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Abstract

The recent mathematical model for megaripplesformation proposedby Yizhaq [1]
is used to explain the huge megaripples formation observed on Mars. The model
also predicts a few linearly unstable modes which correspond to megarippleswith
di®erent wavelengths at the samewind condition as seenin someplaceson Mars.
Studying theseaeolianbedformscanprovide information about the past and present
climate conditions on Mars.
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1 In tro duction

Megaripplesare ubiquitous in most of the aeoliansanddeposits of the world.
Comparedto ordinary wind ripples, megaripplesaremuch larger, morepromi-
nent and vary considerablyin appearance.Megaripple wavelengthsvary be-
tween30 cm to 2000cm with a height up to 100 cm. Aeolian processesare
known on Mars today and includedust storm, dust devils,dunesand megarip-
ples.Megarippleson Mars exhibit much longerdimensions[2{4]. Mars Orbiter
camera (MOC) from Mars Global Surveyor (seeFig. 1) have provided new
high resolution imagesof aeolian bedforms including small transversedunes
or large aeolian megarippleswith wavelengthsof 10 to 60 m and heights of
a few to 10 m. Most of thesebedformsoccur in troughs, pits, craters and on
de°ated plains [5]. The new discovered Martian bedformsare distinct from
known bedformson Earth, as their scaleis betweenthe scaleof megaripples
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to that of small dunes.Recently, [6] megarippleswith wavelength of 38 m
were measuredusing stereo-imagesfrom the Mars Orbiter Camera onboard
the Mars Global Surveyor to have heights of 5.7 m which givesa ripple in-
dex of 6.7, much lower than terrestrial megarippleswhich is about 15. These
huge Martian megaripplesmay be a result of the lower Martian gravit y and
the higher overall windspeedsrequired for saltation 1 in the low-density at-
mospherewhich leadsto greatly increasedsaltation length [9,10].Owen [11]
computed the saltation length on Mars and predicted it to be 41.7 m. An-
other value which is used in the literature is 12.5 m [12], but more data is
neededin order to con¯rm theseestimations.Becausethe tra jectoriesarelong,
the incidenceanglesof the impacting saltation particles should be lower than
thoseon Earth [11]. Terrestrial megaripplesare known to have distinctly bi-
or multi-modal grain sizeswhich are vertically segregatedby wind action. It
is still unknown if the Martian features also involve a bimodal distribution
of grain particles like megarippleson Earth and it is hoped that the Mars
Exploration rovers,Spirit and Opportunit y will take a closerlook at the new
observed large bedformsand thus, shedlight on their formation.

In this study, I apply the recent minimal mathematical model for aeolian
megaripplesformation [1], which is an extensionof the normal sand ripples
model [13], in the context of Martian megaripple.Linear stabilit y analysis
indicates the presenceof several maxima in the growth rate curves, which
correspond to megarippleswith di®erent wavelengths.The model is regarded
minimal as it doesnot explicitly describe the dynamicsof the vertical segre-
gation betweencoarseand ¯ne grains for the nascent ripples, as well as the
feedback of the bedform on the sand°ux .

2 Brief description of the mo del

The main assumption of the model is that sediment consistsof a mixture
of grains with two di®erent sizesand that the wind is not strong enoughto
causesaltation of the coarsegrains. Only ¯ne grains saltate and drive the
coarsegrains into reptation (for details of the model see [1]). The Exner
equationwhich expressesthe conservation of mass,includesspatial variations
of both reptation and saltation °uxes. The model takesthe following integro-

1 According to Greeleyet al. [7], extrapolation to the low-density, CO2 atmosphere
of Mars shows that the minimum frictional velocities to set sand into saltation is
10 times greater than on Earth. In turn, this leads to particle velocities which are
somethree times greater than on Earth depending on the surfaceroughness [8].
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Fig. 1. This Mars Orbiter Camera(MOC) imageshows the plethora of large, aeolian
ripples amongwind-sculpted sedimentary rocks in easternCandor Chasma.Candor
Chasmais oneof the troughs of the VallesMarineris, a systemof chasmsthat would
stretch all the way acrossNorth America if it wereon Earth. This picture is located
near 7.9S, 64.9W. Sunlight illuminates the scenefrom the left/upp er left. Image
Credit: NASA/JPL/Malin SpaceScienceSystems.

di®erential equation:
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The probability distribution of the saltation and reptation °uxes are respec-
tiv ely de¯ned as

psf (¯ ) = A exp[(¯ ¡ b)=(2¾2)]; pr c(®) =
1
a

exp(¡ ®=a) (3)

The di®erent parameterswhich areusedin the model aresummarizedin Table
1. As the integro-di®erential model (Eq. 1) consistsof two spaceintegrals, its
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¸ p Bed Porosity (t ypically taken as 0.35).

½p Grain density.

mc Coarsegrain mass.

mf Fine grain mass.

² The ratio betweencoarseand ¯ne sand at the bed surface.

± mc=mf (27 · ± · 343).

np Number of ejecting coarsegrains per one saltation impact.

¹ r Reptation length slope modi¯cation coe±cient.

¹ s Saltation length slope modi¯cation coe±cient.

pr c Probabilit y distribution of coarsereptation °ux (exponential).

psf Probabilit y distribution of ¯ne saltation °ux (gaussian).

¾ psf standard deviation.

A Normalization constant: A = 1=(¾
p

2¼).

N im Number density of impacting grains on an inclined surface.

N 0
im Number density of impacting grains on a °at surface(» 107).

µ Bed inclination.

Á Descendingangle of saltating grains.

a Mean reptation hop length.

b Mean saltation hop length.

Table 1
De¯nition of the main model quantities (Discussedin detail in [1]).

numerical solution demandsa lot of computing resources.Fig. 2 shows time
evolution of incipient megaripplesfor the ¯rst 13 minutes. Megaripplesstart
as normal ripples as was observed in the ¯eld by Murray [14]. The ripples
wavelength increasesin time due to merging betweensmaller ripples and the
growth rate of the 'megaripple' mode is very small. It remainsfor future work
to understandwhat determinethe megaripplecrest to crestspacings.The ¯rst
hypothesisfollows Ellwood et al. [17] which states,that the large wavelength
re°ects an inherent length scalerelated to the characteristic saltation length
of the ¯ne fraction (the parameterb in the model). In an alternative hypoth-
esisapplicable to many di®erent kinds of bedforms;the wavelength tends to
increasein time, often through bedforms mergers [18]. In this hypothesis,
the wavelength observed in nature re°ects the length of time over which the
pattern hasbeendeveloped, and the availabilit y of `defects`,or imperfections
in bedforms crests that facilitate merger between individual crests. In this
scenario,the large wavelength of megaripples,relative to the normal ripples,
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Fig. 2. Numerical solutions of the model equation (Eq. 1) at times: 5, 305, 800
seconds(Figs. a, c, e) and the corresponding power spectrum density (the mean of
the Fourier transform squaredamplitudes) plots (Figs. b,d,f ). The megaripplesstart
as normal ripples and then the coarseningprocesstakesplace. It can be seenthat
after 13 minutes the mode with wavelength 1.25 m becomesmore prominent and
the ripples height is » 10 cm. Theseresults con¯rm Murray's observation [14] from
Morocco that after oneday of strong wind, megaripplesof 1 meter wavelength were
observed. The incipient megaripplesdeveloped from random perturbations of a °at
bed and periodic boundary conditions were used. Note the di®erent vertical scale
used in drawing the ripples pro¯les. Parameters: b = 0:4 m, a = 0:5 cm, np = 1,
Á = 100, ± = 27, ¹ r = 0:4, ¹ s = 0:2, ¯ne grain diameter is: 0.25 mm.

re°ects chie°y a longer lifetime for megaripples,whosecrestsare armored by
coarsegrains.

3 Mo deling Martian megaripples

Assuming the samemechanism for megaripplesformation is active also on
Mars, the model described in section 2 can be used to predict the fastest
growing wavelengths although, there is a large uncertainty concerning the
values of the basic model parameters,like the mean saltation path. Fig. 3
shows the growth rate curves2 of in¯nitesimal perturbations, for b = 12 m

2 For details of the linear stabilit y analysis, see [1].
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Fig. 3. Dispersion relations i.e. perturbations growth rate vs. wavenumber. Positive
growth rates indicate unstable modes. For ¾= 5 m (solid line) the maximum cor-
responds to a wavelength of 64 m and for ¾ = 2 m (dashed line), there are two
maxima correspond to wavelengthsof 64 m and 12.5 m. In addition to the former
two modes,a third mode becomesunstable for ¾= 1 m (dotted line), with a wave-
length of 6.28 m. Other parameters values: ² = 1, b = 14 m, a = 0:1 cm, Á = 70,
± = 27, np = 1.

and a = 0:1 cm and ¾= 5 m (solid line). For this choice,we get megaripples
with ¸ = 64 m. For the samechoiceof b and a but with ¾= 2 m the growth
curve has two maxima (dashedline) related to wavelengthsof 64 m and 12.5
m. Megaripplesof several wavelengthswere observed at several locations on
Mars (cf. Fig. 5 in [15]). Theseresults indicate that a distribution of saltation
lengthswith lower standard deviation predicts a few linearly unstablemodes.

4 Conclusions

Numerical results of the recent model presented by Yizhaq [1] show that
megaripplesstart as normal ripples and the mode which corresponds to the
larger wavelength, slowly grows as more small ripples coalescence.The pro-
posedmodel gives one possiblemechanism for the formation of the recently
large Martian bedforms.Linear stabilit y analysis predicts that large ripples
with wavelengths of tens of meters can grow if the basic mechanism for
megaripplesformation is the same as on Earth and if the mean saltation
length is of an order of 10 meters.Solving the model for large spacedomain
and for longer time is neededto explain the megarippleslarger height. More
reliable data on Earth and Mars aeolian activit y will provide more accurate
estimations of the main parametersused in the model. We leave these two
directions of research for future studies.
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