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Wereportanexperimentalinvestigationof aeoliansandripples,performedbothin awind tunnelandon
stossslopesof dunes.Startingfrom a ßat bed,we can identify threeregimes:appearanceof an initial
wavelength,coarseningof thepattern,andÞnallysaturationof theripples.We show thatboth initial and
Þnalwavelengths,aswell asthepropagativespeedof theripples,arelinearfunctionsof thewind velocity.
Investigatingtheevolution of aninitially corrugatedbed,we exhibit nonlinearstablesolutionsfor a Þnite
rangeof wavelengths,which demonstratesthe 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 themeterwith a constantaspectratio (• 4%) [2].
Although many different modelshave beenproposedto
explain theformationandevolution of aeolianripples[3Ð
11], few Þeldobservations[1,2,12]andcontrolledexperi-
ments[4,13Ð15]have beenperformedso far. In contrast
with subaqueousdunesor ripples which result from a
hydrodynamicinstability inducedby the interactionbe-
tweenshapeandßow [1], aeolianripplesareof different
natureand result from a screeninginstability. When the
ÔÔsaltonsÕÕÑ high energy grainsÑ collide the bed, they
eject grainsof smallerenergy, ÔÔreptons.ÕÕThe windward
slopeof a small bump is submittedto more impactsthan
theleeslope,sothattheßuxof reptonsis higheruphill than
downhill andmakesthebumpamplify.

Most of the modelsagreefor the linear stageof the
instabilityÑ see[5] for apedagogicalreview. Theyassume
that the reptonsremaintrappedby the bed after a single
hop of length a, distributedaccordingto a distribution
P�a�. The saltonsareconsideredasan external reservoir
which brings energyinto the system.On this basis,the
most unstablewavelength � 0 is found to scale on the
reptationlength �a �

R
aP�a�da. Besides,the mostrecent

investigationsof sandtransport,bothexperimental[16,17]
andtheoretical[18,19],indicatethatP�a� is independentof
thewind shearvelocity u� , which implies that �a scaleson
thegraindiameterd. The initial wavelengthof theripples
� 0 is thusexpectedto beindependentof thewind strength.

In thenonlinearregime,aeolianrippleshave beensome
of the mostextensively studiedsystemspresentingcoars-
ening. Two scenariiare evoked.The wavelengthcan in-
creaseby aphaseinstability (negativediffusion)leadingto
a continuousstretchingof the pattern[20]. Alternatively,
ripples may be consideredas locally interactingobjects
that undergo successive merging[14]. In both cases,one
predictsa perpetualincreaseof � �t� as the logarithm of
time or asa power law of smallexponent.Sucha logarith-

mic behavior hasbeenarguedto becompatiblewith some
wind tunnel data [14]. However, commonÞeld observa-
tions clearly evidencesteadypatternsdriven by a wind
permanentlyblowing for hours.ÔÔFullydevelopedÕÕripples
arealsoreportedin experimentsof [13], but not studiedin
detail.Somepossiblereasonsto explain thediscrepancies
betweenmodelsandÞeldobservationsarediscussedin [4],
andto the bestof our knowledge,only onerecentmodel
predictsasaturationof rippleswavelengthat longtime[7].
Thegoalof this Letter is to investigateexperimentallythe
preciseconditionsof saturation,andto studytheproperties
of thesaturatedstates.

Experimentalsetup.—We have performedexperiments
both in the wind tunnelof the CEMAGREFin Grenoble
(1 m wide,0.5 m high,and4.5 m long) andin thebarchan
Þeld extending between Tarfaya and Laayoune in
Morocco.In thewind tunnel,theair ßow iswell controlled
andcanreachu� � 0:7 m=s but the sandßux is not fully
saturateddueto thelimited lengthof thesandbed(3 m). In
the Þeld, the sand supply is unlimited and the ßux is
saturatedbut the wind strengthßuctuates.The grainswe

FIG. 1. Experimentalsetupboth in the Þeld and in the wind
tunnel.(a) The proÞleh�x� is given by the inclined lasersheet.
(b) Autocorrelation function C��; t� � h h�x; t�h�x � �; t�i �
hh�x; t�i 2 of the proÞle.The positionof the Þrstpeakgivesthe
mean wavelength � . The amplitude is deÞned by A�t� �
2

����������������
2C�0; t�

p
. (c) Method for engraving periodic proÞles (the

lateralbarsareremoved oncethe patternis engraved).
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used in the labÑ so-called Hostun sandÑ are 120�
40 � m in diameterand are rather angularas this sand
comesfrom a quarry. The grains in the dune Þeld are
more round and smooth,made of quartz/lime mixture,
and with d � 180� 35 � m. In both situationsthe mea-
sured shear velocity threshold for saltation is uth �
0:22 m=s. To measurethe sandsurfacedeformation,the
samemethod is usedboth in the Þeld and in the wind
tunnel.A lasersheetis inclined at somelow angleto the
bed[Fig. 1(a)] andpicturesaretakenfrom above usinga
2240	 1680digital camera.TheproÞleh�x; t� is detected
by a correlation method which insures a precision of
40 � m. The patternsobtainedare usually quasiperiodic
andcanbecharacterizedby anaveragewavelength� and
anamplitudeA [Fig. 1(b)].

Instability of a �at bed.—We Þrststudythetime evolu-
tion of an initially ßat bed.The dynamicsin the Þeld is
shown in Fig. 2(a) and the spatiotemporaldiagramob-
tained in the wind tunnel is displayedin Fig. 2(b). In
bothcases,theinitially ßatsurfacedeformsandcoarsening
is observed.The time 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 usuallycharacter-
ized by an exponential growth of the amplitude and a
plateauin wavelength.Here, tiny structureswith a small
wavelengthshow up after a short time (� 1min for this
run). Their growth in amplitudeis consistentwith an ex-
ponentialwhenA is smallerthan,say, 1 mm, i.e., 6 grain
sizes.However, a peakclearly appearsin the autocorrela-
tion function C��; t� only closeto the endof this period.
This tiny plateaustill allows to deÞnethe initial wave-
length � 0. As soon as they are visible, the ripples start
mergingso that the patternexhibits coarsening.The in-
creaseof amplitudeand wavelengthprogressively slows

down andaftersometime(typically � 10 min), thepattern
tendsto ÔÔsaturateÕÕ:theripplesessentiallypropagatewith-
outchangingshapeandamplitudeanymore.Wetake� 1 as
theaverageof � over thelasttwo minutes.As emphasized
by thelog scalein time, this ultimateregimecouldalsobe
interpretedas a slow drift in � [14]. Settling this issue
wouldrequireat leastonemoredecadein time(few hours),
which is difÞcult to achieve in our wind tunneldueto the
global erosion of the bed (a sand layer few cm thick
disappearsafter typically half anhour)andto theconvec-
tive natureof the instability (the entranceconditionscan
inßuencethemeasurementzone).

Evolutionof aninitially corrugatedbed.—To bypassthe
problem,we have performedexperimentsin which we do
not start from a ßat bedbut from a corrugatedsurface.A
periodic ripple proÞle is initially engraved with a card-
board patternon the bed and is then let free to evolve
[Fig. 1(c)]. In the wind tunnel, we have been able to
systematicallystudytheinßuenceof theinitial wavelength
and amplitude,the shaperemainingthat of a developed
ripple.TheÞrstresultconcernsthecasewhentheengraved
patternhasthe samewavelength� 1 andsameamplitude
A1 asmeasuredin ÔÔnaturalconditions,ÕÕi.e.,startingfrom
a ßatbed.The ripplesdo not evolve at all andthepattern
purelypropagates[Fig. 3(e)],showing thatasaturatedstate
exists. If we start from the same� but with a largeror a
smalleramplitude,thepatternconvergesbackto thesame
shape(A1 , � 1 ) by adjustingits amplitude.If westartfrom
thesameA but a slightly different� , thepatternskeepthis
new wavelengthandselecta new amplitude(Fig. 4). We
canthusconcludethat,dependingontheinitial conditions,
the pattern converges toward different stable nonlinear
solutions.The saturatedstate observed starting from a
ßat bed is one solution amongthe Þnite rangeof wave-
lengthsfor whichstableripple patternscanbeobserved.If

FIG. 2. Evolutionof aninitially ßatbed.(a)Picturesatdifferenttimesfor Þeldexperimentsu� � 1:3uth. (b) Spatiotemporaldiagram
in thewind tunnelfor u� � 1:4uth. Time evolution of (c) wavelength� �t� and(d) amplitudeA�t� from aßatbedfor differentvaluesof
the shearvelocity: u� � 1:3uth (4 ), u� � 1:4uth (� ), u� � 1:8uth (
 ), u� � 2:3uth (� ). Inset: time log scale.
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we start from a too large � , the patterndestabilizesby
changing its wavelength, forming substructureson the
windward slope (generationof harmonics)as shown in
Fig. 3(f). Too small � are also unstableas the pattern
coarsensdueto merging(perioddoubling) [Fig. 3(d)]. In
the (A, � ) diagramrepresentingthe different initial con-
ditions (Fig. 4), one can then determinea stableregion
wheretheengravedpatterndoesnotchangewavelength,an
unstableregion leadingto coarseningfor � & 60 mm, and
anunstableregion leadingto a windwardslopeinstability.
Theseobservations in the wind tunnel hold for our Þeld
experiments:Figs. 3(a)Ð3(c) show that the engraved rip-
ples follow the samespatiotemporalevolution as in the
wind tunnel whenthe wavelengthis smaller, closeto, or
largerthantheÔÔnaturalÕÕone.Becauseof wind ßuctuations
wehavenotbeenableto systematicallystudytheinßuence
of the initial amplitude.

Parametricstudy.—Oncewe have shown that the Þnal
patternobserved startingfrom a ßat bedcorrespondsto a
saturatedstate,we cansystematicallystudythe inßuence
of the wind on the natural ripples characteristics.
Figure 5(a) shows the selectionof the aspectratio for
different wind strengths.While the aspectratio remains
constantin theÞeld(A � 0:04� ), theamplitudesaturatesin
the wind tunnel at large u� . This discrepancymay be
relatedto theunsaturatedstateof thesandßux.Theinitial
andÞnalwavelengthsscaledby theparticlesdiameterare
plotted as a function of the wind speedin Fig. 5(b). By
contrastwith standardpredictions,they both increaselin-
earlywith u� . This linearbehaviorwasalsofoundby [13].
Interestingly, the initial wavelengthvanishesat the trans-
port thresholdandboth� 0�u� � and� 1 �u� � areparallel.The
same tendencyholds for Þeld measurements,although
morescattered.In a similar way, therescaledphaseveloc-
ity c1 =

������
gd

p
of saturatedripplesincreaseslinearly with the

wind [Fig. 5(c)]. Our data then suggestthat � 0=d /
�u� =uth � 1� andc1 =

������
gd

p
/ � u� =uth � 1�. In orderto test

the scalingwith d which simply comesfrom dimensional
analysis,we have alsoplotted in Figs.5(b) and5(c) data
comingfrom [12,13].Thecollapseis good,showing thatd
is the relevant length scale.The prefactorin theselinear
relationscertainlydependson thedensityratio � sand=� air,
which, however, is difÞcult to vary. Comparisonwith
martianripplesformedin an atmosphere80 timeslighter
[21] couldbeof interestto getdeeperinsightin thescaling.

Conclusion.—Two mainconclusionscanbedrawn from
thisstudy. First,thelineardependenceof themostunstable
wavelengthwith the wind speedrulesout our theoretical
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FIG. 4. Stability diagramof ripplesof initial wavelength� and
amplitudeA for u� � 1:3uth. Outsidethe locking zone(
 ), the
patterndestabilizesby generationof harmonics(right) or sub-
harmonics(left). Starting in the central region (� ), � stays
constantand A readaptsto reacha stablesteadysolution (� ).
Very largeamplitudescannotbeimposedasavalancheprocesses
takeplace.Hatchedregionis beyond experimentalaccess.

FIG. 3. Evolution of an initially corrugatedbed. Picturesfrom the Þeld for u� � 1:3uth and initial wavelength(a) � � 5 cm;
(b) � � 13:5 cm; (c) � � 30 cm. Spatiotemporaldiagramin the wind tunnel for u� � 1:3uth and (d) � � 5 cm; (e) � � 9:3 cm;
(f ) � � 19:5 cm.
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understandingof ripples formation and sandtransportin
general.As � 0 turnsout to be muchlargerthanthevalue
predictedby Anderson-likemodels(6�a � 60d � 10 mm),
thereshouldexist a yet unknown mechanismstabilizing
small wavelengths.Second,we have shown the existence
of awholefamily of stablenonlinearsolutionsÑ regarding
this point, similaritiescanbe found with subaquaousrip-
ples. Future modelsshould then be able to recover the
rangeof wavelengthsfor which ripple patternsarestable,
aswell asthesaturationof � whenstartingfrom aßatbed.

In this work, we have studiedthe one-dimensionaldy-
namicsof theripplesalongthewind direction.However, a
complexdynamicsexists in the transversedirection, too,
andtheformationof defectsis known to play a signiÞcant
role in coarseningprocessesand in the route towards
regularpattern[14]Ñ seealso[22] in thecontextof vortex
subaquaousripples. It then suggeststo investigatethe
densityof defectsto characterizethe degreeof saturation
of thepattern.Finally, ripplescouldbeof practicalinterest
for Þeldexperimentalistasa nonintrusive measurementof
the reptationsandßux.
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throughanÔÔACI JeunesC.ÕÕ

[1] R.E. Bagnold, The Physicsof Blown Sandand Desert
Dunes(ChapmannandHall, London,1941).

[2] J.M. Ellwood, P.D. Evans,andI. G. Wilson, J. Sediment.
Petrol.45, 554 (1975).

[3] R. Anderson,Sedimentology34, 943 (1987).
[4] R. Anderson,EarthScienceReviews 29, 77 (1990).
[5] Z. Csaho«k et al., Eur. Phys.J. E 3, 71 (2000).
[6] L. Prigozhin,Phys.Rev. E 60, 729 (1999).
[7] H. Yizhaq, N.J. Balmforth, and A. Provenzale,Physica

(Amsterdam)195D, 207 (2004).
[8] R.B. Hoyle and A. Mehta, Phys. Rev. Lett. 83, 5170

(1999).
[9] D.A. Kurtze,J.A. Both,andD.C. Hong,Phys.Rev. E 61,

6750(2000).
[10] O. Terzidis,P. Claudin,andJ.-P. Bouchaud,Eur. Phys.J.B

5, 245 (1998).
[11] H. Nishimori and N. Ouchi, Phys. Rev. Lett. 71, 197

(1993).
[12] R.P. Sharp,J. Geol.71, 617 (1963).
[13] M. SeppalaandK. Linde«, GeograÞskaAnnalerSeriesA,

PhysicalGeography60, 29 (1978).
[14] B. T. WernerandD.T. Gillespie,Phys.Rev. Lett. 71, 3230

(1993).
[15] D. Goossens,Catena18, 379 (1991).
[16] J.D. IversenandK. R. Rasmussen,Sedimentology46, 723

(1999).
[17] F. Rioual, A. Valance,and D. Bideau,Phys.Rev. E 62,

2450(2000).
[18] R.S. AndersonandP. K. Haff, Science241, 820 (1988).
[19] B. Andreotti, J. Fluid Mech.510, 47 (2004).
[20] P. Politi and C. Misbah, Phys. Rev. Lett. 92, 090601

(2004).
[21] R. Sullivan et al., Nature(London)436, 58 (2005).
[22] K. H. Andersen et al., Phys. Rev. Lett. 88, 234302

(2002).

A
�
/d

� � /d

� 
/d

u*/uth

(a) (b) (c)
0.04

0.03

0.02

0.01

0

2000

1500

1000

500

0

50

40

30

20

10

0
2000150010005000 2.52.01.51.00.5

u*/uth

2.52.01.51.00.5

c �
 
/  

gd

FIG. 5. (a) A asa functionof � for differentwind velocities in thewind tunnel(� ) andin theÞeld(
 ). (b) Initial (� ) andÞnal(� )
wavelength(wind tunneldata)andÞeldÞnalwavelength(
 ) asa functionof theimposedßow velocity u� . (c) Propagationvelocity of
developedripplesasafunctionof thewind speedfor freeevolving ripplesin thewind tunnel(� ) andin theÞeld(
 ). Datarepresented
by � (resp.	 ) comefrom [12] [[13] ], for grainsof sized � 310 � m (150 � m).
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