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Aeolian SandRipples: Experimental Study of Fully DevelopedStates
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We reportanexperimentalinvestigatiornof aeoliansandripples,performedoothin awind tunnelandon
stossslopesof dunes.Startingfrom a RBat bed, we canidentify threeregimes:appearancef an initial
wawelength,coarseningf the pattern,andPnally saturationof the ripples.We shaw thatbothinitial and
Pnalwavelengthsaswell asthe propagatie speedf theripples,arelinearfunctionsof thewind velocity.
Investigatingthe evolution of aninitially corrugateded,we exhibit nonlinearstablesolutionsfor a bnite
range of wawvelengths,which demonstrateshe existenceof a saturationin amplitude. Theseresults

contradictmostof the models.
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The surfaceof aeoliansanddunesis not smoothbut is
usuallyformedinto regular patternsof ripples,transverse
to the wind [1]. Their wavelengthrangesfrom the centi-
meterto the meterwith a constantaspectatio (¢ 4%) [2].
Although many different modelshawe beenproposedto
exdain the formationandevolution of aeolianripples[3D
11], few Peldobsenrations[1,2,12] and controlledexperi-
ments[4,13D15]have beenperformedso far. In contrast
with subaqueougiunesor ripples which result from a
hydrodynamicinstability inducedby the interaction be-
tweenshapeand Row [1], aeolianripplesare of different
natureand result from a screeninginstability. When the
©@salton€§D high energy grains\ collide the bed, they
ejectgrainsof smallerenergy @repton@®The windward
slopeof a small bump is submittedto more impactsthan
theleeslope,sothattheRuxof reptonds higheruphill than
downhill andmakesthe bumpamplify.

Most of the modelsagreefor the linear stageof the
instabilityN seg]5] for apedagogicateview. Theyassume
that the reptonsremaintrappedby the bed after a single
hop of length a, distributedaccordingto a distribution
P a . The saltonsare consideredas an external reseroir
which brings energyinto the system.On this basis,the
most unstablewavelgngth  is found to scale on the
reptationlengtha aP a da. Besidesthe mostrecent
investigationof sandtransportpothexperimental16,17]
andtheoretica[18,19],indicatethatP a isindependentf
thewind shearvelocity u , whichimpliesthata scaleson
thegraindiameterd. Theinitial wavelengthof theripples

o is thusexpectedto beindependenof thewind strength.

In thenonlinearregime, aeolianrippleshawe beensome
of the mostextensvely studiedsystemspresentingcoars-
ening. Two scenariiare evoked. The wavelengthcanin-
creasdby a phasenstability (negative diffusion)leadingto
a continuousstretchingof the pattern[20]. Alternatively,
ripples may be consideredas locally interacting objects
that under@ successie merging[14]. In both casespne
predictsa perpetualincreaseof t asthe logarithm of
time or asa power law of smallexponent.Sucha logarith-
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mic behaior hasbeenarguedto be compatiblewith some
wind tunnel data[14]. However, commonbeld obsena-
tions clearly evidence steadypatternsdriven by a wind
permanenthblowing for hours. @FullydevelopedQipples
arealsoreportedin experimentsof [13], but not studiedin
detail. Somepossiblereasongo exgdain the discrepancies
betweermodelsandbeldobsenationsarediscussedh [4],
andto the bestof our knowledge,only onerecentmodel
predictsa saturatiorof rippleswavelengthatlongtime [7].
Thegoal of this Letteris to invedigate experimentallythe
preciseconditionsof saturationandto studythe properties
of the saturatedstates.

Experimentalsetup—We hawe performedexperiments
bothin the wind tunnel of the CEMAGREF in Grenoble
(1 m wide, 0.5 m high, and4.5 m long) andin the barchan
Peld extending between Tarfaya and Laayoune in
Morocco.In thewind tunnel,theair Bow iswell controlled
andcanreachu  0:7 m=s but the sandRux is not fully
saturatedlueto thelimited lengthof thesandbed(3 m). In
the Peld, the sand supply is unlimited and the RBux is
saturatedcbut the wind strengthBuctuatesThe grainswe

(b)
A

FIG. 1. Experimentalsetupbothin the beldandin the wind
tunnel.(a) The probleh x is given by theinclined lasersheet.
(b) Autocorrelation function C ; t hhxthx ;ti

th x;ti2 of the proble.The position of the brstpeakgivesthe
mgan wawelength . The amplitude is debPnedby At

2 2C0;t. (c) Method for engraving periodic probles (the
lateral barsareremowed oncethe patternis engraved).
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used in the labN so-called Hostun sand\ are 120
40 m in diameterand are rather angular as this sand
comesfrom a quarry The grainsin the dune beld are
more round and smooth, made of quartz/lime mixture,
andwith d 180 35 m. In both situationsthe mea-
sured shear velocity threshold for saltation is uy,
0:22 m=s. To measurethe sandsurfacedeformation,the
samemethodis usedboth in the peld and in the wind
tunnel. A lasersheetis inclined at somelow angleto the
bed[Fig. 1(a)] andpicturesaretakenfrom above usinga
2240 1680digital cameraTheprobleh x;t is detected
by a correlation method which insuresa precision of
40 m. The patternsobtainedare usually quasiperiodic
andcanbe characterizedy an averagewavelength and
anamplitudeA [Fig. 1(b)].

Instability of a at bed—We brststudythetime evolu-
tion of an initially Rat bed. The dynamicsin the Peldis
shavn in Fig. 2(a) and the spatiotemporadiagram ob-
tained in the wind tunnel is displayedin Fig. 2(b). In
bothcasestheinitially Ratsurfacedeformsandcoarsening
is obsenred. Thetime evolution of wavelengthandampli-
tude for experimentsin the wind tunnel are plotted in
Figs. 2(c) and 2(d). Identifying a linear regime is not an
easytask.A gentlelinear instability is usually character
ized by an exponential gronth of the amplitude and a
plateauin wavelength.Here,tiny structureswith a small
wawelengthshav up after a shorttime ( 1 min for this
run). Their growth in amplitudeis consistentwith an ex-
ponentialwhenA is smallerthan,say 1 mm, i.e., 6 grain
sizes.However, a peakclearly appearsn the autocorrela-
tion function C ; t only closeto the end of this period.
This tiny plateaustill allows to debnethe initial wave-
length . As soonas they are visible, the ripples start
merging so that the patternexhibits coarsening.The in-
creaseof amplitudeand wavelengthprogressiely slows

FIG. 2. Evolutionof aninitially Batbed.(a) Picturesatdifferenttimesfor beldexperimentsu

in thewind tunnelfor u

the shearvelocity: u 1:3uy, (4), u L4uy (), u

down andaftersometime (typically 10 min), thepattern
tendsto @saturat®fheripplesessentiallypropagatavith-
outchangingshapeandamplitudearymore.Wetake ; as
theaverageof over thelasttwo minutes.As emphasized
by thelog scalein time, this ultimateregime could alsobe
interpretedas a slow drift in  [14]. Settling this issue
wouldrequireatleastonemoredecaden time (few hours),
which is difpcult to achiere in our wind tunneldueto the
global erosion of the bed (a sandlayer few cm thick
disappeargftertypically half anhour)andto the corvec-
tive natureof the instability (the entranceconditionscan
inBuencethe measuremertone).

Evolutionof aninitially corrugatedoed—To bypasshe
problem,we hawe performedexperimentsin which we do
not startfrom a Ratbedbut from a corrugatedsurface A
periodic ripple probleis initially engraed with a card-
board patternon the bed and is then let free to evolve
[Fig. 1(c)]. In the wind tunnel, we hawe been able to
systematicallystudytheinf3uenceof theinitial wavelength
and amplitude, the shaperemainingthat of a developed
ripple. The brstresultconcernghe casevhentheengraed
patternhasthe samewavelength ; andsameamplitude
A, asmeasuredn @naturatonditions@.e., startingfrom
a RBatbed.Theripplesdo not evolve at all andthe pattern
purelypropagateffig. 3(e)],shaving thata saturatedtate
exists. If we startfrom the same but with a largeror a
smalleramplitude the patterncorvergesbackto the same
shapdgA;, 1) by adjustingits amplitude.If we startfrom
thesameA but a slightly different , the patternskeepthis
new wavelengthandselecta new amplitude(Fig. 4). We
canthusconcludethat,dependingntheinitial conditions,
the pattern corverges toward different stable nonlinear
solutions. The saturatedstate obsened starting from a
Rat bedis one solution amongthe Pnite rangeof wave-
lengthsfor which stableripple patternscanbeobsered. If

1:3uy,. (b) Spatiotemporadliagram

1:4uy,. Time evolution of (c) wavelength t and(d) amplitudeA t from a Ratbedfor differentvaluesof
1:8uy, (), u

2:3u, (). Inset:time log scale.
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FIG. 3. Evolution of an initially corrugatedbed. Picturesfrom the Peld for u
30 cm. Spatiotemporabliagramin the wind tunnel for u

(b) 135 am; (c)
)] 195 am.

we startfrom a too large , the patterndestabilizesby
changingits wavelength, forming substructureson the
windward slope (generationof harmonics)as showvn in
Fig. 3(f). Too small are also unstableas the pattern
coarsenglueto merging(perioddoubling) [Fig. 3(d)]. In
the (A, ) diagramrepresentinghe differentinitial con-
ditions (Fig. 4), one can then determinea stableregion
wheretheengravegatterndoesnotchangavavelengthan
unstableregion leadingto coarseningor & 60 mm, and
anunstableregion leadingto a windwardslopeinstability.
Theseobsenationsin the wind tunnel hold for our beld
experiments:Figs. 3(a)b3(c) shawv that the engraed rip-
ples follow the samespatiotemporakvolution asin the
wind tunnelwhenthe wawelengthis smaller closeto, or
largerthanthe @natura@®ne.Becaus®f wind Ructuations
we hawe notbeenableto systematicallystudytheinf3uence
of theinitial amplitude.

Parametric study—Oncewe hawe shavn that the bnal
patternobsened startingfrom a 3atbed correspondso a
saturatedstate,we can systematicallystudythe inBuence

of the wind on the natural ripples characteristics.

Figure 5(a) shavs the selectionof the aspectratio for
different wind strengths.While the aspectratio remains
constanin thebeld(A 0:04 ), theamplitudesaturatesn
the wind tunnel at large u . This discrepancymay be
relatedto the unsaturatedtateof the sand3ux. Theinitial
andbPnalwawelengthsscaledby the particlesdiameterare
plotted as a function of the wind speedin Fig. 5(b). By
contrastwith standardoredictions they bothincreasdin-
earlywith u . Thislinearbehaviorwasalsofoundby [13].
Interestingly the initial wavelengthvanishesat the trans-
portthresholdandboth o u and | u areparallel.The
sametendencyholds for Peld measurementsalthough
mores?)atteredln a similar way, therescalecbhaseveloc-
ity ¢, = gd of saturatedipplesincreasesinearly with the

5aom;
9:3 om;

1:3uy, and initial wawelength (a)
1:3uy, and (d) 5 am; (e)

wind [Fig. 5(c)]. OHr data then suggestthat o=d/
U=l 1 andc;= gd/ u=uw, 1.Inordertotest
the scalingwith d which simply comesfrom dimensional
analysis,we haw alsoplottedin Figs.5(b) and5(c) data
comingfrom [12,13]. The collapseis good,shaving thatd
is the relevant length scale.The prefactorin theselinear
relationscertainlydependsn the densityratio & air
which, however, is difpcult to vary. Comparisonwith
martianripplesformedin an atmosphere0 timeslighter
[21] couldbeof interesto getdeepeinsightin thescaling.
Conclusion—Two mainconclusionganbedrawn from
thisstudy First, thelineardependencef themostunstable
wavelengthwith the wind speedrules out our theoretical
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FIG. 4. Stability diagramof ripplesof initial wawelength and
amplitudeA for u 1:3uy,. Outsidethe locking zone( ), the
patterndestabilizesby generationof harmonics(right) or sub-
harmonics(left). Startingin the central region ( ), stays
constantand A readaptgo reacha stablesteadysolution ( ).
Very largeamplitudescannotbeimposedasavalancheprocesses
take place.Hatchedregionis beyond experimentakccess.
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FIG. 5.

(a) A asafunctionof for differentwind velocitiesin thewind tunnel( ) andin thepeld( ). (b) Initial ( ) andbPnal( )

wawelength(wind tunneldata)andbeldPnalwavelength( ) asafunctionof theimposedow velocity u . (c) Propagatiorvelocity of
developedripplesasafunctionof thewind speedor freeevolving ripplesin thewind tunnel( ) andin thebeld( ). Datarepresented
by (resp. ) comefrom [12] [[13]], for grainsof sized 310 m (150 m).

understandingf ripples formation and sandtransportin

general As , turnsoutto be muchlargerthanthe value
predictedby Anderson-likemodels(6a 60d 10 mm),

there shouldexist a yet unknavn mechanismstabilizing
small wavelengths Secondwe hawe shovn the exisence
of awholefamily of stablenonlinearsolutions\ regarding
this point, similarities can be found with subaquaousip-

ples. Future models should then be able to recowr the
rangeof wawelengthsfor which ripple patternsare stable,
aswell asthesaturatiorof whenstartingfrom a 3atbed.

In this work, we hawe studiedthe one-dimensionatly-
namicsof theripplesalongthewind direction.However, a
complexdynamicsexists in the transversairection, too,
andtheformationof defectsis known to play a signibcant
role in coarseningprocessesand in the route towards
regularpattern[14]N seealso[22] in the contextof vortex
subaquaousipples. It then suggeststo investigatethe
densityof defectsto characterizeéhe degee of saturation
of the pattern.Finally, ripplescouldbeof practicalinterest
for Peldexperimentalistasa nonintrusve measuremeraf
the reptationsandf3ux.
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