. (2017). Note the differences between the planar view in those figures and the examples studied 
in this work (inset e).
ble explanation is the effect of wind drag on the coarse grains. In 
order to account for small megaripples in their model, Manukyan 
and Prigozhin (2009) added a wind drag that acts mostly on coarse 
particles. The grains are dislodged by the saltation strikes and 
make a short jump, after which they roll upon the surface, not only 
under gravity but also due to the wind drag. They assumed that 
because the wind velocity quickly increases from zero with the 
distance from the bed (see Fig. 2.15 in Kok et al., 2012), the drag 
acts mostly on coarse grains. Although they are heavier, they are 
more exposed to a stronger wind. Following this line of explana-
tion, for fine grains, the drag is unimportant, and their lateral flux 
mostly comes from the splash. For the coarse grains, the splash is 
tiny, whereas the drag is much more important, and it acts ef-
ficiently only in the wind direction. So for a significant surface 
concentration of coarse grains, the total sand flux should be more 
wind-oriented, in agreement with the wind tunnel experiments.

In contrast to megaripples, well-sorted normal ripples are com-
posed of fine particles without an armoring layer and remain 2D 
bedforms, as height perturbations along the crest are rapidly dis-
sipated by the lateral sand flux and by the direct entrainment of 
sand from the crest. Thus, in this case, the ripple crest will tend 
to be uniform in height and, consequently, straight in the planar 
view.

This mechanism will work to increase megaripples’ sinuosity 
over time as long as the wind is below the saltation threshold of 
the coarse particles (Yizhaq and Katra, 2015). Above this thresh-
old, the higher segments along the crest will be eroded due to 
local enhancement of the wind shear stress (Bar et al., 2016), 
and consequently, the sinuosity will decrease. In addition, strong 
storms can erode the armoring layer and flatten the megarip-
ples (Isenberg et al., 2011). Another mechanism that can change 
the simple scheme is interactions between adjacent megaripples. 
Similar to what occurs in sand dunes (Kocurek et al., 2010;
Ewing and Kocurek, 2010), these interactions will lead to a more 
complex planar geometry. In another scenario, a higher segment of 
one ripple can coalesce with a lower segment of a downwind rip-
ple. The new segment will be higher and thus change the stability 
of the new ripple. It is also important to note that megaripples that 
develop on a slope will usually be straighter than megaripples on 
a plain, because of the lateral flux induced by gravity (Rubin, 2012; 
Fig. S10).

Based on our new understanding of the transverse instability 
for terrestrial megaripples, we can use the sinuosity index to dis-
criminate between normal ripples and megaripples on Mars. The 
study area shows dunes oriented in different directions, but the 
study ripples have a constant N–S orientation, indicating that they 
are mainly shaped by unidirectional winds, likely blowing from the 
west to the east. This is important since multidirectional winds can 
form square (or cross-hatch) bedform patterns that can increase 
the ripples’ sinuosity (e.g., Fig. S11 for terrestrial normal ripples 
and megaripples). The dark ripples in the Mars Science Laboratory 
(MSL) Curiosity Rover’s landing site are an example of this situa-
tion (Bridges et al., 2017; Ewing et al., 2017; Lapotre et al., 2016;
Silvestro et al., 2016) (Fig. 10a, b). In addition, it has been sug-
gested that on Mars, large sinuous ripples can form without coarse 
grains and can be interpreted as fluid drag ripples (Ewing et al., 
2017; Lapotre et al., 2016). However, the ripples investigated in 
this study are different from the ones visited by the Curiosity 



H. Yizhaq et al. / Earth and Planetary Science Letters 512 (2019) 59–70 69
Rover (Fig. 10). The 18-m-spaced megaripples investigated in this 
study have wavelengths in the range of small transverse aeolian 
ridges (TARs, Balme et al., 2008) and are more sinuous than the 
normal ripples nearby (Fig. 9).

According to previous studies, small TAR and megaripple wave-
lengths should not scale with the atmospheric density as sug-
gested by the fluid drag theory (Ewing et al., 2017; Lapotre et 
al., 2016); thus, the higher sinuosity of these features should 
be due to the mechanism of grain size segregation described 
in this study. We thus give further support to the hypothesis 
that sees small TARs as megaripples (Hugenholtz et al., 2017;
Lämmel et al., 2018). In addition, the lower wavelength ripples 
in the study area are straighter than the ones visited by Curios-
ity (Fig. 10b, c), and more similar to the El Dorado ripples visited 
by the NASA Mars Exploration Rover (MER) Spirit in the Gusev 
Crater and interpreted as normal impact ripples (Sullivan et al., 
2008). Our results are thus in agreement with previous studies. 
Collectively, by combining fieldwork, wind tunnel experiments and 
image analysis from one Martian test site, we explain the mech-
anism behind the transverse instability of megaripples. This new 
mechanism highlights the importance of the grain size distribu-
tion in determining the morphological variability of the ripples and 
shows that sinuosity can be used to distinguish between different 
ripple types.
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