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Aeolian sand ripples are a common feature on sandy deserts and beaches. Standard aeolian ripples have wavelengths
of a few centimeters and amplitudes of a few millimeters. Sometimes, much larger ripples are observed. These are
known by different names, such as ridges, granule ripples, gravel ripples, or megaripples. Aeolian megaripples are
composed of a mixture of coarse and fine noncohesive material; a bimodal distribution of particle sizes is thought to
be necessary for large, ripplelike bed forms to develop. Here, we discuss the extension of a recent model for the
dynamics of aeolian megaripples. The model assumes that both the saltation and reptation fluxes are modulated by
the emergent bed forms. We present a linear stability analysis of the full model as well as the results of numerical
simulations. The modeled megaripples evolve through interactions between ripples of different sizes. The formation
of megaripples is therefore another example of a self-organizing geomorphological system.

ADDITIONAL INDEX WORDS: Aeolian sand ripples, megaripples, saltation, reptation, mathematical model, coars-

ening, numerical simulation.

INTRODUCTION

Aeolian ripples larger than those commonly found in fine
sand (see Figure 1) are known in the literature by various
names, such as ridges (Bagnold, 1941), granule ripples
(Sharp, 1963), gravel ripples (Sakamoto-Arnold, 1988), or
megaripples (Ellwood Evans, and Wilson, 1975). Large aeo-
lian sand ripples on Earth have been described in many plac-
es: among them, the Kelso Dunes and Coachella Valley in
southern California, by Sharp (1963); the Libyan desert, by
Bagnold (1941) and El-Baz (1986); northern Sinai, by Tsoar
(1990); Swakopmund, Namibia, by Fryberger, Hesp, and Has-
tings (1992); northeastern Iceland, by Mountney and Russell
(2004); and the coastal dunes of northeastern Brazil (see Fig-
ure 1). Recently, enormous megaripples at Carachi Pampa,
Argentina, at a height of 4000 m were documented by Milana
(2005). These megaripples, composed of volcanic pebbles,
were formed by the action of extremely strong winds (prob-
ably the strongest winds known on Earth ~400 km/h). Their
wavelengths are up to 18 m, and their height is about 1.5 m.

There is a clear correlation between the ripple wavelength
\ and height A (with a ripple index A/A of approximately 15),
as well as between the wavelength and maximum particle
size (see Figures 3 and 4 in Williams, Zimbelman, and Ward,
2002). According to Bagnold (1941), it may take decades or
centuries to form huge megaripples, where their dimensions
vary as the square root of age. Sharp (1963), however, sug-
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gested that with a large enough supply of coarse grains, it
might take only weeks for well-defined granule ripples to
form at Kelso Dunes. It was observed by Sakamoto-Arnold
(1988) that during a severe windstorm in the southern San
Joaquin Valley in California, megaripples formed on a time-
scale of hours or days. A bimodal distribution of particle sizes
seems to be required for large, megaripple bed forms to de-
velop, as Sharp (1963) found that coarse grains make up 50—
80% of the crest material and less than 10-20% of the trough
composition. Figure 2 shows a clear distinction between nor-
mal ripples and megaripples in a sand dune on the Jordanian
side of the Araba Valley. It was found that the normal ripples
were composed of fine grains alone, and the megaripples had
coarse grains covering the crests and finer grains in the
troughs. Megaripples form at the bottom of the dunes, the
site of coarse-grain accumulation.

In wind tunnel experiments, protogranule ripples were
found to drift downwind about 1 cm every 5 min (Fryberger,
Hesp, and Hastings, 1992). Recent field experiments done by
Brad Murray in Morocco (Murray, 2005) indicated that initial
wavelength, as well as crest height, increases with wind
speed. In addition, megaripple wavelength grows via a coars-
ening process similar to that occurring in normal ripples, in
which ripple wavelength increases due to coalescence of
smaller ripple (Murray, 2005). Table 1 summarizes the main
characteristics of normal ripples and megaripples.

Interestingly enough, aeolian processes are extremely im-
portant for understanding the geology of Mars (Rubin, 2006).
Images from the Mars Global Surveyor clearly portray dust
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Figure 1. Aeolian sand megaripples at Ceara coast in northeastern Bra-
zil. The wavelength is more than 3 m (the length of the measure strip),
and the height is about 50 cm. The diameter of the coarse grains that
cover the ripple crest is about 3 mm. The average wind velocity during
the dry season is 7.75 m/s (Jimenez et al., 1999). Note that normal ripples
(arrow) have developed at the troughs between the megaripples.

storms, dust devil traces, dunes, and megaripples. Large rip-
plelike bed forms have been observed in numerous locations
on the planet (Edgett, 2001; Greeley et al., 2002; Williams,
Zimbelman, and Ward, 2002; Wilson, Zimbelman, and Wil-
liams, 2003; Yizhaq, 2005). Various applications of sand rip-
ple studies on Earth and Mars were recently reviewed by
Rubin (2006).

In his seminal book, The Physics of Blown Sand and Desert
Dunes, Bagnold (1941) was the first to attempt to explain the
formation of megaripples. He pointed out that the essential
difference between normal ripples and megaripples lies in the
relative magnitudes of wind strength and crest-grain size. In
the case of megaripples, the wind is not strong enough to
cause the coarse particles to saltate. Bagnold (1941) specified
the following conditions for megaripple formation: (i) avail-
ability of sufficient coarse grains with a diameter 3-7 times
greater than the mean diameter of the grains in saltation;
(ii) a constant supply of fine sand in saltation to sustain for-
ward motion of reptating (creeping or slipping) coarse grains;
and (iii) wind velocity below the threshold that would drive
coarse grains from the megaripple crest. His theory specifies
that megaripples will grow indefinitely as long as the supply
of fine particles continues.

Bagnold also described a strong-wind situation in which
coarse grains can be driven into saltation, where megaripples
break down into normal ripples. Sharp (1963), in his field
research in Kelso Dunes and Coachella Valley, California,
confirmed Bagnold’s idea of megaripple formation but indi-
cated that the principle of characteristic grain path is prob-
ably not applicable to the wavelength of megaripples. Sharp
suggested that most of the considerations pertaining to nor-
mal ripples, including impact slope, shadow slope, height,
and mean impact angle of saltating grains, can be applied to
megaripples. Sharp showed that a concentration of larger
grains capable of covering at least 50% of the crest surface is

Normal ripples

Figure 2. Clearly seen distinctions between normal and megaripples at
Fidan Sand Dunes, Jordan (see Saqqa and Atallah [2004] for details). The
normal ripples form on the windward slope of a linear dune and are com-
posed only of fine grains. The megaripples exhibit profound spatial grain-
size sorting. The coarse grains compose the crests, and finer grains gen-
erally cover the troughs. Note that normal ripples can be found also be-
tween the megaripples (arrow) and that the crests of the megaripples are
more wavy than those of normal ripples.

required for producing well-developed megaripples. He also
noted that megaripples form slowly and move slowly and
have considerable longevity compared to sand ripples.

In a carefully designed experiment in a 30-m-long wind
tunnel, Walker (1981) showed that normal ripple spacing and
height increase with increasing grain diameter and with sort-
ing (the segregation of similarly sized sediments that natu-
rally occurs during aeolian transport and deposition). He ar-
gued that although flow separation does not occur over aeo-
lian ripples, something analogous develops. When the ripple
grows high enough, it casts a “shadow” that shelters the rip-
ple’s lee slope from saltation bombardment, and Walker felt
that this shadow zone might be important for megaripple for-
mation. Based upon experiments with poorly sorted sands,
he suggested that the concentration of coarse grains at the
crest allows the ripple to continue growing higher at a given
value of wind-shear stress. He derived this from the fact that
coarse grains are harder to dislodge by saltating fine grains,
and they are also more resistant to direct wind shear.

Table 1. Main features of normal aeolian ripples and megaripples.

Normal Ripples Megaripples
Wavelength Up to 30 cm 30 cm—20 m
Ripple index >15 (Sharp, 1963) <15 (Sharp, 1963)
(wavelength/
height)
Timescale Minutes (Anderson, 1990) Days (Sakamoto-Arnold,
1988) and years (Bag-
nold, 1941)
Sorting Unimodal distribution of Bimodal distribution of

grain sizes with coarse
grains (1-4 mm in di-
ameter)

grain sizes (typically
0.06 to 0.5 mm in di-
ameter)
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Fryberger, Hesp, and Hastings (1992) performed a series
of experiments in a portable wind tunnel with sand that was
collected from megaripples at Great Sand Dunes National
Park, Colorado. In one experiment that started with a flat
bed, they observed after 3 h of saltation that small mega-
ripples (“proto”-granule ripples) formed, which migrated
downwind. One hour later, megaripple growth was saturated,
and they continued to migrate downwind. Unfortunately, the
data on wind strength and ripple spacing were missing.

Tsoar (1990) studied the surface grain-size distribution be-
tween the crests and troughs of megaripples with wavelength
of 25 cm and longer that formed on the plinth of a desert seif
dune in the northern Sinai. He used a unique sampling tech-
nique in which the surfaces of the ripple crest and trough
were individually sprayed with an adhesive. Following treat-
ment with solvent to dissolve the glue, dispersion of the par-
ticles with a high-intensity sonic processor, washing, and dry-
ing, the samples were analyzed using standard sieves. Grain
size of the megaripple particles was shown to be trimodal:
one prominent coarse-grain mode and two small fine-grain
modes. The amount of coarse grain decreased with distance
below the ripple surface and almost disappeared at a depth
several centimeters.

In contrast to Williams, Zimbelman, and Ward (2002), who
studied large megaripples at Edwards and at Great Sand
Dunes National Monument, Tsoar found that the wave-
lengths of megaripples were not significantly correlated with
the mean crest- or surface-grain size or with the mean size
of grains in the entire megaripple. This difference might be
explained by the fact that Tsoar sampled megaripples with
wavelengths between 25 and 50 cm, which can be considered
nonrepresentative small megaripples. Moreover, he exam-
ined correlations with respect to mean grain size alone, but
a correlation might have been found if he had examined
wavelength vs. maximum grain size, as was observed by Wil-
liams, Zimbelman, and Ward (2002). Interestingly, Tsoar also
concluded that no continuity existed between the wavelength
of normal ripples and megaripples with increasing mean
grain size. The question of continuity was also addressed by
Ellwood, Evans, and Wilson (1975, their Figure 7c), who an-
alyzed 120 samples and found that there was no discontinuity
in the plot of the coarse twenty-percentile grain size (P,,) be-
tween ripples and megaripples. They concluded, therefore,
that ripples and megaripples were formed by the same mech-
anism. This disagreement between Tsoar and Ellwood et al.
may derive from the large number of samples taken by Ell-
wood, which covered many more wavelengths.

In recent work at the White Sands National Monument,
New Mexico, Jerolmack and coworkers (Jerolmack et al.,
2006) measured the sand flux of coarse-grained ripples with
wavelengths between 0.5 and 1 m and heights of 10 mm.
They found that the small particles (0.1 mm to 1 mm) were
transported by saltation and that coarse grains (1 mm to 3
mm) were transported by surface creep. They observed clear
spatial segregation between the two populations of grains.
The coarse grains were concentrated on the crests, while
troughs contained few coarse grains. This is the first field
experiment that supports Bagnold and Elwood’s hypotheses
of megaripple formation where coarse grains are transported

solely by reptation. However, the relatively small, 10-mm-
high coarse ripples they studied should be classified as atyp-
ical, shallow megaripples.

MATHEMATICAL MODELS

Although models of the dynamics of standard aeolian rip-
ples have been developed (see, e.g., Yizhaq, Balmforth, and
Provenzale, 2004), the mathematical description of megarip-
ple evolution has received little attention. The work of Ell-
wood, Evans, and Wilson (1975), is built on data taken from
120 samples collected from sand ripples in the Algerian Sa-
hara. Their approach was based on the assumption that me-
garipple wavelength is dictated mainly by the mean saltation
length of fine particles bouncing off coarse particles in sands
with a bimodal particle distribution. By using an experimen-
tally determined “rebound probability matrix,” they calculat-
ed the grain jump of various sizes of grains bouncing of beds
of different-sized grains in winds of different shear velocities.
Their numerical calculations showed an entire range of sal-
tation lengths, which they related to the range of observed
megaripple wavelengths.

They presented two scenarios for megaripples formation in
sand having a bimodal mixture of two grain sizes. The first
was termed “fine fraction impact ripple formation,” in which
the wind strength is insufficient to dislodge the coarse grains.
Here, the ripple wavelength should correspond to the mean
saltation length of the fine grains. In the second case, which
they termed “coarse fraction impact ripple formation,” the
wind is strong enough to saltate the coarse grains, and the
ripple wavelength should correspond to the mean saltation
path of the coarse grains. There are several drawbacks of
their model: (i) neither the saltation-induced motion of grains
in the bed nor the creeping of grains along the surface, i.e,
reptation (Anderson, 1987), was explicitly taken into consid-
eration; (ii) their extended “characteristic length” idea, fol-
lowing Bagnold, rules out the coarsening mechanism that
seems to operate in megaripple formation (Murray, 2005);
(iii) they did not present any one-to-one comparison of their
calculated wavelengths with field-measured ripple wave-
length; and (iv) they completely ignored the effect of ripple
height (which grows during megaripple evolution) on spacing
(Sharp, 1963; Walker, 1981).

The segregation mechanism operating in regular aeolian
sand ripples was modeled by Anderson and Bunas (1993).
They proposed a cellular automata approach, which uses dis-
crete space and time functions for numerical evaluations to
model a sand bed composed of two grain sizes. The bed was
subjected to impacts of saltating grains that rebounded and
ejected other grains according to rules derived from a model
of the dynamics of individual granular impacts. The basic
mechanism for the vertical sorting of grain size was the dif-
ferential hop-length (reptation length) effect. Numerical sim-
ulations of the model showed that the coarsened crests ap-
pear only after the ripples have reached significant heights,
namely, when the lee slopes are strongly shadowed from im-
pacts. Anderson and Bunas concluded that on a mature rip-
ple, coarse grains could not leap far enough down the lee side
to escape the shadow zone. Coarse grains would then be bur-
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ied by subsequent deposition on the lee face and reemerge as
the ripple drifted downwind. Although they did not address
megaripple formation specifically, their findings can be
strongly related to its initial stage, namely, the sorting pro-
cess that allows the vertical growth of ripples.

Particle-size segregation in normal sand ripples was also
modeled by Ouchi and Nishimori (1995) using the cellular
automata approach. They concluded that the most effective
factor for grain segregation is the difference in creep dynam-
ics (i.e, reptation) of different-sized grains, which depends on
the inner friction and inertia of the grain. In their model, the
surface creep dynamics were modeled by the slope; a grain
falls down to a neighboring site once the slope exceeds some
critical angle, which is larger for the heavy grain. According
to their model, the grains are sorted by size because of the
difference in the grain stability against external force. Sand
grains move from the most unstable place (crest) to the most
stable place (trough). The coarse grains, which are heavier,
are relatively more stable and tend to preferentially accu-
mulate at the ripple crest.

A simple mathematical model of aeolian megaripples was
recently introduced by Yizhaq (2004); this model is based on
the Anderson model (Anderson, 1987) and on the mechanism
of “fine-fraction impact ripples.” It is built around the as-
sumption that the particles consist of a mixture of sand
grains of two different sizes and that the wind is not powerful
enough to saltate the coarse fraction. This simplified model
takes into account both saltation and reptation fluxes as giv-
en in the Exner equation (Anderson, 1987), which expresses
the conservation of mass. Spatial variability of the saltation
flux is due to sufficiently large undulations of the bed. Here,
the saltation flux can depend on bed topography, as well as
on the spatial variability of the flux of saltating grains. Var-
iability of the saltation flux leads to a space-time dependence
of the number density of impacting grains on a flat surface,
which adds a new level of complexity to the solution because
it modifies the number of reptation particles.

In the model presented here, I modify the reptation flux
due to changes of the impact intensity of saltating grains and
present numerical solutions. This is a two-scale model in
which spatial variations of the saltation flux dominate at
large scales (order of meters) and for long times, while spatial
variations of the reptation flux dominate on small scales (or-
der of centimeters) and for shorter timescales. Linear stabil-
ity analysis indicates the presence of two maxima in the
growth rates of the unstable modes. One corresponds to me-
garipples and the other to normal ripples.

The starting point is the one-dimensional Exner equation,

1 aQ

L) .

L=
where {(x, t) is the local height of the bed surface at point x
and time ¢, p, is the density of a sand grain, and A, is the
porosity of the bed (typically taken as 0.35). Q(x, t) is the
horizontal flux of sand grains mobilized by wind action (sed-
iment mass per unit width per unit time). According to the
Exner equation, erosion (or deposition) occurs in regions
where the sediment flux is diverging (or converging), and
there is no change in surface height and the transport rate

is spatially uniform. Experimental results (Anderson, 1987)
indicate that the bombardment process generates two popu-
lations of moving grains: the first is composed of grains that
are ejected with large energy and are accelerated by the wind
to form the population of “saltating grains” (or “saltons”). The
second population consists of low-energy ejected grains that
stay close to the sand surface, forming the so-called “reptat-
ing population” (“reptons”). The total sand flux is then the
sum of the saltation and the reptation fluxes,

@=Q,+Q. (2)

We assume that there is no alternation in particle move-
ment; the fine grains move only by saltation, and the coarse
grains only by reptation. This results from the difference in
particle sizes of the two populations and the assumption that
the wind speed is below that of the fluid threshold of the
coarse particles. In the Exner equation (Equation 1), spatial
variability of the sand flux is the single factor that deter-
mines surface evolution. For normal aeolian sand ripples, we
assume that the ballistic, wind-buffeted trajectory of the sal-
tating particle occurs in a manner that is essentially inde-
pendent of jump length, namely, that its impact angle will
not vary significantly over a broad range of saltation lengths
(Anderson, 1987). As a result, the model assumes that all
saltating grains descend at a fixed angle and with a fixed
speed. For this case, only the spatial variability of the rep-
tation flux enters into the Exner equation (Yizhaq, Balm-
forth, and Provenzale, 2004). This hypothesis is correct only
when bed undulations have a wavelength much smaller than
the mean saltation jump. For standard sand ripples, typical
wavelengths are about 10-15 cm, and typical saltation
lengths are about 50 cm. Thus, neglecting the spatial vari-
ability of the saltation flux is justified (Anderson, 1987, 1990;
Misbah and Valance, 2003). This assumption of uniform sal-
tation flux is not valid for bed forms with large wavelengths,
such as megaripples. In this case, both saltation and repta-
tion fluxes affect the evolution of the sand surface.

Yizhaq (2004) modeled the dynamics of a sediment surface
consisting of a mixture of sand grains with two different siz-
es, coarse (¢) and fine (f). For this bimodal distribution, the
horizontal saltation flux can be written as @, = Q. + Q,.,
where @, (Q,.) is the saltation flux of fine (coarse) particles.
Similarly, the reptation flux @, can be written as @, = @,, +
Q,;, and the total flux becomes

Q= st +Q,.+ Q.+ Qr/" (3)

Consistent with observations, two basic simplifications
were introduced into the model. First, it was assumed that
the wind is not strong enough to drive coarse particles into
saltation, i.e, @,. = 0. Second, the reptation flux of fine grains
is neglected (Q,, = 0), as it provides only a small contribution
to the total sand flux due to the armoring effect of the coarse
particles (Fryberger, Hesp, and Hastings, 1992; Sarre and
Chancey, 1990; Tsoar, 1990). This contribution, however,
may be important for initial times, where the ripples are
small and the segregation between coarse and fine particles
is not prominent.

The next step requires a quantitative expression of the sal-
tation flux of the fine grains and the reptation flux of the
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coarse grains. Following Anderson (1987) and Yizhaq (2004),
the saltation flux of the fine particles can be written as

3

Qu@) = m (1 — pL) f p.(B) dp f N, () dx', (@)
. -

where p(B) = A exp[—(B — b)/(20?)], the probability distri-
bution of the saltation lengths (B), is taken as a normal dis-
tribution (Anderson and Haff, 1988), b, the mean saltation
length, is defined as b = [~ _p,{(B)B dB, and ¢ is the standard
deviation. A is defined as A = 1/(c’V2m) to ensure that
i pyB) dB = 1; m,is the mass of a fine grain; and p, is a
phenomenological parameter that takes into account the de-
pendence of saltation flux on bed slope. It was assumed that
the flux decreases on the windward slope and increases on
the lee slope. Consistent with observations (Anderson and
Sgrensen, 1991), it was also assumed that, on average, only
one saltating grain is ejected per each impacting grain. Note
that according to Equation 4, the saltation flux is not uniform
in space and therefore contributes to ripple evolution.

The number density (impact rate) of saltating particles, N,
that hit the surface per unit area per unit time is given by

cot BNY, |~ * tan ¢ +
P im ®)d i S
b Lpsf(ﬁ) Pl vite &

where N?, is the number density of impacting grains on the
flat surface, {, = tan 6 is the bed inclination (positive at the
windward slope), and ¢ is the impact angle. For standard
aeolian sand ripples, the saltation flux on a flat surface is
assumed to be uniform, and N9, is therefore constant (the
flux probably also depends on wind strength). However, for
the case of megaripples, the assumption of saltation flux uni-
formity is not valid, leading to a more complex space-time
dependence of N,,,(x, ¢). Note that for 3, = 6 (i.e, the flat bed),
N,(x) = NY,. In the context of normal ripples, the model of
Nishimori-Ouchi (1993) takes into account the spatial vari-
ability of the saltation flux due to deformation of the bed. For
normal ripples, which have a small wavelength compared to
the mean saltation jump, this might be negligible, but for
megaripples, which are larger bed forms, it may be impor-
tant.
Similarly, reptation flux is written as

N,(x) = (5)

Qe = mon, N1 = L) f P da | % dx’
(6)

where p,.(a) is the so-called “splash function,” which de-
scribes the distribution of the reptation lengths and is as-
sumed to have an exponential distribution (Anderson, 1987;
Anderson and Haff, 1988), p,.(a) = e *“/a, where a is the
mean reptation length defined as a = S; ap,.(a) da and
jg P.(a) do = 1, m, is the mass of a coarse grain, and n, is
the average number of reptons ejected by impact of one fine
saltating grain. The parameter ., includes bed-slope modifi-
cations of the ballistic trajectory (Prigozhin, 1999); the mag-
nitude of p, must be determined empirically, but it is related
to the angle at which the reptating grain is ejected (Yizhaq,
2004).

By substituting the expressions for the saltation and rep-

Table 2. Definitions of the major model parameters.

Symbol Definitions of the Parameters

a Mean reptation length

A Normalization constant (A = 1/oV/2m)

b Mean saltation length

m; Fine grain mass

m, Coarse grain mass

n, Number of ejecting coarse grains per saltation impact

N,, Number density of impacting grains on an inclined surface

N9, Number density of impacting grains on a flat surface (~107
m2s1)

Pre Probability distribution of coarse reptating grains (taken as
exponential)

Dy Probability distribution of fine saltating grains (taken as
normal Gaussian)

a Reptation jump length

B Saltation jump length

[ Standard deviation of p,,

N, Bed porosity (typically taken as 0.35)

B mm, (27 = & = 343)

0 Bed inclination

¢ Descending angle of saltation grains

T Reptation length modification coefficient due to bed slope

g Saltation length modification coefficient due to bed slope

tation fluxes into the Exner equation, we get the following
expression, which is more complex than the version previ-
ously presented by Yizhaq (2004),

X _

= —Qy
ot QOx

1 - Mséx)f P(B) dBJ F(x') dx'
. e
_ Qydn, cot d)a
b X

f p(B) dBf F(x') dx’
x-p

f () dat f R dx’ } %)
Max(tan ¢ + ¢, 0)

Here @, = Nj,,m,cot ¢/[p,(1 — \,)] and
V1+

X {(1 = w01 = wL,)

X

Fx) = ) (8)
which represents a local shadowing effect that takes on a
value of 0 when the ripple slope exceeds the impact angle.
This factor was added to avoid the nonoccurring negative flux
predicted by the simplified model for a lee slope angle ex-
ceeding the impact angle ¢; 8 = m /m, = (D /D)), where D,
and D, are the diameters of the coarse and the fine grains,
respectively, assuming identical density and ideal spherical
shape. According to Bagnold (1941), a saltation grain can sus-
tain the forward movement of a coarse grain with a diameter
3-7 times larger than its own diameter, leading to 27 = § =
343. Table 2 summarizes the parameters used in the model.

A linear stability analysis of small bed perturbations is car-
ried out by inserting an infinitesimal sinusoidal perturbation
into Equation 7, given by

Ux, t) = {,explikx — ct)], 9)
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where {, is the perturbation amplitude, and % is the wave-
number (¢ = 2w/k), and by neglecting higher orders terms
(for example, using F(x) = tan ¢ + {,). The phase speed, c,
is a complex number ¢ = ¢, + ic; thus the perturbation
(Equation 9) can be written as:

Ux, t) = {,explke;t)exp ik(x — c,t). (10)

Equation 10 indicates that c¢; denotes the perturbation growth
rate, whereas c, denotes its translation speed.

Equation 7 can be written (after doing the spatial differ-
entiation) in the following way:

= Qo{uscm f p.(B) B f Fa) ' + (1= L)
£ x—B

X f psBIF @ — B) — Fx)] dB}

. Q,on,cot &

A2 1~ BB

+ [H‘rgxx(l - 'J’sgx)BlBZ]
+ 1= A = k)

—w

X { f P BIFx — B) — F)] dB}Bl

+ 1 = oA = i)

s

X { f p(Fx — @) — Fx)] da}Bl
0

(11D

where

B, = f py(B) dBJ F(x') dx" and
e i

B, =f prla) daf F(x") dx'.
0 x—a

If we follow the calculation given by Yizhaq et al. (2004)
and use the following expressions:

% = 1,k exp ik(x — ct),

ox

a2 :

pwe = —{,k%xp ik(x — ct),
aC . .

i —ikelyexp ik(x — ct),

L) = Ux — o) = {1 — exp(—ika)lexp ik(x — ct),

Pyk) = J Dy(Blexp(—ikB) dp

22
= exp<kz‘r ) — ibk,

Growth Rate

Figure 3. Dispersion curves showing the perturbation growth rate vs.
wavenumber (k¢ = 2m/\) for infinitesimal perturbations as given in Equa-
tion 14. The first maximum, k%,,, represents ripples with A = 138 cm; the
second maximum, k,, represents ripples with A = 30.95 cm; and the global
maximum represents ripples with N\ = 6.614 cm. Parameters: b = 0.4 m,
a =0.0075m, 0 = 0.05m, u, = 04, p, = 04,8 =27, ¢ = 10 n, = 1.

D.(k) = f p,.(a)exp(—ika) do

—o

a? ika™t
k2 ta? k*ta? (12)
we get
¢ = Q,(1 — p,k) — ikp,b tan )

I Qol’:pa{[l — py(k) — ikp,b tan dla

+ [1 — p, (k) — ikp,.a tan &Jb}.  (13)

Linear stability occurs for ¢, > 0 (the imaginary part of ¢),
where

c; npoa !
QO =k W — tan d)(Sn,u,a + p.,sb + ]J.,sa)
1 S
+ exp<502k2>sin bk(l + ”b“> (14)

Figure 3 shows growth curves representing two maxima,
k, and k,, corresponding to normal ripple and megaripple
modes.

NUMERICAL RESULTS

The model equations (Equations 7 and 8) were solved nu-
merically using an explicit second-order finite-difference
scheme with periodic boundary conditions on a SGI Altix
3700 super cluster (with 24 Itanium 2 processors). The inte-
gral terms were computed using the composite trapezoid rule,
and the time integration was carried out using the second-
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Figure 4. Ripple profiles calculated from the model equations (Equa-
tions 7 and 8) with p, = 0.4. Heights vs. distance given at times: 2, 4, 8,
16, 22, 28 min (panels a, c, e, g, i, k, respectively), along with the corre-
sponding power spectrum densities (panels b, d, f, h, j,1). The megaripples
start off as normal ripples with different wavelengths, which can be seen
to coalesce to form larger ripples. The initial conditions are random per-
turbations of a flat bed with periodic boundary conditions. The parame-
ters are the same as for Figure 3 with p, = 0.4. After 22 min, the wave-
length is 31.25 cm, and the mean height is 7 cm. Ripple evolution is very
slow.

order Adams-Bashforth rule (Fausett, 1999). The grid was
composed of 2048 points for a spatial dimension of 2.5 m (i.e,,
spatial resolution of 1.22 mm) and a time step of 0.002 s.
Because of the integral terms in Equation 7 and the large
number of grid points, the computation time was large, and
three days were needed to simulate 2 min of ripple evolution.
Figure 4 shows the ripple cross section for p, = 0.4, along
with the corresponding power spectrum density (the mean of
the Fourier transform squared amplitudes). After 32 min
(which took 48 computing days), the ripple wavelength is
31.25 cm, and the next growing mode of 1.25 m develops very
slowly, indicating a prolonged coarsening process.

Figure 5 shows the same growth pattern for p, = 0.2. The
ripples are higher, and after 41 min, the mode with A = 62.5
cm dominates. The ripple cross section has the correct shape,
with a convex stoss slope and concave lee slope.

These results agree with Murray’s preliminary field obser-
vation in Morocco (Murray, 2005). He observed on smoothed
plots that normal ripples and megaripples start with the
same initial wavelength, on the order of centimeters, but af-
ter one day of strong wind, megaripples of 1 m wavelengths
can develop. Figure 6 shows numerical results of ripple evo-
lution during the first 8 min. After 8 min, the ripples mean
wavelength is 35.71 cm, and their mean height is 10.18 cm.

The question of wavelength saturation is still open, as we
need additional computation time to clarify this problem. In
wind tunnel experiments, Andreotti, Claudin, and Pouliquen
(2006) found that for normal ripples, the wavelength and the
amplitude stopped growing, but no such observation exists
for megaripples.
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Figure 5. Ripple profiles calculated from the model equation (Equations
7 and 8) with p, = 0.2. Heights vs. distance given at times: 2, 4, 8, 12,
20, 41 min (panels a, c, e, g, i, k, respectively), along with the correspond-
ing power spectrum densities (panels b, d, f, h, j, 1). All parameters are
the same as in the previous figures except for p, = 0.2. After 41 min, the
ripple mean wavelength is A = 62.5 cm. At later times, it is expected that
the dominant mode will be the one with A = 125 cm.

Evolution of the ripple mean height is shown in Figure 7
for p, = 0.4 (circles) and p, = 0.2 (squares). After initial lin-
ear growth, ripple height develops very slowly—the lower the
value of p,, the higher the ripples. At later times, the coars-
ening process for p, = 0.2 is characterized by a decrease in
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Figure 6. Ripples evolution calculated from the model equation (Equa-
tions 7 and 8) during the first 8 min. At the initial stage (panel a), the
coarsening process is fast because there are many merging events where
small ripples merge and form larger ripples. This process slows down at
later times (panel b, ¢, d). After 24 min (not shown in the figure), the
wavelength is 41.67 cm, and the mean height is 12.83 cm. Parameters: b
= 0.5m,a = 0.01 m, 0 = 0.0625 m, and the other parameters as in
Figure 5.
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Figure 7. Ripple height vs. time plots for p, = 0.4 (circles) and p, = 0.2
(squares). After an initial linear growth, ripple height growth decreases,
with the smaller p, having the higher ripples. The coarsening process for
w, = 0.2 after 15 min is characterized by a decrease in height because of
the disappearance of some short wavelength ripples, as can be seen in
Figure 5.

height because some small ripples start to disappear, as can
be seen in Figure 5.

Figure 8 shows the ripple profile at different times for a
larger value of mean saltation length (b = 0.5 m). The mean
wavelength after 8 min is 35.71 cm, and the mean height is
10.2 cm, larger than in the former simulations. The larger
value of b can be related to stronger winds, since the model
predicts that megaripple height and spacing in such cases
will be larger.

DISCUSSION

Modeling of aeolian megaripple formation is complicated
because it is necessary to account for the interaction of a va-
riety of physical processes that are not completely understood
and also because of the lack of accurate field experiments.
The model presented here assumes that the bed is composed
of two grain sizes, where the coarse grains undergo reptation
due to energy imparted to the bed by the fine saltation par-
ticles. The model takes into account spatial variations of fine-
particle saltation flux but does not account for the specific
segregation mechanism of the bed, which is very important
for megaripple formation. It also assumes constant flow over
the bed form, which is probably altered above undulated sur-
face (Anderson, 1990). Despite the crude simplifications tak-
en on, the model succeeds in capturing the coarsening mech-
anism of the megaripples (i.e, a significant increase in the
wavelength), which are shown to start developing as normal
ripples that subsequently coarsen via coalescence. The small-
er, faster-moving ripples overtake larger, slower-moving rip-
ples, resulting in increased size and spacing. Merging can be
viewed as a selection process leading to the production of bed
forms with similar-sized ripples; hence, the migration rate
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Figure 8. Ripple profiles at 2, 4, 6, and 8 min (a, b, ¢, d) for larger value
of mean saltation jump (b = 0.5 m). The mean wavelength after 8 min is
35.71 cm, and the mean height is 10.2 cm, larger than that in the former
simulations (Figures 4 and 5). Other parameters are: ¢ = 0.01 m, o =
0.0625 m, p, = 0.4,8 = 27, ¢ = 10%, p, = 0.2, n, = 1.

halts once the megaripples have attained identical sizes. The
proposed model is two dimensional, and for actual three-di-
mensional megaripples, other types of merging interactions
take place, such as defect migration or lateral linking, as is
observed in normal ripples (Yizhaq, Balmforth, and Proven-
zale, 2004).

The final wavelength is not simply correlated to the mean
saltation length, but it develops through interactions between
ripples of different sizes. Larger wavelengths probably reflect
longer development times and stronger winds. This is a com-
mon behavior of bed forms in different environments, such as
ripples and dunes in rivers, oceans, and deserts (Werner,
1999). The megaripple system exhibits a self-organization be-
havior, where ordered spatio-temporal structures spontane-
ously emerge (Anderson, 1990; Kocurek and Ewing, 2005;
Werner, 1995). The determining factor for megaripple wave-
length is still open. There are two main theories. The first
one (Murray, 2005) is that the large wavelength is due to the
coarsening process, i.e., the large wavelength of megaripples
reflects the longer time during which the patterns have been
developing through interactions between smaller ripples. Ac-
cording to this hypothesis, the linear stability analysis has to
show that only modes that are related to normal ripples are
unstable. The second hypothesis, which is presented here,
suggests that there are two instabilities from the beginning:
the larger wavelength corresponds to megaripples, and the
smaller corresponds to normal ripples. In this scenario, large
wavelengths of megaripples reflect both the larger unstable
mode growth and also the increase through interactions be-
tween individual bed forms. Only, field experiments can de-
termine which one of these hypotheses is correct.

Advancing the theory of megaripples will require verifica-
tion via field and wind tunnel experiments. In the field, a
well-documented experiment like the one conducted by Mur-
ray in the Western Sahara (Murray, 2005) with additional
measurements of saltation and reptation fluxes (cf. Jerol-
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Figure 9. Preliminary results of field experiments done at Nahal Kasuy
dune field in the Southern Negev, Israel. (a) The initial flattened plot (5
m X 5 m) of megaripples. (b) The plot after 62 d. There is no clear indi-
cation for the development of megaripples. The bed is covered with nor-
mal megaripples. (¢c) The bed after 75 d. (d) The bed after 102 d is covered
only by normal ripples.

mack et al., 2006) should be able to test the common as-
sumption that megaripples develop through the primarily
saltative movements of the fine grains and the exclusive rep-
tation of the coarse grains. Figure 9 shows our preliminary
results of a field experiment that is still running at Nahal
Kisui, southern Negev, Israel. This area is characterized by
megaripples (wavelength 75 cm, height 10 cm). The figure
shows the temporal evolution of a flattened bed over 102 d.
After this period, the flattened area is covered only with nor-
mal ripples; thus, the process of megaripple formation may
be quite slow in areas where the winds are not strong enough
and their directional variability is high. We also observed
that, during a strong storm, the megaripples in this dune
field migrated downwind with a velocity of 1 cm/h. Using a
portable wind tunnel in the field can be very useful in accel-
erating the development of the megaripples, and it will en-
able accurate measurements in a reasonable time.

Wind tunnel experiments could help investigate megarip-
ple evolution in sands with different bimodal grain-size dis-
tributions and different wind speeds. Particularly, such stud-
ies could determine the minimal sorting index required for
megaripple development and its dependence on the ratio of
coarse to fine grain diameters. In such experiments, wind
velocity will be varied from just above the saltation threshold
for the finest grained sands to a value below the threshold
for the coarsest sand, ensuring the saltation of fine particles
alone.

However, it is clear that understanding of the long-term
development of huge megaripples such those in the Carachi
Pampa, Argentina (Milana, 2005), can be effectively achieved
only via mathematical modeling. Because years and maybe
decades are required for natural huge megaripple formation,
field study is an impractical way of monitoring the long-term
development of these natural bed forms or of evaluating the
long-term effect of environmental changes on these systems.

New mathematical models will have to include additional fac-
tors, such as the sorting mechanism, which will make cal-
culations more time consuming. However, with the design of
more efficient numerical codes, supercomputers should be
able to number-crunch these advanced models of megaripple
development over large space domains and extended periods
of time.
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