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Deutsche Zusammenfassung

Sanddunen treten in vielen Wisten und Kiuistengebietsaraa Planeten auf, aber auch
auf dem erdahnlichsten Planeten unseres Sonnensystem®drs. Dinen sind ein Re-
sultat des Wechselspieles zwischen dem turbulenten Fhddlam Granulat und ergeben
einen Beweis fur das Vorliegen aolischer Krafte.

Der fur die Bildung von Dinen wichtige aolische Sandsport findet durchSaltati-
on statt (Bagnold 1941). Sobald die Windgeschindigkegiteinen minimalen Werts,
uberschreitet, werden einzelne Korner mitgerissencheehach einer kurzen Flugstrecke
wieder auf den Boden fallen. Dort stof3en sie auf ruhende&dund I6sen einige vom
Boden, die ebenso vom Wind mitgetragen werden. So samnaimaich und nach im-
mer mehr Sandkorner in der Saltationsschicht. Der Winettisdgt dabei Impuls an die
Sandkorner (Owen 1964) und wird dadurch abgebremst (baekleffect”). Somit reicht
nach einiger Zeit die Geschwindigkeit des Windes nicht nagisy um weitere Sandkorner
aufzunehmen, zumal die Dichte der in der Wolke transpaetneiKorner einen Grenzwert
erreicht. Nach einer bestimmten Strecke, der sogenani@aturationslange”, erreicht
der Sandfluss einen maximalen Wert. Aus diesem Grund sjge8aturationslange eine
fur die Entstehung von Diinen entscheidende Rolle. Jealedi&igel, der kirzer als die
Saturationslange ist, wird vom Wind vollstandig erotlier

Es gibt in der Natur viele verschiedene Diuinenformen, welohuptsachlich von der
Windrichtung und von der Verfugbarkeit von Sand auf dem &vodbhangig sind. Weht
der Wind immer aus der selben Richtung, so entstehen beigggrSandmengBarchan
Dunen die sogenannten “Wanderdunen”. Wenn mehr Sand vorhaistieentstehen in
regelmassigen Abstanden senkrecht zur Windrichfiragsversaliinen Andert sich die
Windrichtung, dann entstehen bei ausreichend viel Sanditudinaldinen die paral-
lel zur resultierenden Windrichtung orientiert sind. Béth gibt es eine grole Anzahl
von verschiedenen Dunenformen, die bis heute, trotz dderwviMessungen der letzten
Jahrzehnte, unerklart sind.

Besonders interessant fur Planetologen sind die Mamsdidie oft ahnliche Formen ha-
ben wie die Dunen unseres Planeten. Seit der Entdeckunlaesdiinen im Jahr 1971,
wurden diese zum Gegenstand intensiver Forschung. Hisliéesdiinen unter der heuti-
gen dunnen Marsatmosphare gebildet werden konnenitaes scheinen sich nicht zu
bewegen. Unter den heutigen atmospharischen Bedinguviyem nur Winde, die 10 mal
so stark sind wie die Winde auf der Erde in der Lage, Sandkdarch Saltation zu trans-
portieren (Greeley et al. 1980). Solche Winde treten auf Mars nur selten auf (Sutton
et al. 1978; Arvidson et al. 1983; Greeley et al. 1999; Saliiet al. 2005). Aus diesem
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Grund wurde voraussgesetzt, dass Marsdinen vor langegeidet worden sind, als
die Dichte der Marsatmosphare hoher war als heute (Breat £979). Der Zeitpunkt
an dem die heutige atmospharische Dighig; ~ 0.016 kg/m? (MGSRS 2006) erreicht
wurde, ist allerdings unbekannt.

Erst kirzlich gelang es Kroy et al. (2002) eine mathemh&delodellierung aufzustel-
len, welche die wesentlichen Teilprozesse der Physik dereD umfasst. Sie bezieht die
mikroskopischen Mengen des Sandtransportes, die Lufdratar Sandkorner und die
Rate ein, bei welcher Sandkorner in die sich bewegendesshiuht mitgerissen werden
(Sauermann et al. 2001; Kroy et al. 2002). Diese Modellighoesteht aus einem System
von zweidimensionalen kontinuerlichen Gleichungen, Wwelan Wanderdiinen ausgie-
big geprift wurden und an Feldmessungen quantitativ sébigesich bestatigt wurden
(Sauermann et al. 2003). Das Modell reproduziert die bdabteAbhangigkeit der Form
einer DUne von deren Grol3e, sowie das Vorliegen einemnal@n Diunengrolie.

Diese Arbeit befasst sich im folgenden mit dieser Modalingy, um zum einen die in der
Natur am haufigsten beobachteten Dinenformen — Barcheamsversal- und Longitu-

dinaldinen — als Funktion der Windrichtung und der Velfékeit von Sand zu unter-

suchen, und zum anderen, um die Dunenbildung auf dem eeulitars zu berechnen.
Hierbei stellt sich die Frage, ob deren Entstehung untedidenen Atmosphare des roten
Planeten moglich gewesen ware.

Das eingesetzte Dunenmodell wird in Kapitel 1 prasentiBabei werden die mit
dem Sandtransport und der Dinenbildung wesentlichenifBegrlautert, welche wir
benotigen, um die Herleitung des Modelles nachvollziehekdnnen und um die Ergeb-
nisse dieser Arbeit zu interpretieren. Wir diskutierenatdndie Rolle der Windrichtun-
gen und der zur Verfugung stehenden Sandmenge fir dig¢eBntsy unterschiedlicher
Dunenformen, die wir in den nachsten Kapiteln untersncherden. Zuletzt werden die
Gleichungen prasentiert, die wir fur die Berechnung dewrddiinen verwenden werden.
Mit Gleichungen (1.43), (1.50), (1.53) und (1.54) kdnnea Barameter des Modelles
fur die Berechnung des Sandtransportes auf dem Mars g@momerden, die sonst nur
aus Messungen vom Sandfluss ermittelt werden konnten,isherfir den Mars nicht
vorhanden sind.

Die Ergebnisse der in Kapitel 2 durchgefuhrten Berechearzpigen wesentliche Un-
terschiede zwischen Saltation auf dem Mars und auf der Evdérend Sandkorner auf
der Erde sich auf einer durchschnittlichen Hohe von etivam dicht tber dem Boden
bewegen, saltieren die Marsteilchen bis tber einer Holnd W m (Tabelle 2.1). Daruber
hinaus, erreichen diese eine durchschnittliche Geschgked von15 m/s, etwa 10 Mal
so hoch wie die Geschwindigkeit von irdischen Sandkornéfie entscheidend dieser
Unterschied fur die Entstehung von Dinen auf dem Marsaistden wir in Kapitel 3
sehen.

Wir beginnen mit den am meisten studierten Dunen, den Bar€Eliinen. Zuerst untersu-
chen wir wie die Form einer Barchan Duine von der Windgesctigkeitu, und von dem
Sandfluss zwischen den Diineg, abhangig ist. Kroy et al. (2005) stellten bereits fest,
dass das Verhaltnis zwischen der Hohe der Ditheynd deren Langé, mit der Wind-
geschwindigkeit:, zunimmt. Jedoch konnten solche zweidimensionalen Simoule
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die fur die Stabilitat der Barchan Dunen wichtigen Hérmicht beriicksichtigen. Hier
prasentieren wir zum ersten Mal Ergebnisse von dreidimeaten Berechungen, wel-
che zeigen, dass Barchan Dunen hdhere Wertelligh mit zunehmender Windstarke
aufweisen (Abb. 3.5), wobéi’ die Breite der Diine ist. Weiterhin entdecken wir, dass
die minimale Grof3e einer Barchan Dine — unter deren dieeDkeine Rutschhang-
seite (“slip face”) aufweist — mit zunehmender Windgesaidigkeit abnimmt, wobei
das VerhaltnisL i, /Wn.i, der kleinsten Barchan Dine mit zunehmendgabnimmt.
Diese Beobachtungen werden dann verwendet, um die Feddbedmig;,, und «, von
Dunenfeldern auf dem Mars zu ermitteln.

Die minimale GroRRe einer Barchan Dine wird von der Sainmatange/, (Glei-
chung (1.33)) bestimmt. Die Saturationslange ist propoa zu der Grol3€ 4., =
dPgrain/ pavia, WObeid die Korngrof3e ung,,.., die Dichte der Sandkorner ist. Daruiber
hinaus ist die Saturationslange eine nichtlineare Fonlkdier Windgeschwindigkeit, und
ebenso ist sie umgekehrt proportional zu der Rate, mit den&tin die Saltationswolke
mitgerissen werden (Gleichung (1.11)). Diese “entrainimate” ist in dem Parameter
~ miteinbezogen. Sauermann et al. (2001) konntera 0.2 fur aolische Saltation auf
der Erde finden, indem sie die Simulationsergebnisse midiénaldaten der Satura-
tionstransienten des Sandflusses verglichen haben, wigicden Mars allerdings nicht
vorhanden sind. Darum berechnen wir Marsdiinen vorersiienit irdischerny = 0.2.

Wir untersuchen zuerst die riesigen Barchan Dunen, dieem drkhangelsky Krater
auf dem Mars auftauchen. Aus dem Vergleich mit den Simulagagebnissen wollen
wir die Windgeschwindkeit:, und den Sandflusg, finden, die fiur die beobachteten
Dunenformen verantwortlich sind. Ausgangspunkt ist dieit® 11/,..;, ~ 200 m der klein-
sten DUine im Arkhangelsky Krater.

Wir finden ein Uberraschendes Ergebnis: Nehmen wir dascingty = 0.2 fur den Mars,
so wird die minimale BreitéV,;, nur mit einer Windgeschwindigkeit von etwe) m/s
reproduziert. Dieser Wert ist viel zu hoch, um realistisals&in. Die hochsten Geschwin-
digkeiten von Marswinden befinden sich zwiscRehund4.0 m/s (Moore 1985; Sullivan
et al. 2005). Um den richtigen Wélt,,;, mit realistischen Werten vam, wiederzugeben,
mussen wiry um etwa eine Groldenordnung erhohen.

Warum ist die “entrainment rate/ auf dem Mars hoher als auf der Erde? Wir stellen eine
Gleichung fury auf, die gebraucht werden kann um die “entrainment rateéruphy-
sikalischen Bedingungen zu berechnen, die anders sindeaufider Erde (Gleichung
(3.3)). Die Rate, bei welcher Teilchen in die Saltationseahitgerissen werden, wachst
mit zunehmender Intensitat der Teilchen-Sandboden #ofien (“splash”) an, welche
zu der Geschwindigkeit der saltierenden Korner proposiast. Die hohere “entrain-
ment rate” auf dem Mars ist ein Resultat aus der 10 Mal hth&@eschwindigkeit der
Sandkorner. Wenn die Gleichung (3.3) in die Berechnunggeimbezogen wird, dann
kann die Form und die minimale Grof3e der Arkhangelsky Dimedergegeben wer-
den. Weiterhin kdnnen die Simulationen die Form von Duaananderen Stellen auf
dem Mars, mit realistischen Werten venwiedergebenUberraschenderweise wird eine
Windgeschwindigkeit gefunden, die et®a@ m/s betragt, unabhangig von den lokalen
Bedingungen von Druck und Temperatur, welche den Minimelwg bestimmen. Die
Berechnungen zeigen, dass Marsdiinen sich unter dersBangung vonu, /u.. et-
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wa 10 Mal schneller fortbewegen als Erddiinen (AbbildundgB&yucksichtigen wir aber
die Haufigkeit, bei welcher sandbewegende Winde auf dens Maftreten, so erlangen
wir eine Abschatzung der Zeit, die eine Barchan Dune auf dars benotigt, um eine
Strecke vorl.0 m zurtieckzulegent000 Jahre (Kapitel 3).

11000
éf 1800
> 1600 ™

o 1400

200 400 600
W {(m)

Abbildung 1: Barchan Dunen im Arkhangelsky Krater auf derar®! Links sehen wir
Satellitenbilder, wahrend die simulierten Dunen regjgzeigt werden. Die Lange der
berechneten Dunen wird als Funktion deren Bréiteaufgetragen (Linie), wahrend die
Kreise den echten Marsdiinen entsprechen.

In Kapitel 4 untersuchen wir di€ransversaldnen Diese Dinen entstehen unter unidi-
rektionalem Wind und wenn der Boden von Sand bedeckt isttr&ien am haufigsten
in Kiistengebieten auf, da dort die Verfugbarkeit von Sand die Windgeschwindigkeit
besonders hoch sind. Hier werden Ergebnisse dargesiellaus Messungen an einem
Transversaldinenfeld — in den sogennanten “Lencoisaltagnses” — im Nordosten
Brasiliens ermittelt wurden (Abb. 4.5).

Die Ergebnisse der Messungen zeigen, dass Transversalddie ungefahr dieselbe
Hohe haben, einen variablen horizontalen Abstand zwisditem Rande (“brink”) und
ihrer Position von Maximalhohe (“crest”) vorweisen. Dislsim starken Gegensatz zu der
Situation von Barchan Duinen, deren “crest-brink” Abstamitwachsender Diinenhdhe
regelmassig abnimmt. Des Weiteren zeigen die Ergebnisserer Feldmessungen, dass
der durchschnittliche Abstand zweier Transversaldumescher2 —4 Mal so grol3 ist wie
ihre HOhe. Allerdings ergeben Simulationen mit dem Dimedell viel hohere Abstande
zwischen Transversalduinen, die ettva 8 Mal deren Hohe betragen.

Unsere Messungen zeigen weiterhin, dass der Abstand zWweiesversaldiinen stark
von dem “crest-brink” Abstand abhangig ist. An dem Rand,die® Gleitflache ansetzt,
entsteht eine scharfe Kante. Weht der Wind tiber eine sdemte, so wird an ihr der
Luftstrom aufgetrennt in eine obere Zone, in welcher derdVelativ ungestort weiter-
geht, und in eine untere mit einem rickstromenden Wirpetlieser unteren Zone, der
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Abbildung 2: Dunengeschwindigkett als Funktion der Dunenlange Wir sehen dass
Marsdunen (gefullte Bildzeichen) sich typischerweifenial schneller fortbewegen als
Erddinen (leere Bildzeichen) derselbigrwobei beide Mars- und Erddiinen mit gleichen
Werten vonu, /u., berechnet wurden.

so genannten Trennblase (“separation bubble”), kann dsat &afgrund des schwachen
Windfeldes nicht mehr transportiert werden. Die Trennbdlasd durch ein Polynom drit-
ter Ordnung modelliert (Gleichung (1.37)), welches disBiikante mit dem auf dem Bo-
den liegenden “reattachment point” verbindet (Abb. 1.8gridtellen wir ein alternatives
Modell fur die Trennblase vor (Gleichung (4.3) und Abb.3),.welches die Berechnung
von Transversaldiinen mit geringeren Abstanden, alsudielan bisherigen Simulationen
(Schwammle und Herrmann 2004) erlaubt. Die Gleichung) (de2ieht unsere Beobach-
tungen ein, dass die Lange der Trennblase groRRer istéiDdnen mit koinzidierendem
Maximum und Rutschhangkante (Abb. 4.11). Verwenden wimgige Gleichung fur die
Trennblase, so geben die Simulationen die Form und Abstédied gemessenen Diinen
wieder.

s | s s | s | s | s | s |
0 100 200 300 400 500 600 700
x(m)

Abbildung 3: Das Hohenprofil des gemessenen Diinenfetd#sr Lencgbis Maranhenses,
Nordosten Brasiliens.
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Aber wie entsteht ein Dunenfeld? In Kapitel 5 stellen wir einfaches Modell vor, um die
Entwicklung eines Transversaldiinenfeldes zu untersudba&s Modell besteht aus einem
System von phanomenologischen Gleichungen (Gleichu@ah (5.2) und (5.3)), wel-
che die beobachteten Verhaltnisse der Geschwindigkediee und des Sandflusses auf
deren Kamm, als Funktion der Diinenhdhe, miteinbezidinefen Berechnungen werden
unterschiedliche Anfangsbedingungen angesetzt (Abhgdul), wobei sich die Frage
stellt, ob die Entwicklung eines Dunenfeldes von der Agkrerteilung der Hohen und
Abstande zwischen den Dunen abhangig ist. Die Ergebuzisgen, dass die Diinen nach
einerUbergangszeit eine charakteristische Hohe erreichdohereu dem am Anfang des
Feldes angesetzten Sandfluss proportional ist. Diesebigget von den Anfangsbedin-
gungen unabhangig (Abbildung 5.2). Daruiber hinaus saotdren wir die Auswirkung des
Zusammenwachsens zweier Dinen auf die Entwicklung deseféldes. Hierbei wird
angenommen, dass zwei Dunen, die sich zeitgleich an eowtiéh befinden, immer zu-
sammenwachsen. Wie in Abbildung 5.5 zu sehen ist, nimmt dizaAl von Dinen in
einem Feld mit dem Logarithmus der Zeit ab, wie es kirzlich 8chwammle und Herr-
mann (2004) in Simulationen von zweidimensionalen Dielelgirn gefunden wurde.

Das in Kapitel 5 vorgestellte Modell wollen wir nun anwendem die Bildung von
Dunenfelder wie sie in Baja California (Abbildung 1.3b)dum den Lenc¢bis Maran-
henses (Abbildung 4.5) auftreten. Dunen, die in Kustergjen unseres Planeten auf-
treten, stammen aus dem Sand, der vom Meer am Strand abgeiagk Dabei bil-
den sich kleine Barchan- und Transversaldiinen, welchesystematisch zunehmenden
Hohen auf den Kontinenten wandern, um in regelmassigesiailoen riesige Transver-
saldiinen zu bilden. Wir beginnen mit einem leeren Boderi.ddesem wandern kleine
Diinen, welche am Strand (Positien= 0) gebildet werden, und eine Hohe var) m
aufweisen. Hierbei wird das Verhaltnis zwischen der Hdee Diine und deren Breite
beruicksichtigt, welches in den Lencbdis Maranhensesegeen wurde. Daruiber hinaus
wird jeder Diine eine Trennblase zugeschrieben (Abbilduy Die Wechselwirkung
zwischen zwei Dunen erfolgt nach den Gleichungen (5.6) (@nd). Wenn die Dunen
auf eine steinige Oberflache (“bedrock”) auftreffen, dangeben die Berechnungen ein
unrealistisches Muster: die kleinsten, schnellsten Dierscheinen am Ende des Fel-
des, wobei grosse Transversaldiinen in kurzem Abstand ¥mandszu beobachten sind
(Abbildung 5.9). Berticksichtigen wir nun ein Dunenfetths sich auf einem von Sand
bedeckten Boden entwickelt, so muss die Saturationslénd@s Modell miteinbezogen
werden. Da der Sandfluss innerhalb der Saturationslangell ist, kann der Fuss einer in
Windrichtung folgenden Transversaldine nicht erodiestden, wenn der Abstand zwi-
schen dieser und der vorherigen Duine grossex ats. Aus diesem Grund konnen Trans-
versaldiinen nur Abstande aufweisen, die dieselbe @nasdnung der Saturationslange
haben (Abbildung 5.10). Beriicksichtigen wir nun den Sarsdfin Windrichtung, so er-
halten wir mit dem einfachen Modell das bekannte Mustersitiestendiinenfeldes: klei-
ne Diinen erscheinen am Anfang des Feldes und erreichemen@gen Kilometern in
Windrichtung, gleichmassige Abstande und Hohen (Ahbilgen 5.14 und 5.15).

Des Weiteren untersuchen wir in Kapitel 5 die Entstehung®iDinenfeldes mit dem
komplexen Dunenmodell. Als Anfangsbedingung setzen ingrelinearen Ricken, wel-
cher senkrecht zur Windrichtung orientiert ist, und ein &dormiges Querprofil auf-
weist. Entscheidend fur die Entstehung von Dinen ists digs Sandfluss, der am An-
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fang des Feldes in Windrichtung eingesetzt wird, gleich deaximalen Flussy ist.
Wenn der saturierte Sandfluss in die Simulationen miteiogpez wird, entstehen konti-
nuierlich Barchan- und Transversaldinen (Abbildung j.tdéren Ursprung am Strand
liegt, und deren Form von der Windgeschwindigkeijt abhangig ist. Die in Kapitel
5 durchgefuhrten Simulationen erlautern somit die Etighg eines Diunenfeldes unter
maximalem Sandfluss und unidirektionalem Wind, welche gissthe Bedingungen in
Kistengebieten vorzufinden sind.

In Kapitel 6 untersuchen wir zum ersten Mal mit dem Duneneflatie Dunenformen, die
unter zweidirektionalem Wind entstehen. Hierbei osaillaie Windrichtung zwischen
zwei Richtungen, welche einen Wink&| einschliel3en. Der Wind verweilt in jeder der
zwei Richtungen eine charakteristische Zgjt

Die Ergebnisse der Simulationen zeigen die Bedingungedi& Entstehung voih.on-
gitudinaldinen Die wichtige GrofR3e ist der Winkel zwischen den Windricigan,d,,.
Longitudinaldiinen bilden sich nur werily > 90° ist. Weiterhin zeigen unsere Berech-
nungen, dass Longitudinaldiinen instabil sind und zusammieBarchan Dunen auftre-
ten, wenrv,, zwischerd0° und~ 120° liegt. Nahert sicl¥,, dem Wert180°, so entstehen
die “reversing dunes”, welche hier nicht untersucht werden

Die Berechnungen geben die charakteristische “verwiekeform der Longitudi-
naldinen wieder. Allerdings nimmt der Maander der Dunghabnehmenden Werten
von Ty, ab. Wennl;, zu grof3 wird, entstehen Lawinen nur auf einer Seite der Lltadgi
naldiine, die nun einer Transversaldiine ahnelt.

Viele exotische Duinenformen, die bislang unerklart simerden noch auf der Oberflache
des roten Planeten beobachtet. Diinen, wie sie in Abbildudgrgestellt sind, kbnnen
nicht unter unidirektionalem Wind entstehen, da dieser atcBan Dinen und Transver-
saldiinen fuhrt. Unsere Simulationen zeigen, dass diéseiDsich untexweidirektiona-
lem Wind bilden. Wir berechnen die unterschiedlichen Dinenmfen, die sich auf stei-
nigem Untergrund bilden, als Funktion vép undT,,. Danach berechnen wir die Werte
von Ty, undd,, welche zu den unterschiedlichen Dunenformen fuhremirdAbbildung

4 dargestellt sind. Dabei wird eine Windgeschwindigkeit 8d) m/s eingesetzt, welche
aus den Berechnungen von Barchan Dunen auf dem Mars gefundde (Kapitel 3).

Interessanterweise finden wir, dass die Dinenformen in Alit 6,, zwischen100°
und 140° reproduziert werden kdnnen, was eine exzelléitereinstimmung mit,, der
Longitudinaldiinen ergibt. Des Weiteren ergeben die Samhen Werte voriy, zwi-
schenl — 5 Tagen auf dem Mars. Dies ist ein Uberraschendes Ergelbmigorusge-
setzt wurde, dass die Winde auf dem roten Planeten im Wedwesrilunidirektional sind
(Lee und Thomas 1995). Jedoch missen unsere Ergebnissadasiéreigentlicherzeit
T,ea1 Interpretiert werden, die viel groR3er ist a5, dawu, meist unterhalb von,; liegt.
Wie von Arvidson et al. (1983) bereits festgestellt wurdeddit Saltation auf dem Mars
nur 40 Sekunden lang alle 5 Jahre statt. Aus diesem Gruntddiegwus den Simulatio-
nen ermittelte charakteristische Zeit der Oszillation\8&mdrichtung auf dem Mars zwi-
schen10800 und54000 Jahren. Diese Zeitskala ist dieselbe GrofRenordnung weeleil-
be “Prazessionsperiode” des roten Planeten, welchrfilerungen der Windrichtungen
um mehr al90° verantwortlich ist (Arvidson et al. 1979). Schliessliclyeben die Be-
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rechnungen der Marsdiinen, die sich unter bidirektionaénd bilden, einen indirekten
Beweis, dass die heutige Atmosphare des roten Plandtenish, Sand zu transportieren
und Dunen zu bilden.

Abbildung 4: Exotische Diunenformen auf dem Maasb und c sind Satellitenbilder,
wahrend wir ina, b’ und ¢’ mit zweidirektionalem Wind berechnete Diunen darstellen.
Die Dunenform ina lasst sich mitd, = 100° und T, = 2.9 Tagen generieren; die

in b’ mit 4, = 120° und T, = 5.8 Tagen. Um das in Abkc beobachtete Muster zu
reproduzieren, miussen wir eine sich andernde Windngheinsetzen. Setzen wir erst
0, = 140° und T, = 0.7 Tage, so entsteht eine Longitudinaldiine, welche der in der
Abb. b’ dargestellten Diine ahnelt. Lassen wir riynauf 80° sinken, entsteht aus der
Longitudinaldiine ein komplexes Muster, das aus einerde@ln kleinen Barchan Diinen
besteht.



Introduction

Sand dunes are beautiful sand patterns formed by the wirel; dppear on many coastal
areas and deserts of our planet, as we see in fig. 1, and theyidence of the existence
of aeolian forces. Dunes appear when there is enough looskasal when the wind
has sufficienstrengthto mobilize the grains. Bagnold (1941) first noticed thatshad
of dunes is transported by the wind through saltation, whimhsists of grains travelling
close to the ground in a sequence of ballistic trajector&sce then, saltation transport
has been subject of systematic theoretical and experimientstigation (Owen 1964;
Ungar and Haff 1987; Anderson and Haff 1988; McEwan and \t#81&991; White and
Mounla 1991; Butterfield 1993; Nalpanis et al. 1993; Rasranst al. 1996; Iversen and
Rasmussen 1999; Andreotti 2004; Almeida et al. 2006).

Understanding the formation of dunes and predicting ratéuofe motion is of extreme
importance. In many areas, dunes represent enormous Hardh@ population, which
must spend large amount of money to protect cities and rdaeésatened by saltating
sand (Sauermann 2001). Indeed, there is a high variety af dibapes that could not be
explained so far in spite of the many field studies perforrmethé last decades (Bag-
nold 1941; Finkel 1959; Long and Sharp 1964; Hastenrath 18&8ler 1975; Fry-
berger and Dean 1979; Ash and Wasson 1983; Lancaster 1983y T989; Embabi
and Ashour 1993; Hesp and Hastings 1998; Jimenez et al. I3 and Blumberg
2002; Gongalves et al. 2003; Barbosa and Dominguez 2004jr&lti et al. 2005).

There are sand dunes also on the most earthlike of the plantis solar system: Mars.
The “red planet” is smaller than Earth, with oril9% of the terrestrial volume and mass,
and its gravityg = 3.71 m/s? is nearly1/3 of the Earth’'s gravity. On the other hand,
the days of Mars (calledolg, are essentially of the same duration of the Earth’s days,
and the Martian temperatures, though normally much lowaer,reach values as high as
20°C. However, Mars has an almost negligible atmospheric tgnisive compare with
the Earth, and the pressure of the Martian air is in averaggetlgan 6 mbar — almost
thousand times lower than the Earth’s atmospheric pregsure0 bar). Nevertheless,
there is a surprising variety of aeolian features on theaserbf Mars, which has become
“a natural laboratory for testing our understanding of theyplts of aeolian processes in
an environment different from that of EattfBullivan et al. 2005).

What we see in fig. 2 are images of some of the most typical aeddatures observed
on Mars. These images have been taken by the Mars Orbiterr@gdMeC) (fig. 2),
which is on board of the Mars Global Surveyor (MGS) (fig) 2- the most successful
Mars mission, orbiting Mars since 1997. In fig.c,2ve see an example of bidust

15
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Figure 1: Sand dunes on Earth.Coastal dunes at Baja California. Very snitadrchans
emerge from the sandy beach when the wind is essentiallyadaimWe see that barchans
join at their horns formindgransverse dunesh. Seifdunes close to Nouackchot (image
credit: NASA). These dunes emerge from bimodal winds, ets@gnd move in the di-
rection of the resultant wind.

storms which are known to be typical on Mars for more than a centStyeghan 1996).

It is not known, however, which processes compete to nuelsath enormous storms,
which can maintain clouds of particles having a few microidiameter suspended in the
atmosphere for several weeks. In figd \®e see Martiaryardangs which are erosional
features that appear on the ground due to persistent impaend grains mobilized by
strong surface winds. The dark streaks shown in fig.a2 tracks left bydust devils
These streaks are ephemeral features that change withesdates of a few weeks. In
contrast, thdoright streakdfig. 2f) that appear at the lee of several Martian craters may
remain unmodified for several years, and have been obsesvethhge orientation just
after extreme dust storms (Sullivan et al. 2005).
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Figure 2: Aeolian transport on Mars: images by the Mars @rbitamera (MOC)4.)
on board of the Mars Global Surveyor (MG®))( c. A large dust stornbegins to form
on the northern plains of Marsl. Yardangsand brightripplesnear0.9° N, 212.5° W. e.
Dust devilscreate ephemeral dark streaks by removing or disruptimgctbatings of fine,
bright, dust on the surface. The circular feature is a Martiater neab7.4°S, 234.0°W.

f. Brightwind strealkat the lee of a crater located@®t°S, 141.4°W. Image credits: MSSS,
NASA/JPL.
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But the most intriguing features are certainly the enormigastian dark sand dunes.
Figure 3 shows MOC images of dunes at different locations arsM\e see that Martian
dunes may have different shapes, and they look dark bedagissand is made of grains
of basalt (Fenton et al. 2003), while terrestrial dunes aostiy constituted of quartz
grains (Bagnold 1941). Moreover, studies of thermal prigeof the dunes revealed that
the sand of Martian dunes is coarser than the terrestria sand. While the average grain
diameter of Earth’s dunes is aroupdd ym (Bagnold 1941), the particles that constitute
Martian dunes have a mean diameter= 500um (Edgett and Christensen 1991). It
appears surprising that the scarce atmosphere of Mars patfiich large basaltic grains
into saltation and form the enormous dunes observed in tlagesy Indeed, Martian
dunes do not appear to have been moving in the last Martians, y&hich means winds
have not been strong enough to transport grains or dunes ataeate too low to be
detected by the orbiters.

In fact, itis interesting that Martian dunes are subject atmscientific investigation. The
reason is that any information about their origin, the timythave been formed, whether
they move or could move in the future, can be valuable to wided the climatic and
atmospheric history of the red planet. The young Mars wagifely very different than
what it appears now, with high atmospheric temperaturesaddant liquid water on
the surface billions of years ago. Probably, Mars had alsaehrdenser atmosphere than
now. However, the atmospheric density has been decreasihdime, mainly because
of the constant meteorite bombardment (Melosh and Vick&30). Owing to its low
gravity, the small red planet has been easily losing largeusnts of its atmospheric par-
ticles after collisions of meteorites. This provides thetfogonstraint to estimate the age
of Martian dunes: if there were craters on the dunes, theyt hawe been formed at the
time of meteorite bombardment. As can be seen in the imaggsat craters are not
found on the surface of dunes, which have been formed, #fitesthe epoch of meteorite
bombardment (Marchenko and Pronin 1995).

But under the present atmospheric conditions of Mars, omigs/10 times stronger than
on Earth are able to transport grains through saltationdl@yeet al. 1980). Such winds
seldom occur on Mars (Sutton et al. 1978; Arvidson et al. 198%&eley et al. 1999;

Sullivan et al. 2005). It has been therefore hypothesizatMartian dunes must have
been formed in the past when the atmospheric density of Masssid| larger than in the

present (Breed et al. 1979), whereas the time at which theepteatmospheric density
pauia = 0.016 kg/m? (MGSRS 2006) has been reached is not known.

There is furthermore an important constraint that is relatethesizeof Martian dunes.
The scale of Martian dunes appears inconsistent with ansgthese 100 times lower
density than the Earth’s. In addition to the grain diamétghere appears another length
scale that is related to the motion of the grains and deta&siime physics of dunes. When
grains travelling with an average saltation lengtimpact on the bed, they eject further
grains, thus increasing the amount of grains in the air. rAdteharacteristic distance
calledsaturation lengththe amount of grains in the air is so high that the air is nég ab
anymore to carry more sand and to erode the surface. Theydfar saturation length
of the flux, )\, is the relevant length scale of dunes: any sand dune thataies than
the saturation length will disappear because of erosionth@rother hand, it has been
suggested tha¥; is itself constant and proportional @, ./ pauia (Hersen et al. 2002),
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Figure 3: Sand dunes on Mara: Dunes near the north pole, @.6°N, 103.6°W. b.
Dunes on the floor of Kaiser crater, ne&rs°S, 340.7°W. ¢. Dunes at a crater in Noachis
Terra, nean6.0°S, 323.6°W.

and that sand dunes must have width larger t@ho,,.in/pawa- This scaling relation
implies that the smallest dunes on Mars should have widthkoh2sincepg,.in = 3200
kg/m?3 andd = 500um, but on Mars there appear dunes of width of a few hundredrmete
in width. Only if the density of Mars were much higher, coulthés of the observed size
be formed. Alternatively, Claudin and Andreotti (2006) sylated that the grain size of
Martian dunes should be much smaller, thus challengingque\estimates of the grain
diameter from thermal methods (Edgett and Christensen;1P€iton et al. 2003). On
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the other hand, Kroy et al. (2005) proposed that still unkmamicroscopic quantities
of the Martian saltation must be unveiled and taken into astéo correctly predict the
minimal dune size on Mars.

Several wind tunnel simulations have been carried out testigate saltation under atmo-
spheric conditions of Mars (White et al. 1976; White 1979e@8ey and Iversen 1985;
Marshall et al. 1998). Still only the average saltationdc#pries, grain velocities and
sand flux could be investigated from such experiments, vith#esaturation transient of
the flux could not be measured. It has been as well not pogsibteasure saltation trans-
port through the Mars missions, which never landed on dutdsfierhus, the question
whether Martian dunes might be active or not, remains fanfo@ing answered.

Recently, much understanding has been gained through dodelimation, which en-
compasses the main ingredients of the physics of dunes aondras for the microscopic
quantities of sand transport, the trajectories of the graimd the rate at which particles
enter saltation (Sauermann et al. 2001; Kroy et al. 2002 dime model reproduces
guantitatively the shape of terrestrial dunes, the sandahdwind profile, the velocity
of real dunes on Earth, and also the scale dependence of tigesttape and the obser-
vation of a minimal dune size (Kroy et al. 2002; Sauermanr.e2@03). Furthermore,
the model has been applied to calculate interaction of dimadield and unveiled the
physical mechanisms behind the apparent solitary wavevimiraof dunes (Schwammle
and Herrmann 2003; Duran et al. 2005). Recently, the magiehtions have been ex-
tended to calculate the behaviour of sand dunes in the presdivegetation (Duran and
Herrmann 2006b), which is ubiquitous in coastal and humedsiof our planet and may
stabilize the dunes (Tsoar and Blumberg 2002). The moddtiaeproduce the shape
of vegetated dunes, and the conditions for their stabitimatindeed, it is also possible
to calculate the evolution of dune fields of some few kilomeia length and width, to
investigate the interaction between dunes and betweersdunteobstacles or vegetation.
The dune model is, therefore, not only a valuable tool in tivestigation of dune shapes,
but it can be certainly very helpful in coastal managemedttarimprove our ability to
control desert dune movement.

In this Thesis, we apply the dune model to calculate the ftiomeaof sand dunes on
the presentMars. Our aim is to see whether Martian dunes could appeaeruhd thin
atmosphere of the red planet.

This is the first time that the dune model is extended to cateutand transport in an
environment different from the Earth. The dune model haspaters related to the
atmosphere, sand and wind, which we must adapt to the Martiaditions. In fact, as
we will see, many of the model parameters are known, whilerstmust be estimated
from the dune shape. One of our purposes is to obtain the wiedgth that formed the
dunes observed in the images of Mars.

One very common type of dunes on Mars bBeechans dunes that appear under unidi-
rectional winds and occur mainly in craters on Mars (Bourkal€2004). As the model
reproduces the shape of barchans which excellent quargiggreement with measure-
ments (Sauermann et al. 2003), we start calculating bardhars on Mars. On the
other hand, there are also many dune shapes on Mars that arky éormed by winds
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of complex regimes. In contrast to barchans, longitudinales as those in fig.c3are
formed by winds of two main directions, and elongate in thedion of the resultant
wind. Moreover, many exotic Martian dune shapes, which camalbo seen in fig. @
appear on bedrock. Such dunes must have been also formeditmpdab wind regime,
since barchans should occur if the wind direction were @nisiTherefore, to understand
dune formation on Mars, it also appears fundamental to cef® the shape of bimodal
dunes.

However, first we must understand how longitudinal dunegapp/Nhich angles do the
wind directions have to define to form them? At which rate nthetwind change its
direction in order to form bimodal dunes? In this manner, wgib applying the dune
model to study first the appearance of different dune shapsereed orkEarth. We want
to investigate how theiind regimesand thesand availabilityon the ground — which are
the relevant field quantities for the dune shape (Wasson amid H983; Bourke et al.
2004) — determine the shape (i) of barchans and transverssdfig. ) and (ii) of the
bimodal, linear dunes. Then, we extend the mod&li&ss, where we first concentrate on
the simplest dunes, the barchan dunes. Next, we will compiinethe shape of Martian
bimodal dunes to obtain the timescale of wind changes on.Mars

Overview
This Thesis is organized as follows.

In Chapter 1 we will give a brief presentation of the dune nhotlée will examine fun-
damental concepts related to sand transport and formaftidarees which we need to
understand the derivation of the model and to interpretdbalts of this Thesis. We will
discuss the role of the wind regimes and sand availabilitytfe appearance of different
dune forms, which are studied in later chapters. Finallypresent equations that will be
used to calculate the quantities governing saltation prarn®n Mars.

Chapter 2 is dedicated to the aeolian transport of sand os.NM¥e& present data obtained
from Mars orbiters and landers, including wind velocityugbness of the surface and
grain diameter, which are used in the calculations of Martlanes. We also show that
evidences for saltation transport on the present Mars doeildhcovered from combined
data of satellite images ama situ measurements. Next, we apply the model equations to
calculate saltation transport on Mars. We estimate thetgiesthat control the saltation
trajectories and calculate the sand flux at different placeliars.

We then study the different shapes of sand dunes on Mars agdrtimin chapters-36, as
function of the wind regime and of the sand availability. Inapter 3, we begin with the
simplest dunes, thiearchan duneswith which we also start our exploration of Martian
dunes. First, we examine the factors controlling the shdgecchan dunes on Earth
and use our results to explain the shape of barchan dunes mm Meom the shape of
dunes, we also find a microscopic feature of the Martian aftavhich is the missing
link to understand the scale of Martian dunes. We find an emquébr the rate at which
grains enter saltation, which can be used in the calculst@indunes under different
atmospheric conditions. We then estimate the wind velozityMars and predict the
velocity of Martian barchans.
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In chapter 4 we investigate the shapdrahsverse duned’hese dunes also appear under
unidirectional winds, but when there is larger amounts eidsavailable for transport.
Transverse dunes are very common in coastal areas of owtplaacause of the high
littoral drift due to the accumulation of sand on the bead (fa). Here we present field
measurements of a transverse dune field in the Lencoisrilarses, a coastal dune field
in northeastern Brazil. We show how the shape of transvarsesddepends on the dune
size. Then, we calculate the inter-dune spacing and adapmiithe model to reproduce
the height profile of the measured dunes.

In Chapter 5 we study the formation of dune fields. We intredasimple model to study
the evolution of a transverse dune field, and then we adapttbdel to calculate the
formation of coastal dune fields. The simple model consisésset of phenomenological
equations that include the results of our field observatinribe Lencodis Maranhenses.
We show that transverse dunes formed on sand sheets musetlbfi@rently from those
on bedrock. We then use the complex dune model to calculatotmation of coastal
fields starting with a sandy beach and an unidirectional wintbnstant strength, /..

In chapter 6, we study, for the first time using the dune mdtlelshape of dunes that ap-
pear under bimodal wind regimes. The wind direction osaiidbetween two directions,
which define an anglé,,, whereas the wind lasts at each direction for a charadterist
time T;,. We investigate the conditions for the formationl@figitudinal dunesWe also
find different dune forms developing on bedrock dependingoandT,,. Finally, we
use our results to calculate dunes formed by bimodal winddars, and obtain the cor-
responding values of Martiafy, and7,,. We also estimate the timescale of changes in
wind regimes on Mars from the shape of Martian dunes.

In Chapter 7 we present a summary of our results, and noteentplications of our
findings for the formation and evolution of dunes on Mars.alin we conclude giving a
quick estimation of rates of sand transport and dune sizd&poas and Titan, using the
equation for sand entrainment found from the shape of duné4aus.



Chapter 1

Physics of aeolian sand and sand dunes

Winds are the sources of energy for the mobilization of sartbthe formation of dunes.
Indeed, each particular type of dunes is a result of a centiaid regime, i.e. wind strength
and direction. In this chapter, the physics of wind-blowndand formation of dunes is
discussed. We present the equations of the model for sanesdwurhich will be used
in the present work to calculate dunes on Mars and on Eartls mbdel incorporates
the main mechanisms of the formation, propagation, anduéeol of dunes, from the
sand transport at a “microscopic” level to the developméwnlume avalanches and dune
fields. Finally, we present the equations that will be useabtain the values of the model
parameters for Mars.

1.1 Wind-blown sand

Sand transport takes place near the surface, in the tutbhdemdary layer of the atmo-
sphere (Pye and Tsoar 1990). In this turbulent layer, thel wétocity«(z) at a height:

may be written as:
U ¥4

u(z) = —=Iln —, (1.1)
K 20

wherex = 0.4 is the von Karman constant, is the wind shear velocity, which is used,
together with the fluid densityq,q, to define the shear stress= pguqu?, and z is
the aerodynamic roughness. andz, are two independent variables which may be deter-
mined experimentally. One way to obtain them is to measw&ihd velocity at different
heightsz, and to plot the data as a linear-log cumye) x log z. The inclination of the
straight line of the fit is the shear velocity, and the value of for whichu(z) = 0 is the
roughnesg,. This method has been applied for instance to determine the pvofile,
shear velocity and surface roughness at the Pathfindemigusite on Mars (Sullivan et
al. 2000), as we will see in chapter 2.

The aerodynamic roughnessis distinguished from the roughnegg™® which is of the
order of a few tens of microns, and which is due to the micrpgctiuctuations of the
sand bed when the grains are at res§. means the “apparent” roughness which is a
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consequence of the motion of saltating grains. Bagnold{L@#eady observed thag
must be larger thag®*, and increases if there are pebbles or rocks.

1.1.1 Threshold wind strength for entrainment

There is a minimum wind velocity for particles to be trangpdr A turbulent wind ex-
erts two types of forces on particles when blowing over a daedl The first is called
the drag force F;, which acts horizontally in the direction of the flow. Thisde may
be written asFy = [u?[pgammd?/4], whered is the diameter of the particlgygain
its density, and? contains information about the packing. The second forabaedift
force Fi = Ap|pgainmd?/4], which appears due to the static pressure differehgéde-
tween the bottom and the top of the grain, caused by the swelugity gradient of
the air near the ground. Chepil (1958) showed that= cFjy,.,, Wherec ~ 0.85.
However, gravityg counteracts the lift force. The grain’s weight may be writes
Fy = (pgrain — pauia)g[7d® /6]. Fy, Fy andF,, are depicted in fig. 1.1.

| )

el

Figure 1.1: The lift forcefq, the drag force+;, and the weight of the grair, determine
the threshold for particle entrainment. This is defined By thomentum balance with
respect to the pivot point. After Sauermann (2001).

Particles within the uppermost layer of the bed are entdain® flow when the aerody-
namic forces overcome the gravitational force. The parii€labout to rotate around its
pivot pointp (fig. 1.1) when the balance between the forces is achieved:

ngco&b = (Fy — Fl)gsin b. (1.2)

Equation (1.2) defines a minimal shear veloeifyfor particle entrainment, which we call
fluid threshold velocity.,, or threshold wind friction speed for aerodynamic entrasnin
We solve eq. (1.2) for the threshold aerodynamic shearssties: pauiqu?y,:

Tt 2 sin ¢
=) 1.
(Pgrain — Pawid)9d 30 (cos ¢ + csin gb) (1.3)
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The anglep and the parametet, which appear on the right-hand side of eq. (1.3) reflect
the characteristics of the packing of the grains, their shapd sorting. Shields (1936)
introduced a dimensionless coefficigdtto express the ratio of the applied tangential
force to the resisting grain movemert: = ¢ /(pgrain — Pawia)9d gives the term at the
right-hand side of eq. (1.3). In this manner, the threshbéhs velocity for aerodynamic
entrainment is given by the equation

rain — ui d
Uit :A\/<pg Pa d)g 7 (14)

Pfluid

whereA = /O is called the Shields parameter and has value ar6urid In this manner,
the threshold wind velocity increases with gravity and wiitl size and the density of the
grains, and decreases with the atmospheric depgity.

Once a particle is lifted from the bed, it can be transpontedifferent manners: suspen-
sion, saltation, reptation and creep. Suspension refarsrjosmall particles (also called
“fines”). On Earth, particles with diameter betwe#nand60 xm may remain suspended
in air travelling long distances in irregular trajectorleefore reaching the ground again.
Suspension becomes more difficult with increasing parsie, since in this case the fluc-
tuations of the vertical component of the wind velocity beeansignificant compared to
the weight of the particle (Tsoar and Pye 1987). Particlediaheter between70 and
350 um entersaltation which is the movement of sand grains in ballistic trajee®close
to the ground (Bagnold 1941; Pye and Tsoar 1990). The terptdtien” refers to saltat-
ing grains that transfer a too low amount of momentum at thiesmm with the bed, and
thus cannot eject further grains (Andreotti 2004). Fingbigrticles that are too large to
enter saltation may just “creep” on the bed. Evidences feidadly all aeolian transport
modes observed on Earth have been uncovered on Mars (Saglari®72; Arvidson et
al. 1983; Greeley et al. 2000; Sullivan et al. 2005). Aeotransport of particles on Mars
will be discussed in the next chapter.

1.1.2 Saltation

As first noticed by Bagnold (1941), the sand of dunes is traried through saltation.
In fact, grain size histograms of particle size of dunes appbarply distributed around
diameterd = 250 um (Pye and Tsoar 1990). Therefore, saltation will be theiarol
transport mode considered in the present work.

The grains that form terrestrial dunes are mainly grains wdrty, whose density is
Parain = 2650 kg/m? (Bagnold 1941). Using the valugs= 9.81 m/s? andpg,iq = 1.225
kg/m3, we find that the threshold shear velocity for entrainment (&.4) of saltating
grains isu.g ~ 0.28 m/s. Once the wind velocity achieves a value larger than some
grains are lifted from the sand bed and are next acceleratedwiind. The relevant forces
acting on saltating grains are the gravitational and dragefy whereas the lift force is
only important to start saltation. Since gravity dominédtes vertical motion, it follows
that grains saltate in ballistic trajectories (fig. 1.2).
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Figure 1.2: Schematic diagram with the main elementsaifation The number of
ejected grains (indicated by the arrows) is proportionghtvelocity of the impacting
grain, vy, (Anderson and Haff 1988). The mean saltation length of tlaéngris defined
as/.

Saltating grains impact back onto the ground after beinglacated downwind. The
interaction of the impacting grains with the bed is usualiyled splash After splash,
other grains may be ejected from the sand bed, dependingaelbcity (momentum) of
the impacting grains. Anderson and Haff (1988) have showhttie number of ejected
particles increases linearly with the grain velocity,, at the grain-bed collision. The
splashed particles are ejected with different velocities at different angles, and in this
manner only a part of the ejected grains enter saltation(@attl 2004), the other fraction
remaining close to the bed (in reptation or creep). The ststoh process of the splash
has been studied by many authors, and still it remains pawrdierstood (Anderson and
Haff 1988; Anderson and Haff 1991; Rioual et al. 2000).

The splash is the main mechanism of sand entrainment duwaitagisn. The wind velocity
may even decrease to values lower thap, and still saltation can be sustained, once
initiated. However, the wind strength cannot be lower thairnpact threshold velocity
U4, Which is around®0% u.y. Saltation ceases if, < u., and therefore the impact
threshold velocity is an essential parameter for aeoliad s@ansport.

Once saltation starts, the number of saltating grains ficseases exponentially due to the
multiplicative process inherent in the splash events (fig). However, because of New-
ton’s second law, the wind loses more momentum with incrgasumber of entrained
particles until a saturation is reached (Owen 1964; Andeesal Haff 1988; McEwan
and Willetts 1991; Butterfield 1993). The presence of salfagrains reduces the wind
strength and thus modifies the profile of the wind velocityedibe ground. The height at
which the reduction is maximum nearly coincides with thegheat which the probability
to find saltating particles is maximum (Almeida et al. 2008hen the number of grains
has increased to a maximum value, the wind strength is naigdnanymore to lift further
grains from the bed. The maximum number of grains a wind aéigstrength can carry
through a unit area per unit time defines the saturated flugrodg.

A consequence of saltation transport is the erosion andsitepoof sand and the forma-
tion of sand dunes. For sand dunes to appear, however, thestoe an amount of sand
distributed on the ground over a distance larger thasgharation lengttof the flux. This
is because any sand surface is eroded at all positions wheflik increases. If there is
enough sand on the ground, many different types of dunes pagaa, as described in
the next section.



Physics of aeolian sand and sand dunes 27

1.2 Factors determining dune types

The different shapes of dunes observed in nature are comsegof thevind regimeand
of thesand availability i.e. the amount of mobile sand on the ground.

When the wind direction is nearly constant over the yeegscentdunes are formed.
Barchan dunesre crescent dunes that develop on bedrock, when there isnooigh
sand to cover the ground (fig. 1.3a). As the sand availabiltyeasestransverse dunes
appear (fig. 1.3b). The windward side of barchans and trass\kines has a gentle aver-
age slope, typically arounth® (Hesp and Hastings 1998; Parteli et al. 2006c). Saltating

Figure 1.3: Sand dunes on Eartla. Barchan dunesn Westsahara, near6.51°N,
13.21°W. b. Transverse dunes Baja California, neaR8.06°N, 114.05°W. c. Lin-
ear dunesn Namibia, neaR4.55°S, 14.57°E. d. Star dunesn Namibia, neaR4.46°S,
15.25°E. Images from Google Earth.

grains are transported downwind through the windward sfdeese dunes and are de-
posited at the lee side through avalanches, which occurevbethe downwind slope of
the dune reaches the angle of repdses 34° (Bagnold 1941). Barchans and transverse
dunes occur frequently in coastal areas of high-energmwmaodal winds, but they are also
common in many desert areas of Africa and Asia.
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Indeed, nearl\3/4 of the terrestrial sand seas is covered with dunes that appeter
complex wind regimesLongitudinal dunesalso calledseif or linear dunes (fig. 1.3c),
appear when the wind has two prevailing components whicimeefiresultant direction
in which net transport of sand occurs. Normally, the wineralates between its two
directions, and the shape of linear dunes depends on tredpErihe oscillation and also
on the angle between the wind directions. Multimodal wingimees form more complex
dune types, calledtar dunegfig. 1.3d).

Fryberger and Dean (1979) classify the different types afeduaccording to the shape
of the correspondingand rosegfig. 1.4). A sand rose is a circular histogram that gives
the potential sand drift from the 16 directions of the consp&sach arm of the sand rose
indicates the direction from which the wind blows (as in tlase of the wind rose), and
the length of each arm is proportional to the potential rdtesamd transport from the
direction indicated by the arm (Fryberger and Dean 1979).

i%%%%{/j
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Figure 1.4: Annual and bimonthly sand roses of three basie dypes (after Fryberger
and Dean (1979)). A. Narrow unimodal; barchanoid dunes Retican Point, South-
West Africa. B. Bimodal; linear dunes near Fort-Gourard ukitania. C. Complex; star
dunes near Ghudamis, Libya. Arrows indicate resultant dniéction.

In fig. 1.4, we see annual sand roses which depict the disoibof the winds in areas
of different types of dunes. The simplest sand rose in thigdigs the one of a barchan
dune field in South Africa (A). The sand rose in (B) correspotalthe field of linear
dunes near Fort-Gouraud, Mauritania. The sand rose in (Deisnost complex one of
fig. 1.4. It is the sand rose of a field sfar dunesear Ghudamis, Libya. Such dunes
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have three or more arms (horns) and also more than one akelanslip face (fig. 1.3d).
They are among the largest dunes on Earth, and develop is afé@rge accumulation
of sand resulting from the multimodal wind regimes. As a eoguence, star dunes have
negligible rate of motion compared to barchan dunes.

Summarizing, in fig. 1.5 we see how the shape of dunes depenitie avind regime and
on the sand availability.

EOr
star dunes
AD T
e
% B
:f 30F fransyerse dunes
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Figure 1.5: The shape of dunes depends on the amount of sghd ground and on the
wind variability (0: greatest; 1: least). The amount of samthe dunes is expressed as
equivalent spread-out sand depth in meters. After WasstiHgde (1989).

Dunes on Mars

Infig. 1.6, we see that the same types of dunes shown in fig.ctl® on Mars. Figure 1.6
shows MOC images of barchans (a), transverse dunes (kgr lilumes (c) and star dunes
(d) in different places on Mars. We see that sand dunes maysigahificantly investiga-
tion of climatic conditions of Mars. From the dune shapeis, piossible to infer which are
the wind regimes associated with different areas on MarectBens and transverse dunes
are the most common dune forms on Mars, and appear mainlpiarsrand in the north
polar region (Breed et al. 1979; Tsoar et al. 1979; Bourké &Q94). On the other hand,
longitudinal and star dunes seldom occur, which led seaerthlors to conclude that wind
regimes on Mars are in general narrow unimodal (Edgett antteéhsen 1994; Lee and
Thomas 1995).
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Figure 1.6: Mars Global Surveyor MOC images of sand dunesarsM. Barchan dunes
in the Arkhangelsky Crater, nedi .2°S, 25.0°W. b. Frost-covered transverse dunes in
the north polar region, ne&n.0°N, 114.6°W. c. Linear dunes on the floor of a crater in
Noachis Terra, located ned5.4°S, 331.2°W. d. Star dunes on the floor of Bunge crater,
located neaB3.8°S, 48.9°W.

There are also other factors which determine the shape a&sdufor example, in many
terrestrial dune fields, the shape of dunes is modified byrémemce of vegetation, which
transforms barchan dunes into “U” shaped parabolic dunssgiTand Blumberg 2002;
Duran and Herrmann 2006b). Moreover, inter-dune lagoorastal dune fields also
influence the dune shape, while the movement of dunes in ttile polar region of Mars
competes with the seasonal caps of,@@st. In the present work, we will not concentrate
on such factors. We will study the shape of dunes on Earth andars resulting from
the conditions of wind and from the amount of sand that cam@esported by the wind.
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1.3 Model for sand dunes

After 60 years of research on aeolian transport and dunesafitomsince Bagnold’s pi-

oneer works, a complete but minimal, theoretical model Wiuguples the equations of
wind and sand transport and reproduces the evolution ofdomald be finally achieved
(Sauermann et al. 2001; Kroy et al. 2002; Schwammle andniviarn 2005; Duran and
Herrmann 2006a). The fundamental idea of the model is toidensghe bed-load as a
thin fluid-like granular layer on top of an immobile sand b&te dune model combines
an analytical description of the turbulent wind velocitydiabove the dune with a con-
tinuum saltation model. One of the most important noveltiethis modellization has

been the inclusion of saturation transients in the calmnanf the sand flux, which al-

lowed reproduction of the minimal dune scale and the breakduf the scale invariance
of dunes.

1.3.1 Wind shear stress

According to eq. (1.1), the wind velocity over a flat surfacereases logarithmically with
the height above the ground. A dune or a smooth hill can beideres] as a perturbation
of the surface that causes a perturbation of the air flow drdtll. In the dune model,
the shear stress perturbation is calculated in the two dsroeal Fourier space using the
algorithm of Weng et al. (1991) for the componentsandr,, which are, respectively,
the components parallel and perpendicular to the wind timecThe procedure has been
presented in details by Kroy et al. (2002) and SchwammleHermann (2005). The
following expressions hold for the shear stress pertushatomponents, and7,:

.  2h(ky, ky)k2 2In(L|ky|) +4e + 1 +isign(k,)m
Pl )= Ty o\ in (/) -
and 2 h(ky, ky)kok
Ty(ka, ky) = (s, by sk (1.6)

K[ U2(1)
where the axis:(y) points parallel (perpendicular) to the wind directidn,andk, are
wave numbersk| = /k2 + k2, e = 0.577216 (Euler’s constant) and is the character-
istic length of a hill (Hunt et al. 1988). It is defined as theihontal distance between the
crest, which is the position of maximum height, .., and the position of the windward
side where the height &,,.,./2. The variableC is computed iteratively, i.e. itis not a con-
stant parameter but depends on the size of the hill at ea@hide. U (1) = u(l)/u(hy) is
the undisturbed logarithmic profile (1.1) calculated aghei, which is given by

2Kk2L

- hll/ZQ7 (17)

and normalized by the velocity at the reference height= £//log L/ z,, which sepa-
rates the middle and upper flow layers (Hunt et al. 1988). Tieaisstress in the direction
i (i = x,y) is then given by:

7 =1 [r(1+7)], (1.8)
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wherer is the undisturbed air shear stress over the flat ground. Enershear stress,
the sand flux is calculated according to the continuum saitahodel (Sauermann et al.
2001).

In what follows, we give a brief presentation of the sandgpont equations and refer to
Sauermann et al. (2001) and Schwammle and Herrmann (2008)d extensive deriva-
tion of the saltation model.

1.3.2 Continuum saltation model

The saltation model is derived from the mass and momenturseceation in presence of
erosion and external forces. The sand bed represents arsypgtem which can exchange
grains with the saltation layer, for which the erosion riate, y, ¢t) at any position, y)
represents a source term:

0 =

S v (pv) =T. (1.9)
ot

wherep(z, y, t) is the density of grains in the saltation layer, afid, y, t) is the charac-
teristic velocity of the saltating grains.

Erosion rate

The erosion raté' is defined as the difference between the vertical flux of greaving
the bed and the ratgat which grains impact onto the bed:

T =g¢(n—1), (1.10)

wheren is the average number of splashed grains. The flux of saitgtiains reduces
the air born shear stress (“feedback effect”). At saturattbe number of ejecta nearly
compensates the number of impacting grains=(1), and the air shear stress at the bed,
Ta, IS just large enough to sustain saltation, i-eis close to the threshold = pauqu?
(Owen 1964). In this manner, we writeas a functiom(r, /7;) withn(1) = 1. Expansion

of n into a Taylor series up to the first order term at the threshialds

n=1+&(5—1), (1.11)
Ty
where g
m
v = 1.12
’y d(Ta/Tt) ( )

is theentrainment ratef grains into saltation, and determines how fast the systaches
saturation (Sauermann et al. 2001). The paramigtipends on microscopic quantities
of the grain-bed and wind-grains interactions, which areawvailable within the scope

of the model. Thereforey must be determined from comparison with measurements or
microscopic simulations.
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The ratep at which the grains impact onto the bed is defined asp|v|/¢, where/ is the
average saltation length. Substituting this expression fand eq. (1.11) into eq. (1.10),
the balance eq. (1.9) yields

o | & plv] . (Ta
— + V. (pt) =—F| ——1]. 1.13
But 7, = 7 — 7,, Wherer, is the contribution of the grains to the total shear stresseat
ground (Sauermann et al. 2001). In this manner we rewritgige-hand-side of the
above expression in terms of.

Al (r=m NPl (m=n m\ AT n ) T ) (g g
14 T l Tt Tt 14 Tt T T

The grain born shear stress is definedrgas= ¢pAuv,,, = Avyerp|U]/¢, WhereAuvy,, =
v — 7 gives the difference between the horizontal velocitiesh@ndirection of flow)
of the grains at the moment of impacf;> and at the moment of ejectiorf.*.. Therefore,
eg. (1.14) may be written as

dp = . pld.T—m7 _ Avper /0
L5 (pp) = PUST T (g 11
5 TV (p0) == - plvl ) (1.15)

which is differential equation for the densityof grains in the saltation layer. The mean
saltation lengtt, the average grain velocityand Awv,,,, are calculated as below.

Average saltation trajectory and grain velocity

The mean saltation lengthis defined as the length of a ballistic trajectory (Sauerngnn
al. 2001):¢ = v%°(2]0]/g), wherevd® is the initial vertical velocityy is gravity andz is
the average grain velocity. Furtheti® is related to the gain in horizontal velocity of the
grains,Auvy,,,, through an effective restitution coefficient for the gréied interactiong
(Sauermann et al. 2001), which is defined as

eje

z . (1.16)

= = imp _  eje
A’Uhor Uhor Uhor

(Y

(0%

In this manner, the mean saltation length is written as

__ ,.€je
l = vf

2/ _ a 2[d :1[%7'2&] (1.17)

g AUhor g r g

wherer = |0]/Avy,, is the constant of proportionality between the averagengraliocity
|t] and the difference between impact and eject velocity of taeng, Avy,, .

The mean velocity of the saltating grainsjs determined from the balance between three
forces: (i) the drag force acting on the grains; (ii) the bactibn which yields the loss of
momentum when the grains impact onto the ground, and (&idibwnhill force.
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(i) The drag force acting on a single grain in the saltatigretavhich has velocity,,ain
and experiences a wind velocitl,;q is the Newton drag force on a spherical particle of

diameterd,

o 1 Td?® ., N .
Fdrag = ipﬂuidCdTOLﬂuid - Ugrain)‘uﬂuid - Ugrain‘u (118)

whereCy is the drag coefficient. We muItipIderag with the densityp of the saltation
layer and divide it by the mass = (4/3)7(d/2)?pgain O @ grain to obtain the drag force
acting on a volume element of the saltation layer:

Fins = P Cal% i — ) 1, (1.19)
where the velocityi.¢ is calledeffective wind velocitywhich is a representative wind
velocity valueiiy,;q for the drag force on the grains in the saltation layer, amdlsulated

at a heightz; above the ground. However, here we cannot use the undistuvivel
profile, eq. (1.1), to computé.s = wgnua(21), because the saltating grains modify the
wind profile close to the ground (“feedback effect”).

The total shear stress at any heightz above the ground is constant, and given by
Thuid (2) + Terains(2), Whererguia(2) and 7y.ins(2) are the air born shear stress and the
grain born shear stress at heightrespectively. At the ground,,.i,s(z = 0) = 7, and
Tauid(z = 0) = 7., While the shear velocCity.quiq(2) = \/7Tauia(2)/pawa IS Varying with
the heightz. As shown by Anderson and Haff (1991), the profilg,.s(z) is nearly ex-
ponential. Thus, we can Writg,,ins(z) = Tge_z/ #m wherez,, is calledmean saltation
height In this manner, the modified wind profiig.,;q follows the equation

aI—[ﬂuid _ ﬁ*ﬂuid<z) _ % 1 7-grains<Z) _ % 1 Tge_z/zm . (120)
0z Kz Kz \ T Kz V T

To obtain the modified wind profile, we integrate eq. (1.20)fr5* to the height after
linearizing the exponential function. The valueif;q at the reference height gives the
effective wind velocityii.¢. For values of; which follow the conditior§®"! < z; < z,,,

the following expression is obtained fGrs (Sauermann et al. 2001):

T = 2 1_2{2,/1+ﬂ & 94 Zld}k, (1.21)
K T Zn T — Ty Zsand | |4, |

where the grain born shear stress at the ground can be wusieg the result of eq.
(1.17):

S ArUhorp|rU‘| — &

& l 200

Inserting eq. (1.21) into eq. (1.19) gives the drag forcehefwind on a volume element
of the saltation layer.

(1.22)

(i) Saltating grains give part of their momentum to the grduwvhen they impact onto it.
This results in a deceleration of the grains. The frictiorcéoof the bed on the grains,
fred, Must exactly compensate the grain born shear stress atthedyr,. Therefore, we

have
il v pg U
= Ty = ——
bed 84| 20| 7]

(1.23)
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(iii) Besides the aeolian drag force and the bed frictionaeditional force — the grav-
itational force, f,,., — acts on the saltation layer in the presence of bed slopes. Th
gravitational force is written as

forav = —pgVh. (1.24)

This force is negligible for the downwind motion of the sétia layer for instance on
the windward side of a barchan or transverse dune. How@g;,plays an important
role for thelateral sand transport For instance, the slope of barchan dunes in lateral
directions reache®)° (Hesp and Hastings 1998; Sauermann et al. 2000). Sincedbs cr
profile of barchans has a parabolic shape (Sauermann et@0),28e magnitude of the
gravitational force increases linearly from the centehwgides of the dune.

The balances/dt + (7- V) - 7 = (ﬁirag + foea + fgrav)/p leads to an equation for the
average velocity of the grains in the saltation layer:

—

gVh. (1.25)

(—» —»)|—» —»| v
— (Ut — V) |Uegg — V| — =—= —

Sand flux

The closed model of saltation transport consists in suhstg the grain velocity obtained
from eq. (1.25), using the effective wind speed (eq. (1.21)), into eq. (1.15). However,
some considerable simplifications are employed to solved@tions.

First simplification— To solve egs. (1.15) and (1.25), we use $iti@tionarycondition
0/0t = 0, since the time scale of the surface evolution of a dune israéwerders of mag-
nitude larger than the typical values of transient time efghltation flux (some seconds).
We can thus rewrite eq. (1.15) in the following manner:

= U - A or 14
T (pp) = 25T = (1—p|ﬁ|”h—/), (1.26)

l Ti T — Tt

where we can identify two important physical quantitiese saturation length /, =
[¢/¥)m /(T — 1), and thesaturated densitpf grains in the saltation layer,

ps = (T — 1)l/ Avhor = (T — 71)20/g. (1.27)

Second simplificatioa— The convective terniz - V) - 7 in eq. (1.25) is only important
at places where large velocity gradients occur. In the chdares, such abrupt changes
occur only in the wake region behind the brink, where the wieldcity decreases drasti-
cally to zero. In the model, as discussed later, the wind aaith gelocites after the dune
brink are simply considered to be zero. Outside the wakensgion the other hand, we
canneglectthe convective term. From the first and second simplificatitime following
equation is obtained for the grain velocity, which must bleest numerically:

—

§ PAuid @

— gVh=0. 1.28
4pgrain d gv ( )

(—» —»)|—» —»| gv
Ueff — V) |Ueff — V| — T3
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Third simplificationr— One major difficulty to solve eq. (1.26) is that the grainogiy

v still depends on the densigyof grains in the saltation layer, sincg; (eq. (1.21)) is
function of 7, = pg/2a. To decouples from p we can make use of an useful approxi-
mation which is valid when the shear velocity is not much larger than,;, and which
leads to only a negligible error (Sauermann et al. 2001).

In geomorphological applications, the sand flux is nearrgwhere saturated, with ex-
ception of those places where external variables changerttiauously, as for instance
at a flow-separation, which occurs at the dune brink, or aes@boundary bedro¢kand
which occurs at the windward foot of a barchan dune. Theegforeq. (1.21), we can
replace the density which appears in the expression fQr(eq. (1.22)) by the saturated
densityp, (eq. (1.27)). In this manner, the effective velocity of thimevin the saltation

layer, i, is written as
21 Ui ﬁ*
I+—(—=5—-1)-1| p—=, (1.29)
Zm u*t |u*‘

ey = u*t{ln Silnd +2
K 2

and represents now the wind velocity in #guilibrium where the grain born shear stress,
74, achieved the maximum valygg /2«, and the air born shear stregshas been reduced
to ;. The average grain velocity obtained from the numericaltsmh of eq. (1.28) using
eq. (1.29) is, therefore, treverage grain velocity in the equilibrium;. This velocity is
substituted into eq. (1.26), which we can write in terms efgand flux

7= i, (1.30)

and thesaturated sand flyx

207

——(r—7) = p (T [(u*/u*t) — 1]. (1.31)

Furthermore, the grain velocity also appears in the contjputaof the mean saltation
length? (eq. (1.17)), which is now calculated usifpg|. The resulting equation for the
sand flux is a differential equation that contains the sétdrfiux ¢, at the steady state,

- 1 7]

V-§=— 1——=, 1.32

i-¢la(1-1) (132)

wherel, = [¢/7]r /(T — 7) is the saturation length, which contains the information of
the saturation transient of the sand flux. Using eq. (14 fhay be written as

R R B [t S

where we defined = r7, with r = ||/ Avy.,. Furthermore, using eq. (1.16)may be
written as

||

(1.34)

r = _=
AUhor v

In this manner; may be written as

y=r7= ozLUJ| { an } . (1.35)
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1.3.3 Surface evolution

The surface is eroded wherever the sand flux increases inrdatidn of wind flow, and
sand deposition takes place if the flux decreases. The tiolaten of the topography
h(z,y,t) is given by the mass conservation equation:

on 1

i \v 1.36
g — 7, (1.36)

where pgang = 0.62p,4.4in IS the mean density of the immobile sand which constitutes
the sand bed (Sauermann et al. 2001). If sand depositios leaslopes that locally
exceed the angle of repo8e~ 34°, the unstable surface relaxes through avalanches in
the direction of the steepest descent. Avalanches are aslstinbe instantaneous since
their time scale is negligible in comparison with the timalswf the dune motion.

Separation bubble

For a dune with slip face, flow separation occurs at the bnvikich represents a dis-
continuity of the surface. The flow is divided into two paris direamlines connecting
the brink with the ground. These streamlines define the aéparbubble, inside which
eddies occur (fig. 1.7).

In the model, the dune is divided into slices parallel to wilireéction, and for each slice,
the separation streamline is identified (fig. 1.8). Eachastitae is fitted by a third order
polynomial

s(z) = asz® + agr? + a1z + ag (1.37)

connecting the brink with the ground at the reattachmenttpas described by Kroy et
al. (2002). At the brink{ = 0) the separating streamline has heigfit) = hq, while
s'(0) = h{. Therefore, we have

ag = ho, a; = h/O (138)

In the same manner, at the reattachment paint (L,), we haves(L,) = 0 ands’(L,) =
0. Therefore, we obtain
as = (3ho + 2Ry L) L2, a3 = (2hg + hyL,) L 2. (1.39)

r

To determine the reattachment point, we note that the lanfiima above the separating
streamline descends never steeper than a maximum andglée maximal slope of the
separation streamline occurs at the turning point —as/3as, wheres”(x;) = 0. The
slopes’(—ay/a3) is, thus, given by- tan 6§ = —C', which then yields an equation fax:

_h/_ hl / 7\ 2
L~ _gp Co M= /CCH O)N3ho[1+}@+1<@)]7 (1.40)

hiy(hty — 3C) T ac 10 "8\ C

where we have given the second-order approximation of tpeession forL.. Kroy et
al. (2002) fixed the slop€ = 0.25 ~ tan 14°, while we use a slightly smaller value,
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Figure 1.7: Calculation of the wind flow over a barchan dunen t@p: cut along the
symmetry plane, the central slice of the dune. The depiottmtity vectors clearly show
the separation of flow at the brink and a large eddy that fomthé wake of the dune.
Bottom: the projection of the dune on the- y plane and the depicted velocity vectors
reveal the three-dimensional structure of the large wakly.e€alculations performed
with FLUENT (Herrmann et al. 2005).

C = 0.20 =~ tan11.5°, since this is the value that was used in Duran and Herrmann
(20064a) to fit the shape of a barchan dune in Morocco usingesspns derived in that
work for the model parameters (sec. 1.3.4).

In this manner, each separation streamline is given by e§7)1where the coefficients
are obtained from expressions (1.38) and (1.39), and thacbaent point., follows
eq. (1.40). Inside the separation bubble, the wind sheasstind sand flux are set to
zero.

The simulation steps may be summarized as follows:
1. the shear stress over the surface is calculated usinggbatbm of Weng et al.
(1991), egs. (1.5), (1.6) and (1.8);

2. from the shear stress, the sand flux is calculated usin@lLe8), where the satura-
tion length/, and the saturated sand flgxare calculated from expressions (1.33)
and (1.31), respectively;
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Figure 1.8: This figure shows the central slice of a barcharedi(z), and the separation
bubbles(x) at the lee of the dune normalized by the dune helghThe shear stresgx)
over the dune is normalized by the undisturbed shear styeand the horizontal distance
x is normalized byZ, which is the half length of the windward side of the dune. eAft
Kroy et al. (2002).

3. the change in the surface height is computed from mas®oa@i®n (eq. (1.36))
using the calculated sand flux; and

4. avalanches occur wherever the inclination excédéisthen the slip face is formed
and the separation streamlines are introduced.

Calculations consist of the iterative computation of steps4.

Two-dimensional equation for the grain velocity In the simple case of the two-
dimensional flow over a sand bed,s = u.gz, Vs = vz, and we can disregard the
gravitational term, such that eq. (1.28) can be solved #icaliy:

Vs = Uet — VgV 20, (1.41)

whereu; is the settling or “falling” velocity of a saltating grain.diinings = pgrain/ Pfivid;
the falling velocityu; is written as

4 4
=1/ (s —1)gd = (| =—-sgd 1.42

where we consideresl— 1 ~ s, which is a good approximation for aeolian transport
IN Which pgrain > pauia, but not for the motion of grains in water, since in this cdse t
Archimedes force due to the fluid cannot be neglected.
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1.3.4 Model parameters

The saltation model has the following parameters: the grayj the average grain di-
ameter,d, and the density of the graing,..,; the density of the fluidpg.q; the drag
coefficientCy, the roughness of sand beg#¢, in the absence of saltation transport;
the threshold wind friction speed,;; the wind shear velocityy,, and the aerodynamic
roughnessz,. Besides, to solve the equations, we need the values of tgopieno-
logical parameters: the effective restitution coefficieithe grain-bed interactiom, the
heightsz,, andz;, and the entrainment rate of grains into saltatian,

Sauermann et al. (2001) used typical values encounterbd Iigrature (Owen 1964; Pye
and Tsoar 1990; Anderson and Haff 199d):= 250 uM, pgrain = 2650 kg/m?, pauia =
1.225 kg/m? andu,; around0.25 m/s. Typical values ofi, used in previous calculations
of dunes (Sauermann et al. 2003; Schwammle and Herrman®; Zihwammle and
Herrmann 2004; Schwammle and Herrmann 2005) are betw8esmd0.5 m/s, while

2o has been usually set arouhd mm, which reproduced the wind profile over a barchan
dune in Jericoacoara with a wind velocity@86 m/s (Sauermann et al. 2003).

Moreover, the values of the model parameters could be estihiar saltation on Earth
from comparison with measurements of sand flux and satar&i@msients. Sauermann
et al. (2001) determined = 0.35, z,, = 0.04 m andz; = 0.005 m by fitting eq. (1.31)

to flux data measured in a wind tunnel by White and Mounla ()99 the other hand,
Sauermann et al. (2001) found= 0.2 from comparison with reported measurements of
saturation transient and microscopic simulations of alta/Anderson and Haff 1991;
McEwan and Willetts 1991, Butterfield 1993).

However, the phenomenological parameters of the saltatimotel have been determined
from comparison with experiments and simulations which rawe available for Mars.
How determine such parameters for Mars? The equationsmisesikeelow allow calculate
many of the quantities controlling saltation under diveasaospheric conditions. Thus,
they will be used in the present work to obtain the model patans for saltation on Mars.

Threshold wind shear velocity for saltation

The threshold wind shear velocityy, for aerodynamic entrainment may be written as

sty = A/ (s — 1)gd, (1.43)

Wheres = pgrain/ pauia @NdA is called theShields parametewhich depends on the shape
and sorting of the grains and on the angle of internal fric(iBhields 1936). While the
Shields parameter for terrestrial sand has a value arogmndor Reynolds numbers larger
than 10, it has been shown that for atmospheric pressuresetit from the Earth’'sA
presents a complex dependence also on the grain diametseivand White (1982)
proposed the following equation for the Shields Paraméter

(1 —+ 6.0 x 10_7/pgraingd2.5)0.5

A=0.129 oF
(1.928ReE™ — 1)~

(1.44)
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for 0.03 < Re,; < 10 and

A=0.129(1 4 6.0 X 1077/ pyraingd®®)™* - {1 — 0.0858 exp [-0.0617(Revy — 10)]}
(1.45)

for Re.s, > 10, where Rey, is the friction Reynolds number Re= u.d/v, and the con-
stant6.0 x 10~7 has units of kgn®®.s~2, while all other numbers are dimensionless. The
kinematic viscosity is defined as)/pquiq, Wheren is the dynamic viscosity. We notice
that in contrast ta/, n depends only on the atmospheric temperature and compusitio
For the Earth’'s atmosphergjs typically 1.8 x 10~° kg/sm. We calculate the threshold
velocity for aerodynamic entrainment with egs. (1.43) @hd4) or (1.45), and obtain the
impact threshold velocity, using the relation:

Uyt = 0.8 U eft - (146)

Ford = 250 um we obtainu,, ~ 0.217 m/s for saltation on Earth.

Drag coefficient

The drag coefficient is a function of the Reynolds numbers@iependence must be taken
into account in calculations of dunes using other physiocald@ions different from the
terrestrial atmosphere.

Jiménez and Madsen (2003) calculated the drag coeffiCigmtf a particle falling with
settling velocityv;. From the balance between the gravitational force and tag -
sistance of the fluid, they obtained an expressiorfpwhich depends on the Reynolds
number. To adapt the formula by Jiménez and Madsen (20@ghin saltation, we con-
sider the balance between the fluid drag, on the grains in the saltation layer and the
bed friction that compensates the grain-born shear sttebe aurface:fy,., = 7,. The
drag coefficient is then written as

4 Ba\?
=—[(A — 1.47
Cq 3< d+ S) ) ( )
where
_d [(s—1)gd
4y 2c (1.48)

is called the fluid-sediment parametet= pgain/ pauia, aNdAq and B4 are constants that
contain information about the sediment shape factor anddhoess. Jiménez and Madsen
(2003) suggested to usk, = 0.95 andBy = 5.12 for typical applications when patrticle’s
shape and roundness are not known.

Saltation model parameters

As mentioned above, the model parameters: 0.35, z; = 0.005 m andz,, = 0.04 m
have been determined by Sauermann et al. (2001) from cosgpanith sand flux data
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obtained with tunnel experiments. However, since such aaganot available for Mars,
these parameters cannot be determined in a similar manf@&r satation on Earth.

Recently, Duran and Herrmann (2006a) found expressianthéomodel parameters,

21, Zzm and for the surface roughnegs™® as function of the sand and atmospheric prop-
erties. Therefore, their relations can be applied for 8altan any environment where
the physics of saltation is the same as on Earth. The proeexfuduran and Herrmann
(20064a) to obtain the expressions can be summarized in lbeving manner.

First, Duran and Herrmann (2006a) proposed one equaticghd@erodynamic roughness
20, Which depends on,, and 5™ and is a function of the ratia, /u... The expression
was used to fit wind tunnel data by Rasmussen et al. (1996g@&drodynamic roughness
2o as a function ot for different values of the grain diametérwhich led to a scaling
zm o V/d (Duran and Herrmann 2006a). However, from dimensionalyais the fluid
viscosity and the gravity must be also included in the sgalin this manner, the timescale

t, = (v/g)" (1.49)

was incorporated to the scaling af, which led to the following expression (Duran and
Herrmann 2006a):
Zm = lduut,. (1.50)

On the other hand;3*¢ was identified as the minimum ef obtained in the wind tunnel
experiments by Rasmussen et al. (1996) for different vadigs Thus,z52"¢ follows the
expression

zmd — /20, (1.51)

which gives intermediate values betwe&i30 (Bagnold 1941) and/8 (Andreotti 2004).

Next, z; anda have been determined from the best fit of eq. (1.31) to exariahdata by
Iversen and Rasmussen (1999) of the saturated sang fasdunction ofu, for different
values ofd.

Duran and Herrmann (2006a) found thata~ 3.5 mm does not depend ahand, from
dimensional analysis, must be therefore written in termsnaither lengthscalé,. This
lengthscale can be defined from the Reynolds nuniher (d/¢,)"*. From the defini-
tion of Re = wu.d/v, whereu,, = Ay/dg(s — 1), it follows that

2 1/3
0, = {m] . (1.52)

Using parameters for Earth, a value abo® m is obtained for,. Comparing with
z1 = 3.5 mm, the following expression follows (Duran and Herrmag0@&a):

21 = 350, (1.53)

Finally, from the best fit ofv to the sand flux data for different grain diameters, Duran
and Herrmann (2006a) found the following expression:

o =0.17d/(,. (1.54)
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Summary— To calculate saltation on Earth, we use- 9.81 m/s?, d = 250 um, parains =
2650 kg/m?, paua = 1.225 kg/m? andn = 1.8 kg/m-s. Next, from the expressions
presented in this section, we obtain = 0.217 m/s,Cq = 2.75, 2, = 0.016 M, z; =
0.004 m anda = 0.43. Finally, we usey = 0.2 as obtained by Sauermann et al. (2001)
from comparison with measurements.

We note that the values af, z, and« calculated from the equations above for Earth
are similar to the values obtained by Sauermann et al. (206)the best fit to the flux
data by White and Mounla (1991). Indeed, egs. (1.50), (1a58)(1.54) can be used to
calculate sand transport on Mars. Saltation on Mars willdleudated in the next chapter.

1.3.5 Sand dunes

In spite of the apparent complexity of its equations, theedmodel is so far the sim-
plest method to calculate the formation and the evolutiosaoid dunes. In particular for
barchan dunes, the model has been extensively tested argutts have been found to
be quantitatively in good agreement with field measurem@daermann et al. 2003).

Barchan dunes are calculated using a Gaussian hill asliograition (fig. 1.9). A
constant upwind shear velocity, is set at the inlet of the simulation, as well as a small
upwind sand fluxg,. The sand influx represents the rate of sand transport inrtéiee a
between dunes, and plays an important role for the shaperdfidnas, as we will see in
chapter 3. In fig. 1.9 we see that the Gaussian heap evolveseruttil the characteristic
horns and slip face of a barchan dune appear downwind in teetain of propagation.
To calculate transverse dunes, on the other hand, a derd®esdims used, on which the
dunes appear and increase in size (Schwammle and Herrro@di 2

wind >0 time

A 4

Figure 1.9: Time evolution of a Gaussian hill into a barchanaunder an unidirectional
wind. Time increases from the left to the right.

Indeed, the shape of dunes depends on the dune size. Thisrsapgcause there is a
characteristic distance — the saturation length — thatrgel@nough to break the scale
invariance of the dunes. In fig. 1.10a we see the evolutioneo$and flux;, as function of
distancer, calculated over a flat sand bed for different values of winelhgjthu,, /u.. A
constant influx, = 10% of ¢, has been used. We see that the sanddluncreases from
0.1¢, until it reaches the saturated valye We define\, the distance after which the flux
has achieve@9% of ¢,. A sand hill that is shorter thak, will be systematically eroded
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until disappear. Therefore, the saturation length intoedua minimal size for a hill to
evolve into a dune (Kroy et al. 2005). We will see in chapten&,tas a consequence of
the saturation length, the sand hill (or dome) must havehéumore, a minimal size to
develop slip face and horns.

In fig. 1.10a we indicate for each value @f/u..; the characteristic distance of flux sat-
uration, 4, calculated with eq. (1.33). It is this distance that deteg® the saturation
length, i.e. )\, is proportional to/, as we see in the main plot of fig. 1.10b. In the inset
of this figure, we see thdt decreases with. /u., and that the dependencefgfon the
wind strength is significant for low values of. Because realistic winds are in the range
of 1.0 to 2.0u,; (Fryberger and Dean 1979), we see that the strength of the: platys a
relevant role for the dune size. On the other hand, as we &allis chapter 3, the break-
down of shape invariance of dunes is relevant for the smalleses. As the dune volume
increases, the influence of the saturation length becomsessignificant (Sauermann et
al. 2000; Sauermann 2001).

The migration velocity of the dune also depends on the duree 3ihe dune velocity of a
barchan or transverse dune can be calculated from the #itixhe brink and the heighit

at the brink, as sketched in fig. 1.11. The sand is depositduesiip face and transported
downhill by avalanches which maintain the angle of repossy(®Ild 1941). Therefore,
the dune advances with velocity = [1/ps.nalq/h. However, this relation is valid only
for dunes that propagate shape invariantly. In realitystiegpe of barchan dunes depends
on the dune size, and the dune velocity scales with the ievarthe dune length (Kroy

et al. 2002), i.e.

1
va o 7 (1.55)

The dune velocity may be written in this casew@s= [1/psnalq/(Co + h), whereCy

is a constant that decreases with the shear velocity (Samer®001). Therefore, the
migration velocity of a dune approaches the relation fopshavariant dunes as the dune
height increases and/or as the shear velocity increases.

The fact that smaller dunes move faster than larger ones davecial implication for
the evolution of dune fields. The dune model has been appliedltulate interactions
of barchan dunes in a field, and revealed that dunes may abterdifferent ways, de-
pending on their sizes. As we see in fig. 1.12, faster movinglldmarchans may easily
“collide” with larger, slower wandering ones during theavehwind motion in a field. It
has been shown that very small dunes in this case may be tsvalup” by larger dunes
downwind. But if the size difference between the interagtinines is not too large, then
the smaller dune upwind gains sand from the larger one, whietbecomes smaller and
may wander away (fig. 1.12). Effectively, it is like if the siheadune were crossing over
the larger one (Schwammle and Herrmann 2003), as propesedtty by Besler (1997).
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Figure 1.10:Saturation length relevant length scale of dunes. In (a) we see the sand
flux ¢, calculated over a flat sand bed, as function of downwincadi,z. An influx
¢in/qs = 0.1 has been used and parameters for Earth have been takenthe distance
after whichg has increased from,, to 99% of ¢.. ¢, which is calculated with eq. (1.33),

is indicated in the figure for each value of wind strengthiu.,. We see in (b) thak, is

of the order of7 times/;. In the inset of (b) we see hoty depends on the wind strength.
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Figure 1.11: Migration velocity of barchans and transvedsees (after Sauermann
(2001)). The deposition of the volume of sahdx = qdt/ps.na @dvances the dune
by dx = vqdt.
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Figure 1.12: Four simulation snapshots of barchan duneaictien. Cases (a) — (e)
correspond to different initial heights for the upwind, $lerabarchan. After Duran et al.
(2005).

1.4 Conclusion

In this chapter, we presented the equations of the dune metiedh we will use in the

following chapters to calculate saltation and dune fororatin Earth and on Mars. The
original model introduced in Sauermann et al. (2001) andykatal. (2002) and later
improved by Schwammle and Herrmann (2005) has been desdinbdetails in section
1.3. Moreover, we presented the relations found by Duraht@rmann (2006a) for
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some of the model parameters: the mean saltation hejghthe effective height; at
which the wind velocity is computed within the saltationdayand the effective restitution
coefficient of the grain-bed interaction, The equations presented in section 1.3.4 allow
determinez,,, z; and« for different physical conditions.

In the next chapter, we start calculating saltation trartspo Mars, while the formation
of dunes is discussed in chapter 3. With a mean pressusé) ohb, and a temperature
of 200 K, the atmosphere of Mars, which consist9®f of CO,, has an average density
of 0.02 kg/m3. This is almost 100 times lower than the Earth’s atmosph8ecause
the particle size of Martian dunes is not significantly diiet than the grain diameter
of terrestrial dunes (Edgett and Christensen 1991; Ferttah €003), it follows from
expression (1.43) that the minimal wind speed for sand parion Mars is about 10
times higher than on Earth. In the following, we will see thésg consequences of the
high-energy winds for saltation transport and dune foramatin Mars.
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Chapter 2

Sand transport on Mars

There are many evidences that the surface of Mars has beénwmrsly modeled by
aeolian processes. Investigation of the geologic and athewg data and high resolution
images sent from Mars missions led to the conclusion: cuwémd regimes are able to
transport dust and sand on Mars. In this chapter, data @utdiom orbiters and landers
are presented which provide information about the wind cigfgrofile on Martian soil
and on the grain size of Martian dunes. The implications ohgusitumeasurements and
General Circulation Model results for saltation transportviars are discussed. Next, we
apply the dune model to study saltation on Mars. We calculaesand flux as function
of the wind velocity on Mars, and estimate the quantitieshef model that control the
average trajectories of Martian saltating particles.

2.1 Aeolian transport on Mars: evidences and measure-
ments from orbiters and landers

According to Sheehan (1996), it was the italian astronomer&@hni Virginio Schia-
parelli, in the year of 1877, the first who observed that soeggons of Mars appeared
systematically covered with “clouds”. Today we know thatgé clouds, which in fact
were probably seen in earlier observations of Beer and &tz long ago as the 1830s
(Sheehan 1996), were cloudsdifstwhich may remain suspended in the atmosphere of
Mars for several months. When orbiter Mariner 9 — the firstcegsful Mars mission
which brought a revolution in our understanding of the Martgeologic processes —
reached Mars in 1971, the planet was completely obscureddbgbal dust storm: not
even the polar caps were visible.

Mariner 9 had to wait a few weeks for the storm to cease, aftecmthe mission operated
for about 1 year and sent to Earth o7e000 television images of the surface of Mars with
a resolution ofl.0 km. The images revealed a variety of surficial features thae teft
little doubt that wind transports Martian surface matari@agan et al. 1972; Cutts and
Smith 1973; McCauley 1973). Among the windforms observedvayiner 9 we may
mention wind streaks associated with craters, modifiececrains, streamlined ridges,
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linear grooves and sand dunes, the existence of which itedidhat saltation of sand
grains could occur on Mars. Moreover, some streaks of kitensgo tens of kilometers
in dimension changed on characteristic timescales of a feeke/suggesting that Martian
fine particulates are currently movable (Sagan et al. 1972).

Nearly five years later, Viking landers 1 & 2 arrived on Mars225°N; 48.0°W, and
47.5°N; 225.9°W, respectively, and provided the first opportunity fiorsitu study of the
Martian surface. Several lines of evidence for aeoliansjpart of particles were uncov-
ered by the cameras of the Viking landers, such as wind taifgnol rocks, ventifacts
(abraded or grooved rocks) and streaks of dimensions beta/émv centimeters to hun-
dred meters (Mutch et al. 1976a; Mutch et al. 1976b; MutcH.e1@76c; Sagan et al.
1977; Sharp and Malin 1984). The landers performed measunesof pressure, temper-
ature, and wind speed at a heightlod m (Chamberlain et al. 1976; Kieffer 1976), the
results of which yielded important insights into the freqeyg of occurrence and intensity
of Martian aeolian activity.

Figure 2.1: Aeolian features at the Viking 1 landing siteeTérge boulder in the left of
the picture is about 10 m from the spacecraft and about 2 nsacibis possible to see
wind tails at the lee of rocks, and also small dunes, whichradieated by the arrows.
After Mutch et al. (1976c).

During almost the whole mission, at both landing sites wiwese calm and very little
changes on the surface were observed. Because the windtyelbthe Viking lander
sites was measured at a single height, it was not possibletéordine the friction speed
u, and the roughness, which define the wind profile (chapter 1). Typical values of
friction speed at the lander sites were estimated from asdwalues ot betweenl.0
mm and1.0 cm, and were between, = 0.25 and0.6 m/s (Sutton et al. 1978), far below
estimated values of saltation threshad) m/s. While contact with Viking 2 was lost in
1980 and less data from this station is available, Vikingrt s@ages, atmospheric and
wind data from Mars until 1982, after 2245 Martian sols, aeer3 Martian years.

It was surprising that no movement of surface material wasassed from the Viking 1
images taken after and before extreme dust storms durirfg¢h2 Martian years. In the
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first year, Viking 1 surface sampler constructed five smaibsgiles on the soil, and on
sol 1601 the piles that were reimaged appeared practicalizanged. No change on the
soil patterns could be detected as well.

It was not before the third winter, aft@r5 Martian years or five Earth years, that the
Viking 1 cameras could register the fiiatsitu evidence for aeolian transport on the sur-
face of an extraterrestrial planet. Arvidson et al. (198%)arted enthusiastically this
observation: (...) The movement of the rock, the alternations of the ebmpites, clods,
trenches, and other features, and the increase in sceneastimtemonstrate that an ero-
sion event or events of substantial magnitude occurrednduttie third winter season,
probably between Sols 1720 and 1757n fact, on sol 1742, an image was acquired
showing an enormous storm in progress, which has been nafhedVartian Dust Storm
of Sol 1742” (Moore 1985). The changes in the surface have at#gbuted to the strong
winds associated with that storm, and included significangien of the sand piles and
formation of ripple-like bed with wavelengths of severahtimeters. Therefore, the bed
modifications represented as well the first evidencesabliitioncan occur under present
atmospheric condition of Mars.

Indeed, it was clear from Viking 1 data that only rarely, underrent climate regimes,
do winds exceed the threshold for entrainment of sand graimsidson et al. (1983)
proposed a rough estimate of the time the wind lasted abeviinthshold for saltation at
the landing site. First, they noticed thatshould not have been far abowg for saltating
grains would be expected to enter suspensionf@everal times... Then, they assumed
that during the stormy, was only10% above the threshold, and they calculated the time
required for the piles to be completely eroded. Using a smglation proposed by White
(1979) in which the sand flux is proportional@d(1 — w. /u.)(1 + u2, /u?), Arvidson et
al. (1983) found that the piles would have disappeared fioenground if such a wind
would have lasted for more than a few tens of seconds. No nianeges on the surface
were detected during the mission: over a period of time of 3tisla years (or 6 Earth
years), the wind strength in the Viking 1 landing site wasyanfew seconds above the
threshold for saltation.

Moore (1985) suggested that the wind velocities would hpagadically reached larger
peaks over the period delimited by the images that revehledihanges. In the gusts
of highest activity,u, could have achieved values betwern and4.0 m/s, and could
have lasted even for a longer time than a few seconds as mopho©ve. Moore (1985)
noticed, however, that the soil at the landing site was mkireta Earth’s surfaces where
progressive exposures of nonerodible elements reducmen@des in a significant way.
In this manner, Moore (1985) proposed for the first time anenfigound value for wind
friction speed on a Martian soil.

The discoveries by Mariner 9 and Viking landers nucleatedrarmous amount of theo-
retical and experimental work on the aeolian regimes anpart of particles on Mars.
Many authors speculated about the origin and age of dunesdsgm Mars (Breed et al.
1979; Tsoar et al. 1979; Thomas 1982), and NASA developed BWR, the first wind

tunnel simulating Martian atmospheric conditions, whichswised to study the condi-
tions for saltation entrainment (Greeley et al. 1976; learst al. 1976; Pollack et al.
1976; Greeley et al. 1980; Iversen and White 1982) and tostigate the trajectories
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of saltating grains and rates of soil abrasion on Mars (Wiital. 1976; White 1979).
Furthermore, the original numerical model of atmosphercutation of Mars by Leovy
and Mintz (1969) has been repeatedly refined with inclusiotopography (Mass and
Sagan 1976), COcondensation and diurnal variations in the convective dannlayer
(Pollack et al. 1981), as well as radiative effects of atrhesig dust on solar and thermal
radiation (Pollack et al. 1990). By combining predictioriseasonal wind strength and
direction obtained from General Circulation Models (GCMjhssurface features imaged
by Mariner and Viking orbiters, Greeley et al. (1993) fingbsesented the first reliable
evidence that the enigmatic Martian bright streaks coultbbmed by current winds on
Mars. Moreover, GCM results have shown that the widely spbygadangs must have
appeared under more ancient climate conditions, and ndusion was reported about
saltation and dune formation on the present Mars (Greelaly é093).

Many authors have further used data from Mariner 9 and Vilspgcecrafts, which in-
cluded moderate resolution images and infrared thermapmgpto study the geology
of Mars. Many dune forms, mostly of dark sand, could be ladentified mainly in the
north pole of Mars and on the floor of craters (Lancaster arekl@y 1990; Edgett and
Blumberg 1994; Edgett and Christensen 1994; Lee and Tho®@%)1 From infrared
data of the Viking spacecraft, Edgett and Christensen (1fé@thd, using thermal models
(Kieffer et al. 1977; Haberle and Jakosky 1991), that thenntkémeter of the grains
which compose Martian sand dunesglis= 500 + 100 pm. The dark dunes presented in
general no superimposed craters (Tsoar et al. 1979; Makohamd Pronin 1995), indi-
cating that the dunes were not formed at the time of metdooebardment when climate
conditions on Mars were probably different than that in thesspnt (Melosh and Vickery
1989). Indeed, Edgett (1997) reported the discovery of aategial field of bright dunes
which appeared stabilized and mantled by fine-grained maatbat probably originated
from explosive volcanism.

Edgett’'s paper about bright dunes, published in Novemb8# 1@as probably the last
paper about sand dunes on Mars before the new era of studibe dartian geology.
In July 1997, Pathfinder Soujorner was the first rover to landviartian soils. And in
September 1997, it was arriving on Mars the most successdts Mission ever launched:
the Mars Global Surveyor (MGS), which carried aboard, amathgrs, the high resolu-
tion Mars Orbiter Camera (MOC). The MOC camera provided iesagf the surface of
Mars with resolution up td.5 m, and already in the first four months of work, MOC
sent to Earth an enormous amount of images which revealadet aeolian features of
Mars never captured by previous missions (Malin et al. 1998)

One of the first most intriguing discoveries of MGS MOC wast ihamany regions of
Mars, large dark dunes appeared wandering over small, tobggiforms. It was clear
from the images that the bright dunes were ancient bedfonds\ere not active today,
while the dark dunes were formed by more recent wind regifiess. is illustrated in the
MOC images in fig. 2.2, which shows two dune fields of coexgstlark and bright dunes.
According to Thomas et al. (1999), the bright dunes are madeams much lighter than
the basaltic grains of the dark dunes. Martian bright bed$oare probably composed of
gympsum, or some other sulphate that would have limitetifes travelling in saltation
on Mars (Thomas et al. 1999). Once such soft material graitex saltation, they are
rapidly broken into smaller particles that are then cari@d suspension. In fact, in
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the MOC images analysed by Thomas et al. (1999), the brigh¢gslappeared at small
distances from outcroppings of bright source materialsb@bly associated with playa
deposits, or derived from ground water, flood or hydrothéraativity (Thomas et al.
1999). On the other hand, it became evident from the MOC im#ugt dark dune fields
on Mars are able to exist far from obvious sources.

Figure 2.2: These Mars Global Surveyor (MGS) Mars Orbitem€a (MOC) images
show large, dark Martian dunes wandering on a soil coverdh small, bright, inactive
bedforms. Ina., we see a dune field on the floor of an impact crater in westeabiAr
Terra, atl0.7°N, 351.0°W. The dunes iib. are located in the Proctor Crater, né&ro°S,
330.4°W.

The MGS MOC images constituted valuable material for plaryescientists and geo-
physicists interested in the evolution and aeolian praeet Mars. One example of the
relevance of the MOC images was the PhD Thesis of Lori Ferftdaolian processes on
Mars: atmospheric modeling and GIS analygisenton 2003), in which the sedimentary
history of Proctor Crater (Proctor dunes are shown in fighRc@uld be determined on
the basis of Mars Global Surveyor spacecraft images anthadetata. The Mars Orbiter
Camera has been operating until 2th November 2006, and bealpd a wealth of high
resolution images of dune fields, making possible infer alioeli regional conditions of
wind and flux that led to the formation of Martian dark dunesiiBxe et al. 2004; Bourke
2006).

On the other hand, Pathfinder rover operated only for 2 mohtegertheless, this mission
sent to Earth important data about Mars geology, atmospaedin situimages showing
a variety of evidences for aeolian transport (Golombek.e1897; Schofield et al. 1997;
Smith et al. 1997; Greeley et al. 1999; Golombek et al. 199%8)reover, Pathfinder
performed, for the first time, measurements of the wind vsigrofile on a Martian soill,
which allowed determine the shear velocityand the aerodynamic roughnegsat the
landing site.

The Mars Pathfinder (MPF) Lander Wind Sock Experiment (Sailiet al. 2000) con-
sisted of three wind socks mounted at heightsf cm, 62.4 cm, and91.6 cm above
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Figure 2.3:a. In the Mars Pathfinder Lander Wind Sock Experiment, threedaacks
measured the wind velocityat different heights above the ground. The values of wind
speedu(z) measured on sol 52 are given by the data points. ifafter Sullivan et al.
(2000)). The line gives the best fit using the logarithmicavomofile, from which values
of u, = 0.95 m/s (inclination of the line) and, = 0.029 m (height at which: = 0) are
obtained (Sullivan et al. 2000).

the base of the ASI/MET (Atmospheric Science/Meteorolaggst (fig. 2.3). The wind
socks were aluminum cones of length 10 cm and width 3 cm. Trantations and tilts
provided information on the wind speed and direction at edd¢he three heights. In fig.
2.3, we show one typical wind profile at Martian sol 52 (aftetli$an et al. (2000)).
Winds on the Pathfinder landing site were gentle, and valfies abovel.0 m/s seldom
occurred during the experiments. This has been considetedsequence of the season
during which MPF operated (Greeley et al. 2000), since garorculation model cal-
culations applied for the landing site during the seasorhefeaxperiments predicted in
fact wind speeds below particle threshold (Haberle et a@9)9Furthermore, values of
2o obtained from the data were extremely large, and mostly@bovem (Sullivan et al.
2000). However, as noticed by Sullivan et al. (2000), glofles ofz, betweenl.0
mm andl.0 cm seem reasonably consistent for Mars since the Pathfiitdes probably
rockier and rougher than most plains units on Mars (Golondtel#t. 1997; Golombek et
al. 1999).

Among observed wind-related processes at the Pathfindgrdist devils were one of
the most resoundinig situ observations, since they could be related to the nucleafion
global dust storms on Mars. Dust devils were first registandatectly through observa-
tions of abrupt changes in wind direction and pressure (eeh sn the coarse temporal
sample from the Viking landers data), which were correlatgti short-lived reduction
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in the power generated by the Pathfinder solar panels — aoaitie that the apparent
vortices entrained dust (Schofield et al. 1997). Later, Betzt al. (1999) analysed im-
ages of the Pathfinder camera and concluded that the vartitas carried dust particles,
travelling with a velocity 0f).5 — 4.6 m/s.

Indeed, no changes were observed in the wind tails, strsakall dunes or ventifacts
encountered at the Pathfinder site. To verify whether thossctive” aeolian features
could have resulted from present wind regimes, Greeley.e(¥99) and Greeley et
al. (2000) compared the orientations of several wind-eeldeatures with GCM wind
direction predictions for the landing site. They found tha orientation of the wind
tails at the lee of rocks, wind streaks downwind of cratapplelike patterns and small
barchanoid duneforms correlated well with the directiothef strongest winds predicted
from GCM calculations, which occur during the Martian nertth winter under current
conditions. Greeley et al. (2000) found moreover that thevgtrength which formed the
dunes was sulfficient for saltation gt for rock abrasion and formation of the ventifacts,
which in the landing site had a different orientation reditie the dunes and were formed
by ancient winds. In this manner, Greeley et al. (2000) astedl that the small dunes at
the Pathfinder site have swept through the area repeateddy aarrent regimes, burying
rocks and other surface features of more ancient origin.

Sand ripples or small dunes did not represent the charstitggatures at the MPF site. In
contrast, several fields of sand ripples appear at the Igrsities of the lattest NASA Mars
Exploration Rover missions “Spirit” and “Opportunity” (Eeley et al. 2004; Sullivan et
al. 2005; Squyres et al. 2006), which landed, respectivelyt @and 25 January 2004.
The bedforms occur mainly within “traps” in the interior afaters, as for example in
Eagle crater (Sullivan et al. 2005), and in the “Victoria'datiendurance” craters (fig.
2.4), which are located near Opportunity landing sit&®%°S, 354.47°E) at Meridiani
Planum. Ripples are also common at Gusev Crater, hear°S, 175.48°E, location
at which Spirit rover landed (Greeley et al. 2004). NeitheSgirit nor at Opportunity
landing sites could any movement of the ripples be dete€@edhe other hand, Spirit and
Opportunity have been sending high resolution images wétchv evidences for current
entrainment, transport and deposition of fine particlesieywind at both sites.

In addition to Spirit and Opportunity rovers, three furtiMars missions, all orbiters,
are currently in activity. These are the “2001 Mars Odissayd “Mars Reconnaissance
Orbiter”, both NASA orbiters launched, respectively, onrh@001 and August 2005;
and the “Mars Express”, which is an orbiter sent by ESA on R0GS3. Among diverse
scientific goals, the orbiters aim to provide details of thartihn atmosphere, and to
image a few selected areas of Mars with resolution up to a &wimeters. One example
is the image of the ripples at Victoria crater seen in fig. &Hich has been taken by Mars
Reconnaissance with a resolution29fcm. It is clear that the regional views provided
by such images may be important for the interpretations olia® processes at the sites
where the rovers landed.

For instance, images of Meridiani Planum taken by the MOCeararbefore and after the
major 2001 global dust storm allowed develop a recent agblgtory of the Opportunity
landing site on the basis of the data sent by the rover (Sullet al. 2005). The MOC
camera revealed a bright streak at the lee of the Eagle cvaterh changed orientation
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Figure 2.4: The larger image shows ripples on the floor ofdfiatCrater on Mars, which
is located near the Opportunity Rover landing site. The iertags been taken by the Mars
Reconnaissance Orbiter. The image in the detail showsesgplthe Endurance crater.
The image has been taken by the camera of the Opportunity. ibisepossible to see the
tracks on the soil, which have been left by the rover.
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during the 2001 storm. Surprisingly, the orientation ofgtreak since that storm indicates
nearly the same wind direction as inferred from the ripplethe floor of the crater. In this
manner, Sullivan et al. (2005) concluded that the rippleg bed'activated” under current
atmospheric conditions of Mars. To move, the ripples mupedence shear velocities
associated with dust storms, aroung ~ 2.0 m/s (Sullivan et al. 2005).

Moreover, Sullivan et al. (2005) observed that in the plaings outside of the Eagle
crater, ripples also occurred, which, however, did notrdgd in the same direction of the
streak and of the intra-crater ripples. Images taken bydkerrrevealed that the outter
ripples at Meridiani Planum are covered with- 2 mm fragments of haematite-enriched
concretions, which are associated with a higher threshaidd speed for saltation, be-
tween3.0 and4.0 m/s (Sullivan et al. 2005). The major 2001 global storm was trotg
enough to move the fragments. In this manner, the threstatitity of the fragments
represent an upper bound for the wind shear velocity at tidirig site during the storm.
We note that the range of maximumat Meridiani Planum is similar to the one estimated
for the Viking landing site during the “Martian Dust Storm®6l 1742” (Moore 1985).

Summarizingwhile very fine particles are currently being transported deposited by
the wind, Mars missions could find only very few evidences daain saltation. The
first observation was made by Viking 1 lander: one uniquesalt event, with probable
duration of a few seconds, occurred within 6 Earth years oratisih years (Arvidson
et al. 1983; Moore 1985). Later, evidence for saltation atitdani Planum has been
reported by Sullivan et al. (2005), who observed that theration of the ripples in the
Eagle crater correlated with the direction of bright stratithe lee of that crater. Since the
streak has been created after the 2001 major dust stormothredation of the direction
of the streak with the orientation of the ripples supportezlliypothesis that saltation on
Mars occurs as gusts of major aeolian activity associatéuduist storms.

However, Mars missions could never detect a saltation amaegitu. Moreover, sporadic
coverage of orbiting spacecraft could never detect movéofeand dunes, which would
imply saltation occurs in the dune fields of the north pole amthe interior of craters.
Measurements of the average trajectories of saltatinggead of the intensity of grain-
bed collisions could be performed only in wind tunnel laltores simulating typical
conditions of Mars (White et al. 1976; White 1979; WilliamsdaGreeley 1980; Greeley
and Iversen 1985; Marshall et al. 1998). Still none of sugheexnents could give at
least some insight into the formation of dunes on the prdgiams. It has been suggested
that Martian dunes have been formed in the past, when atredsgiressure of Mars was
much higher than in the present (Breed et al. 1979).

Could Martian dunes have been formed by the thin atmosphfetieeopresent Mars?
It is this challenging question that motivates the preseortkw We want to find, from
comparison of the different shapes of Martian dunes withntloelel results, the wind
regimes that formed the dunes observed in the images of Nlarsolve the equations of
sand transport, we need, first, to calculate the “micros¢apiantities of the model that
control saltation on the present Mars. These quantitiegwtave been listed in chapter
1, are calculated in the next section, where we also estithateate of sand transported
on Mars during saltation. The calculations of Martian duaes thereafter, presented in
the following chapter.
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2.2 Martian saltation

We expect saltation to be very different depending on thatlon on Mars. The reason
is that the average atmospheric pressure and temperatyrganawithin an extremely
wide range compared to the terrestrial case. Furthermaykehrates of sand transport
are expected on Mars due to the higher shear velocity. Beside¢he following are the
quantities that govern saltation: the grain diameteand densityp,,.in; the atmospheric
density,pauiq, @nd viscosityy; and the gravityy. These quantities are used to calculate
the saltation model parameters according to the expresgiorn in chapter 1. In this
section, we estimate the average trajectories of saltgtiaigs and the sand flux under
different atmospheric conditions on Mars. The resultsgmésd in this section are then
used in the next chapters, to solve the equations of sansipmainand the formation of
dunes on Mars.

2.2.1 Atmosphere and sand

The Mars Global Surveyor Radio Science (MGSRS) Team has m@sding valuable
atmospheric data of Mars (MGSRS 2006). In particular, theperaturel’ and the pres-
sure P near the surface have been systematically measured in roeatydns of Mars.
Figure 2.5 shows one example of a typical “Martian Weatheaipmin which the crosses
indicate some of the locations of Mars at which value$'@nd P are available.

We use the ideal gas equation to calculate the local atmaspdensity, pg.q, from the
MGSRS pressure and temperature data. An atmosphet806f CO, is considered.
Furthermore, the dynamic viscosityof the Martian air is a function of the temperature
T, and is calculated using Sutherland’s formula (Crane Caoyp888):

0.555Ty + C
0.555T7' + C

where for CQ we havern, = 0.0148 centipoise,C' = 240, T, = 527.67°R (Crane
Company 1988). We note that in eq. (2.1), the temperaturezéngn degrees Rankine
(°R), where IK = 1.8°R. The result obtained from eq. (2.1) is given in centipo&se
must be multiplied byl0~3 to convert to kgm:-s. Finally, the kinematic viscosity is
calculated with the equatian= 1/ pauia-

= Jmy 2.1)

The particle size of Martian aeolian dunes

Data sent from orbiters have been also used to determindzbefthe grains which
compose Martian dark dunes. The size of the grains is retatéide resistance of the
surface or dune to a change in temperature. This resistarmoeasured by thiénermal
inertia, I = kpsanac, Wherepg.nq is the bulk density of the surface|s the specific heat
andk is called thermal conductivity (Neugebauer et al. 1971).

Normally, the thermal inertia of a surface is calculated $tablishing the diurnal thermal
behaviour of the surface, which requires a minimum of twoeobations of the same
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Figure 2.5: Typical “Martian Weather” map recorded by ther&@lobal Surveyor Radio

Science (MGSRS) Team. Highest points on Mars are indicatethik blue and the

lowest points are indicated in dark red. The crosses inglisate of the locations where
annotated values of temperature and pressure are availdate of this map have been
acquired between March and May of 2004.

surface at different times of the day. Next, the measuresnesm be fit to a modeled
diurnal temperature variation curve and thereby used tdéxvalue ofl (Kieffer et al.
1977; Haberle and Jakosky 1991). On the other hand, whilgis around2.0-10% kg/m?

andc = 0.16 cal g"'K~! for most minerals on Mars (Edgett and Christensen 1991), the
thermal conductivity depends on the grain size and on thesihreric pressure (Wechsler
and Glaser 1965). For the range of atmospheric pressuresans, Mincreases nearly
monotonically with the grain diametér(Kieffer et al. 1973). In this manner, the value of

k obtained using calculated thermal inerfifrom orbital data yields the diameter of the
grains which compose the dune.

Edgett and Christensen (1991) have used thermal inergatdaibtain the grain diameter
of dunes in intra-crater fields of dark dunes on Mars. Thewydbthat the grain diameter
of Martian dune isf = 500 4+ 100 um, which is coarser than the diameter of terrestrial
dune grains250 pm. Why should the sand of Martian dunes be coarser than tlteagan
Earth’s dunes?

There is minimal size for a particle to saltate and form duibetow this minimal value,
the particle remains suspended in the atmosphere. Theatmfiain diameter depends
on the vertical fluctuating component of the wind velocity(Tsoar and Pye 1987). If
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the standard deviation af, which scales with the wind friction speed, is greater then t
settling velocity of the grainyg, then the particle will remain suspended. The transition
suspension/saltation is given by the ratigu.;, (Bagnold 1941; Tsoar and Pye 1987).
Particles for which this ratio lies below (above) the tréinsi line v¢/u.;, = 1.0 enter
suspension (saltation).

We calculate the critical diameter for the transition sursgpen/saltation on Mars and on
Earth. The threshold shear velocity for saltation,, is calculated using eq. (1.43), while
the settling velocity; is calculated with eq. (1.42). The drag coefficiéfytis obtained
with expression (1.47), and is obtained with eq. (1.54). Furthermore, we use nominal
pressure® = 6 mb and temperaturg = 200 K for Mars. The ratiovs /u.¢ as function of
the grain diameted, on both planets, is shown in fig. 2.6. The dashed line indi&ctte
transition values /u.¢ = 1.0.
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Figure 2.6: Ratio between the falling velocity and the threshold friction speed for
saltation,u,s, calculated for Mars and for Earth as function of the graiantterd.
Dashed line indicates the saltatj@uspension transition at /u.; = 1.0, and intercepts
the Martian (terrestrial) continuous lined@t= 110um (d = 45um).
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As we can see from fig. 2.6, particles with diameter smallen#’ ;m enter suspension
on Earth, while the critical value af on Mars is larger, arountll0 zm. Furthermore,
we see that the ratio between the average grain size of dudetha critical diameter is
arounds.0 on both planets. In fact, pure saltation is expected to cmalyrif v¢ /u,, > 2.5,
which explains why the sand of dunes is effectively muchdatgan the critical diameter
(Edgett and Christensen 1991). In this manner, we expeayjithies of Martian sand
dunes to be coarser than the grains of terrestrial dunes.

The result of fig. 2.6 is consistent with the observation #maall ripples of grains with
diameter around00 pm occur at Meridiani Planum (Sullivan et al. 2005). The faili
velocity used here accounts for the drag coefficient of tneufent wind associated with
the motion of saltating grains (eq. 1.47). In this case, thleevofC, for a grain falling
vertically in the fluid under the action of gravity is corredtby a term of the order @i,
which contains information about the shape of the grairettayy. If we considered the
falling velocity v¢ without this correction, then the critical diameter woulkeld2 m on
Earth, and210 xm on Mars, as obtained previously (Greeley and lversen 1B8§gtt
and Christensen 1991). The terrestrial value would be, thetdifferent than that in fig.
2.6, since, on Earthy ~ 0.45 and2«a ~ 1.0. However, the correction reduces the critical
diameter on Mars becaugeon Mars is smaller than on Earth, as we will see below,
typically betweer.2 and0.3. This is associated with the shape of the grain trajectories
of Mars, which are more “flat” than that of Earth’s grains.

2.2.2 Saltation trajectories and sand flux

Martian saltation has been simulated in wind tunnel expenitsusing a range of particle
size and typical conditions of pressure and temperatureas§White et al. 1976; White
1979; Williams and Greeley 1980; Greeley and Iversen 198&skill et al. 1998). It has
been shown that (i) grains on Mars travel must faster andenititan Earth’s grains; (ii)
the saltation trajectories are also typically longer anattéir” on Mars (lower aspect ratio
height/length); and (iii) the rate of sand transport is lkeigbn Mars, i.e. more grains are
mobilized into saltation than on Earth. Typical dimensiofsuch wind tunnel experi-
ments (maximum length of MARSWIT is around 10 m) do not all@testmine important
quantities as for instance the transients of flux saturaimhthe equilibrium velocity of
saltating grains, which are important to understand the&bion of dunes.

Here we calculate the quantities controlling Martian saitawhich we need to solve
the sand transport equations and the evolution of duneseifollowing chapters. The
model parameters that govern the grain trajectories aravbmge saltation height,,
(eqg. (1.50)); the reference height(eq. (1.53)) at which the effective wind velocity

is calculated; and the effective restitution coefficien{eq. (1.54)). The grain diameter
used isd = 500um, which givesziad = 25 um (eq. (1.51)). Moreover, the saturated
sand fluxg, (eq. (1.31)) depends on the saturation velocity of the Sadfagyrains,v, (eq.
(1.41)). The quantities controlling saltation on Mars aatealated in table 2.1.

In table 2.1, the model parameters have been calculated ddfarent values of pressure
P and temperaturé’ valid for Mars. We see that the minimal friction speed fotaadn,
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[P (mban][ 7 (K) [ wee /S) [ 2w M) [ 2o (M ] [0 (M/5) ] 4 (Kg/ms)]

5.0 150 1.804 0.789 | 0.011 | 0.300 | 13.132 0.152
5.0 200 2.162 1.154 | 0.014 | 0.227 | 18.017 0.170
5.0 250 2.487 1.543 | 0.017 | 0.184 | 22.957 0.187
7.5 150 1.449 0.553 | 0.009 | 0.339 | 9.964 0.127
7.5 200 1.736 0.810 | 0.012 | 0.257 | 13.617 0.141
7.5 250 1.996 1.082 | 0.015 | 0.209 | 17.338 0.154
10.0 150 1.241 0.431 | 0.008 | 0.371 | 8.205 0.111
10.0 200 1.486 0.630 | 0.011 | 0.280 | 11.173 0.123
10.0 250 1.708 0.841 | 0.014 | 0.228 | 14.210 0.135

| 1000 | 300 | 0218 | 0.016 | 0.004 | 0431 1419 [ 0.009 |

Table 2.1: Main quantities controlling saltation on Marslanseveral values of pressure
P and temperatur@’, and aconstantu, /u,, = 1.5. The threshold shear velocity, the
mean saltation height,,, and the model variables anda depend on the atmospheric
conditions, and have been calculated for a constant grameterd = 500 pm and den-
Sity perain = 3200 kg/m?, and with a dynamic viscosity obtained from the temperature
The grain velocityv, and the saturated flux have been calculated with egs.(1.41) and
(1.31), respectively. The corresponding values for tériegdsaltation are shown for com-
parison. On Earth, the valug = 1.5u,, means a shear velocity 6f32 m/s.

Uy, ON Mars may vary by a factor of 2. This is becausgdepends on the atmospheric
density (chapter 1). The condition of highest atmosphegitsdy in table 2.1 corresponds
to P = 10.0 mb andT" = 150 K, for which pg.q = 0.035 kg/m3, while pgq = 0.011
kg/m? for P = 5.0 mb andT" = 250 K. We note that ranges d? andT even wider than
the ones studied here may occur on Mars (MGSRS 2006).

We calculatey, andg in table 2.1 using a constant valuewf/u,, = 1.5, since this is a
representative value for saltation on Earth (Frybergeremh 1979). The corresponding
values calculated for Earth are shown in the last row of talllewhere we used = 250
pm, densitypg.q = 1.225 kg/m?3 and viscosityy = 1.8 kg/m-s, whileg = 9.81 m/s’.

As we can see in table 2.1, the values of sand flux on Mars areatlyp10 times larger
than on Earth. This is in agreement with the findings of WHi@70) using wind tunnel
simulations of saltation on Mars. We also see that Martiatigdes travel with a higher
velocity, while the mean saltation height on Mars is larger than on Earth, and may be
over1.0 m depending on the atmospheric conditions.

While the ratiou, /u. in table 2.1 is constant, in the upper inset of fig. 2.7 we dateu
gs for a constantwind velocity v, = 3.0 m/s using values of and7" within the range
studied in table 2.1. We see that the same wind friction spe@gdports more sand where
P is higher andl" is lower, which means lowefy, ;g andu.;.

In the main plot of fig. 2.7 we show how the flux and the partickdoeity at a given
location on Mars depend an /u... In the main plot we fix" = 200 K and calculate the
saturated flux for different values of atmospheric pressut@s function ofu,. /u., — 1.
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In the lower inset, the same calculations are made for thim gelocity v,. We see
that for a given value of.,./u., both the flux and the grain velocity are larger for lower
atmospheric pressure. This is because the shear veloaity required for sand transport
is higher for lowerP, while v, scales withu,, andg, scales with:?, (see chapter 1).
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Figure 2.7: Main plot: Saturated sand flgxas a function of the relative shear velocity
us/uy — 1 for different values of atmospheric pressure — and theeediifferent values
of u,, — obtained with a temperatufle = 200 K. The lower inset on the right shows the
corresponding values of the average grain velogityln the upper inset on the left, we
show the saturated flux far, = 3.0 m/s calculated for different values of temperature
valid on Mars.

The lower inset of fig. 2.7 shows that the grain velocity in ¢oggilibrium is determined
by the atmospheric conditions and has only a weak dependenite friction speed.,.
This is seen in table 2.2, in which we shawand ¢, calculated for different values of
us/u. on Mars and on Earth. In this table, calculations for Marsmadormed using

P = 6.0 mb andl’ = 200 K. From the results of table 2.2, we see that the grain velocit
vs scales with the threshold friction speed, and is essentially a constant independent of
u,. Because the threshold wind friction speed on Mars is 10gimgher than on Earth,
the average velocity of saltating grains on Mars is one oofleragnitude higher than the
velocity of Earth’s grains. Again;; may have different values depending on the location
on Mars, whileg, depends further on,.
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Us /Ui ||| Vs (M/S) | vs (M/S) ||| gs (M/S) | g5 (M/S)
[Earth] | [Mars] [Earth] | [Mars]
1.05 1.367 15.854 0.0007 | 0.0128
1.10 1.373 15.857 0.0015 | 0.0262
1.25 1.390 15.867 0.0040 0.0703
1.50 1.419 15.883 0.0090 0.1563
1.70 1.442 15.896 0.0139 0.2366
2.00 1.447 15.916 0.2258 0.3760

Table 2.2: Average velocity, of saltating grains on Earth and on Mars as a function of
the relative shear velocity, /u... Temperaturd” = 200 K and Pressuré> = 6.0 mb was
used for Mars.

In summary, using the atmospheric data provided by MGSR86R@ve can calculate
the quantities controlling saltation at a given location\ars, for example, at a given
dune field. From the MGSRS “Weather” maps (e.g. fig. 2.5), wrialthe value ofP
andT characteristic of the area at which the dune field is locanskt, the density and
viscosity are calculated from? andT, using the ideal gas law and eq. (2.1), while the
model parameters are obtained using the grain dianaeter500 ym of Martian sand
dunes. The wind velocity, in the dune fields on Mars is an unknown quantity. It must
be determined from the calculations of dunes, as we will s¢lea next chapter.

Indeed, there is still one missing quantity for Mars which meed to solve the sand
transport equationsy, which appears in eq. (1.33).is given by the producty, where

r is related to the saltation trajectories, apdives the strength of the erosion rate. To
obtain~y, measurements of the transient of flux saturation are neadwder to compare
with model predictions. The terrestrial valye= 0.2 has been obtained by Sauermann et
al. (2001) from comparison with experimental and numeriedé of saturation transient
(Anderson and Haff 1991; McEwan and Willetts 1991; Buttdufie993), which are not
available for Mars. Moreover, and4 cannot be obtained separately.

Let's estimate the ratio between the values @in Mars and on Earth: is given by eq.
(1.34), and depends, thus, anwv,, and on the vertical velocity at the instant of ejection,
v¥e, Modelling v%© implies considering microscopic interactions of the gsaivith the
sand bed, which is out of the scope of the model (Sauermarin 20@1). In fact, there
is a distribution of angles and velocities of ejection (Arsie and Haff 1988; Anderson
and Haff 1991; Rioual et al. 2000). The information aboutaherage angle and velocity
of ejection after splash is included in the effective resitin coefficient of the grain-bed
collisions,a.

Moreover, we can model the splash using an effective partidlich reboundsat the
sand bed (Duran and Herrmann 2006a). The effective partioierges from the bed
with a velocityv.;. making an anglé,.;. with the horizontal. In this case, the restitution
coefficient of the sand; = |v..|/|Uimp|, Qives the ratio between the ejection velocity
|Use| @and the velocity at the moment of impag#,.,,,|. For simplicity, we consider that
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the particle moves in the direction of the wing ( Thus, we have:

vie ¢sin Oeje

o =

(2.2)

VI 8 €08 Bimp — CCOS Beje

wheref;,,, andé.;. are the angles of impact and ejection (rebound), respégtaed are
defined with respect to the horizontal.

The ratio between values on Mars and on Earth is:

M i gM E E E
ay GUsind, [cos Oimp — € cos O, ]

(2.3)

= (EsinpE M _ M M
ag  (Psinbg, | cos by, — (Meos b,

where we use “E” for Earth and “M” for Mars. On Earth, the amsgtd impact and
ejection are, respectivel Enp ~ 10° and@OEjC ~ 36° (Anderson and Haff 1988; Almeida
et al. 2006). On the other hand, White (1979) has shown thmdztrangleﬁ}\fnp on Mars
are close to the earth’s{—15°) if the grain diameter there is abo¥@0.m, but he did not
report on the ejection anglés,. We may set}| ~ 10° and disregard the dependence
of the impact angle on the shear velocity (White 1979), siweeare interested in the
trajectories at saturation, whewgis almost independent of, (table 2.2).

From eq. (2.3), the Martian angle of ejecti@}}, is the one for whichin(6y;,) equals the
quantity
M g oo (P cos Oy — CV'cos O3y,
f(6s,) = sinf > P . (2.4)

““ap (M cos i, — (Feos O

Since the density of the sand on Mars is not too different traiarth, we may use the
approximation,™ ~ ¢*. We solve eq. (2.4) numerically for the angle of ejectif on
Mars, under the assumptions above. In this manner, we fincﬁygas around17° (fig.
2.8, solid curves), which is nearly 2 of the terrestrial ejection anglag°.

eje

The quantityr may be written in terms of the ejection angle:

r U a2 = [ a } (2.5)

pum— pum— C.O N
ArUhor ’UZJ Vgje | SIN ecjo

In the equation above, the quantity in the brackets can leleaéd both for Mars and for
Earth. On Marsq ~ 0.24 andsin 6, = sin 17° ~ 0.29; while on Earth ~ 0.45 and
sin HOEJ.C = sin 36° &~ 0.60. In this manner, the quantity in the brackets is aroOg both
for Mars and for Earth. The ratia, /rg is:

™ o (Uivl/v(lz\fc)

re (USE/UCEJ-O)
sinceu,; is proportional to the impact velocity,,, (Anderson and Haff 1988), which in
turn scales with); (Sauermann et al. 2001). Therefore, if we assume that theighgf

saltation on Mars is the same as on Earth, théeq. 1.34) should be approximately the
same on both planets.

~ 1.0, (2.6)

Finally, ¥ = ~/r remains, which has not yet been calculated for Mgrdetermines the
intensity of the splash events. How determinen Mars? This is what we will see in the
next chapter.
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20 40 60 80
0 (degrees)

Figure 2.8: Calculation of the angle of ejection for Martgaitating (rebounding) par-
ticles. The solution i}, = 6 for whichsin(#) (dashed line) equalg(#) (solid line)
defined in eq. (2.4) and calculated restitution coeffici&ht= 0.45 as on Earth. The
solution isg ~ 17°.

eje

2.3 Conclusion

We have seen that only rarely do winds on Mars transport seaidsgthrough saltation.
Orbiters and landers could detect evidences for saltatiente by comparing images of
Martian soils after and before major dust storms (Arvidsbale 1983; Moore 1985;
Greeley et al. 1999; Greeley et al. 2000; Sullivan et al. 2006 this manner, it has
been concluded that saltation on Mars occurs only withingih&ts of extreme aeolian
activity, which are associated with dust storms that mayioegery 6 Earth’s years (or 3
Martian years). Within such peaks of wind velocity, manyhaus estimated that, may
reach maximum values betweer2 and4.0 m/s, and may last above the threshold only
for a few seconds (Arvidson et al. 1983; Moore 1985). Agaarywnprobably must,
achieve values of the order 610 m/s on Mars (Sullivan et al. 2005).

Such values of., are effectively not far above the Martian threshold velpfot saltation,
usx, = 2.0 m/s (Greeley et al. 1980). In fact, valueswf/u,, betweenl.0 and2.0 are
typical in terrestrial dune fields (Fryberger and Dean 1979pwever, once the wind
succeeds entraining grains into flow, Martian particleggdrenuch faster than their Earth’s
counterparts, and the sand flux on Mars is 10 times larger dhaBarth (White 1979).
Here we have calculated the quantities of the dune modelrgmgesaltation on Mars,
and we have shown that the grain trajectories, the sand fldxttaa average saltation
velocity may vary in an important way with the atmospherinditions on Mars. Finally,
to calculate saltation at a given location, we can take thal lealues of Martian pressure
P and temperaturé measured by the MGSRS Team (e.g. fig. 2.5).
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In the following chapters, our aim is to find, from comparisaith the model results, the
different wind regimes and the sand flux associated with ierske dune shapes observed
on Mars and on Earth. We want to obtain the value.ofvhich formed dunes on Mars.
In the calculations of Mars dunes, the saltation model patara are obtained following
the procedure described here.

However, there is still one quantity which we need to solwe tilansport equations for
Mars. This quantity is the entrainment rate of grains intibasian, 4. It is in the next
chapter that we will obtain the Martian entrainment raternfrthe size of barchan dunes
on Mars.
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2.2.3 Conclusion




Chapter 3

Barchan dunes on Mars and on Earth

Barchan dunes are the simplest and best understood typenes dirherefore, we start
our exploration of Martian dunes with the investigation dfedd of huge barchan dunes
located in the Arkhangelsky Crater on Mars. We are inteddstanswering the following
question: Could Martian dunes have been formed under treept@tmospheric condi-
tions of Mars?

We procedure in the following manner: (i) first, we show thregghapeof barchan dunes

is function of the wind velocity and of the sand flux betweeneky we find that barchan
dunes on Mars have an elongated shape because the velobligriovhn winds is close

to the minimal value for sand transport; (ii) next, we showattthe wind velocity plays

a major rule for thescaleof dunes: the minimal size of a barchan dune decreases with
the wind velocity. We find that the minimal size of Martian ésncan be reproduced
with realistic winds only if the rate at which grains are airied into saltation on Mars is
one order of magnitude larger than on Earth; (iii) this ledaund one equation for the
saltation entrainment which can be extended to diversesihesic conditions. Finally,

we estimate the wind velocity on Mars from the shape of Mariarchans.

3.1 The shape of barchan dunes

Barchan dunesalso called “Wanderdiinen” in german, are certainly tret keown dunes
(Bagnold 1941; Finkel 1959; Long and Sharp 1964; Hasterirf@@7; Lettau and Lettau
1969; Embabi and Ashour 1993; Besler 1997; Hesp and Has1i®g8; Jimenez et al.
1999; Sauermann et al. 2000; Hersen et al. 2002; Bourke &0&l4; Elbelrhiti et al.
2005). They have a windward side, two horns, and a slip fadbeatee side, where
avalanches take place (fig. 3.1). Barchans appear undeitiomsdof uni-directional
wind, in places where there is not enough sand to cover thebtledBarchan dunes are
subject of scientific and also environmental interest beeani their high rate of motion.
For instance, barcharis— 5 m high may coveB0 — 100 m in a year. Such dunes are
found very often on coasts, where they emerge from the sef #am grains of which,
after being deposited onto the beach, dry and are thereaftexined into saltation.
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In figs. 3.2 and 3.3 we see barchan dune fields on Earth and os) Mapectively. It is
remarkable that barchan dunes may have very different shapeld geomorphologists
define as dunshapethe proportions between dune height width 1" and lengthl. of a
dune. These quantities are defined in fig. 3.1.

windward side

=
vt = Wface

“——— horns

Figure 3.1: Sketch of a barchan dune showing the windwas siorns and slip face. In
the inset we see the definitions of dune witlthand lengthl.

Figure 3.2: Barchan dunes in Morocco. We see that very smaksido not display slip
face or horns. Image from the World Wide Web.
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Figure 3.3: MOC images of martian dunes.Barchan dunes in the Arkhangelsky crater
(42°S, 25°W). In b., c. andd. we see north polar dunes ifi6(3°N, 263.5°W), (76.6°N,
255.9°W) and (71.7°, 51.3°W), respectively.
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What are the relevant variables that determine the bardiegre® On one hand, the grain
diameter, gravity, and the atmospheric density are diffeoe Mars, and therefore the
size of dunes on Mars is different than on Earth, as we wittuls later in this Chapter.
Further, the dune shape is a function of thied strengthand of the amount of mobile
sand, oilinter-dune sand flugBourke et al. 2004).

The wind shear velocity,, may have very different values depending on the location
of the field (Ash and Wasson 1983; Pye and Tsoar 1990). lligaineand Rust (1988)
found that rates of sand deposition can be ten times higheoastal dune fields than
those in mid-desert sand seas, due to the abundant sang sagandy beaches and the
higher energy of coastal winds. Lancaster (1985), Tsoa8&L&nd McKenna Neuman
et al. (2000) suggested, based on field observations, tedtafuency distribution of
winds above the threshold may determine the overall moggyobf dunes. As stressed
by McKenna Neuman et al. (2000), “dunes in areas charaettty coarse sediment
(higher effective threshold) and/or low wind speeds willdéo have lower, longer profiles
(lower aspect ratio) compared with those in areas of finensexlis and/or strong winds”
(McKenna Neuman et al. 2000). On the other hand, the inteedlux has been subject
of field measurements (Lettau and Lettau 1969; Frybergel. e1284) and may vary
significantly even in the same area (Fryberger et al. 1984dlepends on the amount
of loose sand available between dunes, on the size andbdisdn of large immobile
particles, humidity and the presence of sparse vegetafiomflux between barchans in a
field is normally smaller thaf0% of the maximum flux (Fryberger et al. 1984).

Let's investigate how the wind strength and the inter-dung fhfluence the barchan
shape We perform different calculations of a barchan dune stgriwith the simplest
initial surface, which is a Gaussian hill of heightand characteristic lengthas shown
in fig. 3.4. In calculations we use open boundaries, an usietonal wind of friction

> -

Figure 3.4: The initial surface is a Gaussian hill of heigh&ind characteristic length

speed:, and a constant sand inflgx, at the inlet. The influx is interpreted as the average
inter-dune flux in a dune field. The Gaussian hill evolvesmmetiuntil it achieves a final
barchan shape. We then study how the dune shape dependsonpandg, /gs.

In fig. 3.5, we see terrestrial barchan dunes calculateddiffierent values of wind fric-
tion speed.,, but with a constant value af,, /¢ = 0.20. In the main plot of this figure,
we see that the dune lengthincreases with the width” at different rates depending on
the wind strength: the lowest wind speeds (circles) yieldeetongateddunes indepen-
dently of the dune size, while the ratig/TV for any value ofl¥ decreases with,. On
the other hand, the lower inset of fig. 3.5 shows that the demghhincreases linearly
with the width¥ in a similar manner for all shear velocities.
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Figure 3.5: In the box on top, we show dunes of width 12, 21 and48 m, from the left
to the right, calculated with, = 0.36 m/s andg;,/¢s = 0.2. Threshold shear velocity is
us, = 0.22 m/s. The main plot shows the linear relation betwéeand 11" for different
values of shear velocity, = 0.3 (circles),0.36 (squares)(.41 (triangles) and).46 m/s
(stars). The upper-left-hand-corner inset shows the édcign /17 as a function of the
dune widthi¥ for the corresponding values of. In the bottom-right-hand-corner inset,
we see that the widthl” of the dune increases with the heiglitin the same manner for
all values ofu,.

The upper inset of fig. 3.5 shows that thecentricityof the dune /W, depends on the
dune size: itis larger the smaller the barchan dune, whil¢gityest dunes have essentially
a constantL /. Dunes of different sizes, calculated with/u.. = 1.65, are shown in
the box on top of fig. 3.5. We see that the dune shape is in fdctaade invariant, as it
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has been recognized and explained previously (Sauermahn2&01; Kroy et al. 2002).
On the basis of the results shown in fig. 3.5, we conclude heashape of barchan dunes
may be different depending on the field, since the wind sttentay have distinct values
depending on the geographical location (Pye and Tsoar 1990)

Here it must be emphasized that the wind strength we conisidanean value of the wind
velocities (above the threshold) associated with sandp@m. In a given field, the wind

is normally very fluctuating in time, a large fraction of whits velocity is even below
the threshold for saltation (Pye and Tsoar 1990). Time s@fevind speed measured in
the field may be found for instance in McKenna Neuman et al0@2@nd Knight et al.
(2004). The wind velocity:., we use in our calculations is interpreted as a represeatativ
value of winds strong enough for saltation to occur — an ayewver the wind velocities
above the threshold.

Indeed, even in the same field, dunes may display differemcéseir shapes. Dunes
with asymmetries, for example, may be a result of small,lléoatuations in the wind
direction and/or variations in the topography (Bourke et28l04). Further, the shape of
the dune depends on the amount of sanfldix, as we call the flux at the inter-dune area
for the downwind barchan, which may vary significantly in anddield (Fryberger et al.
1984).

One factor that determines the sand influx is the distriloubiodunes upwind. While the
net flux just after the slip face of a barchan dune is zero, theifl nearly saturated at
the tip of the dune horns. The sand which leaves the hornansiorted through the
inter-dune area and reaches the windward side of the dowhelune. The amount of
sand transported depends on several variables. Firspéindis on the shape of the dune
horns; dunes with thicker horns lose more sand. We notiddhisaproperty can only be
captured in a three-dimensional calculation of dunesgedine horns are not included in a
two-dimensional model (Kroy et al. 2002; Kroy et al. 2005 De other hand, the sand
flux which arrives at the dune depends on the transport ptiepeasf the inter-dune area.
While inter-dune areas with vegetation and humidity map tre sand, on bedrock, the
flux is essentially conserved, while the sand flux on areds miich sand is saturated.

We investigate how the dune shape depends on the influx abléteoif the simulation
grid, i.e. on thdanter-dune flux In fig. 3.6 we see how different a barchan dune of width
W = 180 m appears with different values of /u., and withg,, /¢s, which varies from

1 to 50%. Kroy et al. (2005) have shown that the aspect rafid. increases with,.
Furthermore, there is an interesting feature which we cansae with three-dimensional
calculations. The “slim” shape (small windward side conegato the dune width) of
barchans is characteristic for areas of lgw/¢s, and as the influx increases, the dunes
become “fat” (large windward side).

The differences between “slim” and “fat” barchan shape®hseen noticed by Long and
Sharp (1964), who reported that these dunes also behaesediffy. Long and Sharp
(1964) observed that the “fat” barchans at Imperial Vakgsiifornia, are the more “mor-
phologically complex and areally larger dune masses”, aag be also a result of dune
interaction, coalescence and dune fusion. Their intespogts are in accordance with
our calculation results for a larger inter-dune flux and ¢f@ne a higher amount of sand



Barchan dunes on Mars and on Earth 75

A
2.50

1.86

U, Uy

1.37

7

0.01 0.15 0.30 0.50
qm/q‘s

Figure 3.6: Barchan dunes of widify = 180 m calculated with different values of
relative wind friction speed. /u., and influxgi, /gs.

(influx) at the upwind of barchans.

One important issue which has been addressed by Long ang §t864) is how the
rate of movement of a barchan dune depends on the dune shapgahd Sharp (1964)
speculated that the fat dunes might move at different ré@s $lim dunes. First, if the
outflux at the dune horns is smaller than the influx, the dunmstable and is growing
in time. In this case, a fat dune should m®lewerthan its slim counterpart, because a
greater volume of sand is needed to produce a correspontirgpise in height of the fat
dune. But if the influx more or less balances the loss of sarideotiune at the tip of its
wings, then the opposite should occur: in the steady-statditton, “a fat barchan should
move more rapidly since most of the sand causing advanceiieddrom the windward
slope of the dune itself, and a fat barchan has a long windslape as a source of supply”
(Long and Sharp 1964).

From the field observations, Long and Sharp (1964) could raat ény conclusion about
the influence of the dune shape on the dune velocity: these/betearly independently
of each other. This can be seen in fig. 3.7, where we plot thecitglin m/year of all
dunes of widthi/” = 180 m shown in fig. 3.6. We see that the velocity of dunes with
the same width increases wiif); however,u, is nearly constant within a given barchan
field. On the other hand, the dune velocity is nearly indepahdf the inter-dune flux
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¢in/ gs,» Which may vary within a given dune field. Figure 3.7 illusésithe observation of
Long and Sharp (1964) that in a given barchan field, the vigle¢ia dune is determined
effectively by the dune size and is essentially independgtite dune shape.
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Figure 3.7: Migration velocity of a terrestrial barchan duof width W = 180 m as
function of the relative wind friction speed /u., calculated for different values of influx

Qin/qs-

3.2 Minimal size of a barchan dune

In fig. 3.5, we see that the dune shape depends on the dunesdé)ere is also one
important feature, which can be also observed in the imags (3.2 and 3.3) — The

characteristic slip face and horns are absent from the estdiarchans. There is, thus,
a critical size for a barchan dune to nucleate. Below thisimmh size, sand dunes are
calleddomes

The minimal size of dunes is determined by the distance ofdaixration. This distance
increases with the length of the saltating trajectorigsyhich in turn scales with the
quantity

Edrag - dpgrain/pﬂuida (31)

whered is the grain diametef,,.;, is their density,pq,iq is the density of the driving
fluid, and/q,., is the distance within which a sand grain lifted from the bealches the
wind velocity (Andreotti et al. 2002a).
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The proportionality between the minimal dune size and thtatsan length and/y,,, has
been verified in the field and also in the laboratory. Herseal.et(2002), supported
by previously reported measurements on several terreséniehan dune fields, observed
that the smallest dunes have heights of the ordef;Qf, and that the minimal width
Wiin Of @ barchan dune is approximately 20 tinfgs,. Since the sand of aeolian dunes
is constituted by quartz grains of mean diametet 250 xm and density,,,i, = 2650
kg/m3, we obtain, using the air densipf,q = 1.225 kg/m?, L4, (and therefored,,;,)

~ 50 cm, andWW ,;, around 10 m. It is somewhat intriguing that Hersen et al. 2200
could find a similar relation for the minimal size of aquatitneés although saltation in
water is much attenuated because of the high density of thmglfluid (Hersen et al.
2002). In their experiment, they found dunes 1000 times lemtilan the aeolian dunes,
sincepauiq Of water is10% kg/m?.

As observed recently, there are other physical variablsglbs/,,,, Which appear rele-
vant to explain the scale of dunes (Kroy et al. 2005). Barstae also found on Mars,
where the atmospheric density is 100 times smaller than oth E®ecause the mean
grain diameter/ = 500 pm and density,.i., &~ 3200 kg/m? are not very different from
the Earth’s, we would expect dunes on Mars to be accordinglytEnes larger, and at
least around 2 km in width, sind&,,, on Mars is nearly 100 m. However, we find on
Mars dunes of only a few hundred meters in width (fig. 3.3). @nlasis of this surpris-
ing inconsistence, it has been suggested that still unkmoigroscopic properties of the
Martian saltation must be understood and taken into acdawrtler to correctly predict
the size of dunes on Mars (Kroy et al. 2005).

In fig. 3.3, we see that the size and the shape of the domes dinel dfines are particular
for each field. We have also seen that different dunes aréneldtalepending om., /.
andg,/gs. In fact, the properties of dunes are related to the spea@fiditions of wind
and flux in the field (Bourke et al. 2004).

Here we investigate how the field variables/«.. andg,, /¢s, influence the minimal dune
size. We first study the minimal size of terrestrial dunespanticular, we look for the
smallest barchan dune for each sefof /u., ¢in/qs}. We also want to investigate how
the shape of the minimal dune depends on the wind strengthhenfiux in the inter-
dune area. To determine the minimal size, we perform sinamstof dunes of different
sizes, where we begin with sand hills of different heightsvith a constanti /o ~ 0.2.
The dimensions of the largest dune below which slip face amddhare absent define the
minimal dune size.

The shear velocity., is the only of the studied field variables which explicitlyters
expression (1.33) for the saturation length of the fliixx, We expect the dimensions of
the smallest dune obtained in calculations to decreasethatlshear velocity, since the
saturation length also decreases withWe calculate the minimal widti/,;, and length
L, Of the barchans for different values of betweenu,, and2.3u,,. We notice that a
value of2.3u,; ~ 0.5 m/s is associated with a wind velocity 8f6 m/s or 31 knyh
at a height of 1 m, using a roughness length= 1 mm. Wind velocities larger than
8.0 m/s are among the strongest measured on dune fields, and acefounstance in
northeastern Brazil (Jimenez et al. 1999; Parteli et al62D0
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As we can see in the main plot of fig. 3.8, the minimal dune wiihreases frors3.0

m to 3.0 m if u, changes froml.37u,; or 0.3 m/s to 2.3 u,, or 0.5 m/s. On the basis
of the result of fig. 3.8, it is interesting that the smallestdhnans found in the Lencgois
Maranhenses in northeastern Brazil (Parteli et al. 200&e¢ hidths between 5 and 10
m. Wind shear velocities reported for that region reacheshetween.35 and0.45 m/s
(1.6 and1.9 timesu,) (Jimenez et al. 1999; Sauermann et al. 2003; Parteli eD86Q.
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Figure 3.8: Main plot: Minimal dune width,;,, as a function of the relative shear
velocity u, /u., obtained withg,, /¢s = 0.20. The lower inset shows the “eccentricity”
Linin/Whiin- In the upper inset, we sholy,,;,, (squares) an@V,,,;, (diamonds) as functions
of the characteristic length of flux saturatidg, calculated with the corresponding values

of u,/u. in the main plot. The straight lines are displayed to showlitiesar increase of
the dimensions of the minimal dune with the saturation lergt

The result of the main plot of fig. 3.8 is a consequence of tipeesssion obtained for the
saturation length (eq. (1.33)), which is proportional te thean saltation lengthbut also
decreases with the pre-factef(u, /u.;)* — 1] of the multiplication process of saltation.
The denominator of eq. (1.33) gives the efficiency of the wim@arrying grains into
saltation. This increases, in turn, with the relative witietisgth (7 — ;) /7, and with
the amount of grains available from grain-bed collisions ke taster the population of
saltating grains in the air increases, the faster the fluxatds. The linear increase of the
minimal dune widthiV,,;, and lengthL,;, with ¢/, can be seen in the upper inset of fig.
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3.8, where we see that the saturation length is the relegagth scale of barchan dunes.
The width of the smallest barchai/,,;,, is aroundl2 — 14 times/,, while the minimal
dune lengthl,,;, is approximatel\22 — 24 /.

In the lower inset of fig. 3.8 we see that the “eccentricilyy;, /Wi, Of the smallest

dune also changes with the shear velocity. Since dunesfefelit sizes have different
eccentricitiesL./W (see fig. 3.5) the quantity,;, /W, IS particular to the minimal

dune, and is useful for the characterization of a dune field.

In fig. 3.9, we show the shape of the smallest dunes obtaingddifferent values of
us/us andg;, /qs. Furthermore, fig. 3.10 shows the eccentridity:, /W, of the small-
est dune as a function qf, /¢, for different values ofu, /u... In the inset of this figure,
we show the minimal dune width/,,;,, as a function of;,, /¢;. We see that the minimal
dune width increases with the sand influx, and that the edcewntL,,;, /Wi, decreases
almost linearly withg;, /¢s.

A
2.50

1.86

U, Uy

1.37

7

0.01 0.15 0.30 0.50
qm/q‘s

Figure 3.9: Minimal dunes calculated with different valoéselative wind friction speed
Uy /us and influxg;, /¢s. The filled area has dimensions ¥3104 m.

In summary, we conclude that the size and the shape of théesthdline provide, respec-
tively, a local indicative of the wind velocity and the améofmobile inter-dune sand in
a barchan field.
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Figure 3.10: Main plot: EccentriCity.,,i, /Wi, Of the smallest dune as a function of
¢in/gs calculated for different values of shear velocity; /u., = 1.37 (squares),l.64

(circles) and2.50 (triangles). The corresponding values of minimal dune widlt,;, are
shown in the inset.

3.3 Dune formation on Mars

Huge, dark barchan dunes have been observed on the floorerkevaters on Mars.

Similarly to Earth’'s barchans, they form corridors and ¢éamune fields, as in the
Arkhangelsky crater (fig. 3.3). It appears surprising thtai-crater dunes on Mars
look in general similar: they have mostly an elongated sh{8oeirke et al. 2004). It

is also interesting to notice that Martian barchans do noé hia general superimposed
craters (Marchenko and Pronin 1995), which would imply thaye been formed in the
past where the density of the Martian atmosphere was proleigler than in the present
(Melosh and Vickery 1989).

If Martian dunes have been formed by the present Martian spimere, winds one order
of magnitude stronger than on Earth have been responsitillediv appearance (Greeley
et al. 1980). Such winds, in fact, occasionally occur on Mfsore 1985; Greeley et

al. 1993; Sullivan et al. 2005). In the present work, we asstimat Martian dunes have
been formed by the present atmospheric conditions of Marsth® basis of the results
presented above, our aim is to find, from comparison withudatmons, the conditions of

wind and sand which have given the dunes the shape obsertteel MOC images.
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3.3.1 The shape of the barchan dunes in the Arkhangelsky Crat on
Mars

The barchan dunes in the Arkhangelsky cratdr(°S, 25.0°W) are among the largest
barchans on Mars, and have been imaged by the MOC camera wagoktion of4.5
m. Furthermore, there are very good reasons to begin ouy stiid the Arkhangelsky
dunes: they have a wide spectrum of dune sizes, and theyeaomiffield of large dunes
imaged by the MOC camera in which barchans appear well sieplafieom each other,
have not been significantly altered by secondary winds, anbdl appear joined at their
horns forming chains of barchanoids. For example, suchifestare observed in the giant
dunes at Kaiser crater and Proctor crater (Fenton et al.)2003

From comparison with the shape of the Arkhangelsky dunepaiticular of the min-
imal dune as discussed in the last section, we can estimateaih{w. /u., ¢in/g} In
the Arkhangelsky crater. Many of the model parameters we teealculate dunes on
Mars are known, as discussed in Chapter 2. The atmosphegsyme” and temperature
T near the Arkhangelsky crater are, respectively, mbar and210 K (MGSRS 2006).
These values yield a local Martian atmospheric density; = 0.014 kg/m?, and a fluid
viscosityn ~ 1.06 kg/m-s. Using the mean grain diametér= 500 xm, grain density
perain = 3200 kg/m?, and gravity3.71 m/s?, it follows that the threshold wind friction
speed for saltation in the Arkhangelsky crate.js = 2.12 m/s. Further, the values of
most of the saltation model parameters are determined tisengquations presented in
section 1.3.

However, there is still one missing quantity for Mars: thedmloparametery, which we
need to calculate the saturation lengtfeq. (1.33)). As we explained in chapter2nust
be obtained from comparison with measurements of satarfémsients (Sauermann et
al. 2001), which are not available for Mars. Moreoveis defined asy = r¥, wherer
on Mars is nearly the same as on Earth (eq. (2.6)), but we denmt the entrainment
rate of grains into saltatiory, on Mars.

In this manner, we have in fact three unknown quantitiegu., ¢i,/gs and~. We thus
proceed in the following manner: first, we fix one parametée average inter-dune
flux in the Arkhangelsky crater,/qs = 0.20. This value is representative for fields of
terrestrial barchan dunes propagating on bedrock (Frgbetgal. 1984), and on the basis
of fig. 3.9, we expect that a significant error appears only,if¢s is much larger than
20%, which is a condition rarely met in fields of barchans (Frgeeret al. 1984). Next,
we select one dune in the Arkhangelsky crater, which haswidt= 650 m, and whose
shape we try to reproduce first with the correct choice ahdu, (Parteli et al. 2005).

If we take the same = 0.2 as on Earth, we obtain a surprising result: the Gaussian hill
does not evolve into a barchan dune, unless we take valuesfaf above the realistic
values — these are betwe2n and4.0 m/s (Moore 1985; Sullivan et al. 2005). However,

if we take values ofy approximately ten times larger, then barchans are obtaaseshown

in fig. 3.11. We see that the elongated shape characterfdtie @rkhangelsky dunes is
obtained with values oi../u.. smaller tharl.5, which means., around3.0 m/s. For a
constant value off = 2.0, the dune shape deviates from the Arkhangelsky barchans for
increasing values af,. Thus, the shear velocity in the Arkhangelsky Crater musise
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to the threshold for saltation transport. This explainsealomgated shape of intra-crater
barchan dunes on Mars.

"Sw << <

i3 14 15 16 17 18 19 2
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>

Figure 3.11: Barchan dunes of widili = 650 m calculated using parameters for Mars,
with v = 10 vgaren, @and different values of wind shear velocity/ w..

3.3.2 Entrainment of saltating grains on Mars

The wind shear velocity.,, ~ 3.0 m/s estimated for the Arkhangelsky crater is well
within predicted values of, on Mars. But why should the Martianbe ten times larger
than on Earth? Because= v/4 on Mars is not different than the Earth’s value, we must
understand why the Martian entrainment ratediffers from the one on Earth.

Once saltation initiates, the grains which enter into flouneomainly from the splash
resulting from grain-bed collisions. This means that theoam of particles which are
launched into the saltation sheet must be proportionaleé@tierage number of particles
ejected from the splash. In this manner, the entrainmeatjres proportional to the total
number of grains ejected after grain-bed collisions.

Anderson and Haff (1988) showed that the number of splashedsyis proportional to
the velocity| i, | Of the impacting grains. Let us rescéig,,| with |T..| = v/gd, which
is the velocity necessary to escape from the sand bed (Atidetaal. 2002a). This
velocity has value approximately5 cm/s, both on Mars and on Earth. Furthgg,,,|
scales with the mean grain velocity,|. In this manner, we obtain

7 o< |ik]/+/gd. (3.2)

Typical values of the average velocity of saltating graindvars are shown in fig. 2.7
and in Table 2.2 as function of the relative wind friction ege.. /u.,. We see that the
grain velocity on Mars is one order of magnitude larger tharEarth: || scales with
uy and has only a very weak dependenceu@which we neglect. In this manner, we
can writey o wu./+v/gd. Since we know that = 0.2 on Earth, whergy = 9.81 m/s?,

d = 250 pm andu,, = 0.218 m/s, we obtain

Ut

v = 0.045—L.
Vyd

(3.3)
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Figure 3.12: Main plot: Minimal widthV/,,,;, of barchan dunes on Mars as a function of
the relative shear velocity, /u.,. The valuelW,,;;, ~ 200 m is associated with a shear
velocity around. .45 u,, or 3.07 m/s. In the inset, we show the eccentricity of the minimal
dune as a function af,, / ¢s, calculated using. /u.; ~ 1.45. We see that the eccentricity
Linin/Win = 2.0 of the domes in the Arkhangelsky Crater is reproduced witinger-
dune flux of25% of the saturated flux.

Equation (3.3) gives ~ 2.24 in the Arkhangelsky crater, which is in fact one order of
magnitude higher than the Earth’s value, as found in a @iffeway in the last section.

Now that we have calculated on Mars we can use the results of Section 3.2 to obtain
us/us andgi, /gs in the Arkhangelsky dune field from the minimal dune size.

In fig. 3.3a we see that the smallest dune in the Arkhangels&ye€has widthV,;, =

200 m and lengthL,,;, = 400 m. On the other hand, in the main plot of fig. 3.12 we show
the minimal dune widthV,,;, as function of the relative shear velocity/u.; obtained
with parameters for the Arkhangelsky crater. In this figuve,show an astonishing find-
ing: the minimal size of Mars dunes decreases from 250 m.falose to the threshold
shear velocity to nearly 20 m fat, ~ 6.0 m/s or three times the threshold. This is a vari-
ation of one decade in the minimal dune size. Furthermoresomelude that the value of
Win = 200 m is obtained with:, aroundl1.45 u, or 3.07 m/s. This is the same result
obtained previously in this section from comparison with ¢hongated shape (fig. 3.11).

Next, we show in the inset the eccentricity,;, /Wy, of the minimal “Arkhangelsky”
dune as function of;,/q;. We see that the ratid.,;, /Wi ~ 2.0 is obtained if the
average inter-dune fluy, is approximateh25% of the saturated flux..

Figure 3.13 shows the results obtained using= 1.45u,, andg,/gs = 0.25. In this
figure, we show four Arkhangelsky dunes of different sized tedunes calculated with
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the model. Further, the plot in fig. 3.13 shows the lengths function of widthil of
the Arkhangelsky dunes (circles) and of the dunes obtamedlculations (full line). We
see that the values af, /u., andg;, /¢s obtained for the Arkhangelsky crater on Mars not
only reproduce the minimal dune but also describe well theeddence of the shape on
the dune size.
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Figure 3.13: Barchan dunes in the Arkhangelsky Crater onsMi@g. 3.3a). We see
MOC images on the left and calculated dunes on the right. TdteshowsL vs W of the
Arkhangelsky barchans (circles) and north polar barchéions3.16) at77.6°N, 103.6°W
(stars). The continuous (dashed) line corresponds to diateslated withP? = 5.5 mbar,
T = 210K, gin/qs = 0.25 andu, = 3.07 m/s (P = 8.0 mbar,T = 190 K, ¢in/qs = 0.29
andu, = 2.92 m/s).

What is the consequence of a ten times larger entrainmenbraMars? The higher rate
at which grains enter saltation on Mars amplifies the “feellbeffect” and reduces the
distance of flux saturation. As the quantity= yr enters the definition of the saturation
length/, (eq. (1.33)), it plays an essential role for the scale of duireaddition to the
mean saltation lengthor the quantityy,g.

The distance of flux saturation,, scales with the saturation length and also depends
on the sand influx, (fig. 3.14). For the value af,,,/¢s = 0.25 found for the Arkhangel-
sky crater,)\, is around six times the characteristic length(fig. 3.15), which, on one
hand, effectively increases with However, here we found that « ¢, o ¢/ on Mars
is, on the other hand, reduced by the larger Martian splash.
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Figure 3.14: Flux as function of downwind distance calculated over an “Arkhangel-
sky” flat sand bed using different values@f/ .
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Figure 3.15: Distance of flux saturation normalized by/,, as function of the influx
gin/qs- Here ) is the distance after which the flux has’®®f its maximum valuey, =
0.1465 kg m~! s71, and/, = 15.5 m as in the Arkhangelsky Crater.
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The results presented in this Section explain why the Argkleky dune simulated with
the terrestrialy did not evolve into a barchan dune (Section 3.3.1). If we thkesame
~v = 0.2 as on Earth, the saturation length obtained for the Arkhigkgecrater, using
u, = 3.0 m/s, is aroundl 70 m, which gives\; around1.0 km, andW,,;, ~ 13(; ~ 2.2
km. The Arkhangelsky dune we wanted to simulate had widthm, which is smaller
than the minimal width. However, with the valueof= 2.24 obtained with eq. (3.3), the
saturation length in the Arkhangelsky cratet is5 m, which gives\; ~ 90 m and yields
the correct value ofl/,,;, &~ 200 m.

In this manner, substituting eq. (3.3) into eq. (1.33), weehabtained a closed set of
sand transport equations from which the value of wind fittspeed.. /u., and inter-
dune fluxgi, /g5 in a given dune field on Mars can be determined from compamgtn
the shape and the size of the minimal dune, on the basis oé¢léts presented in section
3.2.

We tested the scaling relation (3.3) with a second Martianhzn field which is near the
north pole (fig. &), and wheréV,,,;, ~ 80 m andL,,;, =~ 130 m. At the location of the
field, P = 8.0 mbar andl’ = 190 K (MGSRS 2006), and thus,; ~ 1.62 m/s. From
Winin @Nnd Ly, We obtainu, /u., ~ 1.8 oru, = 2.92m/s andg, /qs =~ 0.30. In fig. 3.16,
we see that the behaviofiragainsti? of the barchans in this field (stars) is well captured
by the model (full line).
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Figure 3.16: Calculations of martian north polar barcharesr77.6°N, 103.6°W (fig.
3a). We see MOC images of dunes of different sizes on the left,camthe right we see
dunes calculated using = 8.0 mbar, 7" = 190 K, u, = 2.92 m/s andg;, /¢s = 0.29. The
plot showsL vs W for the real dunes (stars) and for the calculated ones {fig).|

It is interesting that the:, obtained for the north polar field is very similar to that in
the Arkhangelsky Crater, although;, is lower in the north polar field due to the higher
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pauia- Moreover, the values af, /u,, obtained for Mars are within the range of the ones
measured in terrestrial barchan fields (Fryberger and D8a®;1Embabi and Ashour
1993; Sauermann et al. 2003). Indeed, we see in fig. 3.17itlsath winds do exist on
Mars today with the same frequency as they do on Earth, Machaas would move ten
times faster than those on Earth.
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Figure 3.17: Dune velocityy, as function of the dune length We see that Mars dunes
(filled symbols) move typically ten times faster than Eartmes (empty symbols) of
sameL, obtained with similar values of, /u.; as on Mars —,, = 1.45 (circles) andl.8
(squares).

Rounded barchans

In the north polar region of Mars, there occur particularelshapes that deviate from the
elongated intra-crater barchans. One example of a fieldraithded north polar barchans
is shown in fig. 3.3d. The dunes of this field have a mysteribaps that remembers the
“fortune cookies We have applied the minimal dune size method to obtain thelw
shear velocity in this field. From the data of MGSRS (2006) \aeeh” = 8.5 mbar
and7T = 170 K at the field, which is near1.7°N, 51.3°W. From W,,;, ~ 75 m and
Linin = 100 m, we findu, /u.; ~ 2.09 or u, = 3.06 m/s, whileg;,/qs ~ 0.49. In fig.
3.18, we show the results of the calculations using theseesadfu, /u., andg, /gs.
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Figure 3.18: Martian north polafdrtune cookiesbarchans near1.7°N, 51.3°W (fig.
3.3d). MOC images of the dunes are shown on the left, whileedwm the right have
been calculated using = 8.5 mbar, 7 = 170 K, u, = 3.06 m/s, andy;,/¢s = 0.49.

Again, the value of., obtained is essentially the same we found for the dunes in3ig@8
and 3.16, although values of; vary significantly over the different fields (Table 3.1). In
the plot of fig. 3.18, we see that the valuge = 3.06 m/s reproduces the relatiah vs
W of the “fortune cookies” dunes. However, we see that theutaled barchans do not
present the rounded windward foot of the dunes in the imalyeEseover, the horns of
the calculated dunes are different. The dunes obtaineddnletions do not remember
“fortune cookies”.

The rounded shape of théftune cookiesbarchans is consequence of a complex wind
regime. Dunes as those in figs. 3-3bbcannot be obtained from calculations with uni-
directional wind. This is intriguing, because even thougltelated dunes with similar
relationsL vs W can be obtained, the dunes look different from the roundechldas ob-
served in the images. The shape of rounded barchan dundsevaitplained in Chapter
6.

| Barchan field [ ppua (kg/mP) | uy (M/S) | vy (M/S)| 7 |

Arkhangelsky 0.014 2.12 17.8 2.24
77.6°N, 103.6°W 0.022 1.62 12.3 1.71
71.7°N, 51.3°W 0.026 1.47 10.5 1.55

Earth 1.225 0.22 1.5 0.20

Table 3.1: Main quantities controlling saltation on Marsl@am Earth.
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3.4 Conclusion

Summarizing, we found from calculations of Martian barcharsing the present atmo-
spheric conditions of Mars, that the rate at which graingreséaltation on Mars is one
order of magnitude higher than on Earth. The higher entrairtmate is consequence of
the larger splash on Mars: Martian saltating grains traved @ velocity 10 times higher

than Earth’s grains (chapter 2) and produce much largesks@aents (Marshall et al.

1998) leading to highey values (Table 3.1).

We also found that winds on Mars do not excéetl+ 0.1 m/s, which is well within the
range of estimated wind speeds that must occur during magirstorms on Mars (Moore
1985; Sullivan et al. 2005). Our results explain the eloedatape of intra-crater barchan
dunes, predict the correct value of minimal dune size, aptbrkice the dependence of
the barchan shape with the size.

In this manner, our results show that the larger splash sv&we a crucial implication for
the formation of dunes on Mars. While on one hand the lowettislar and pq,;q result
in longer grain trajectories (White 1979), the higher ratefsich grains enter saltation on
Mars shortens the saturation transient of the flux, whichrd@nes the minimal dune size.
This explains the previously reported (Kroy et al. 2005|ufa of the scalingV.,,;, o< ¢
for Mars.

Finally, fig. 3.17 shows that barchan dunes on Mars move teegtifaster than on Earth,
which is not observed in reality. This is because winds onsdvae only seldom above
the threshold for saltation, as explained in chapter 2. &b thapter, we have seen that
saltation transport on Mars occurs probably during a fewosés in time intervals of
several years. If, for example, winds on Mars achieyve= 3.0 m/s during 40 s every 5
years (Arvidson et al. 1983), then, from fig. 3.17, we seedhdartian barchan of length
200 m would need yearsx 102 - (3600 - 24 - 365)/40 =~ 4,000 years to move.0 m.

It is therefore probable that spacecrafts orbiting Mars$ malver reveal any movement of
Martian barchan dunes.
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Chapter 4

Transverse dunes and transverse dune
flelds

The type of dune studied in the present Chapter appears thmleame wind regime of
barchan dunes, i.e. under unidirectional wind. The difieeesis the amount of sand on
the ground.

In fact, we can classify dunes appearing from unimodal waeglimes in the following
manner. Barchan dunesppear for lowest sand amount. As the amount of barchans
on the bedrock increases, these may join at their horns fgrhains ofbarchanoids
which present a characteristic sinuosity (fig. 4.1). As taedsavailability increases,
barchanoids may give rise teansverse dunesvhich align perpendicularly to the wind
direction. Therefore, barchanoids have been also calladdss transverse dunes” (Hesp
etal. 1989a).

Figure 4.1: Barchans join at their horns to form barchanimidise Lencois Maranhenses,
northeastern Brazil. If there were sand covering the groefakely spaced transverse
dunes would appear as the ones we will study in this Chaptegé credit: Morais Brito.
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However, there can also occur another scenario, in whictswerse dunes develop on a
dense sand sheftgs. 1a, 1.3b and 1.6b). In this case, the space betweers dufiked
with sand. Such dunes are found very often on coastal areas @lanet because of the
high littoral drift (Hesp et al. 1989a).

In this Chapter, we present field measurements of a traresderse field which develops
on a dense sand sheet in northeastern Brazil. We show thatramsgressivéHesp et
al. 1989a) dunes behave differently than barchans: thepeskloes not depend on the
dune size. Moreover, when we try to calculate transverseslusing the dune model
as recently done by Schwammle and Herrmann (2004), we fatd/gues of inter-dune
spacing obtained in the simulations are far above the medsanmes. This led us to the
conclusion that theseparation bubbleat the lee of transverse dunes must be defined in
a different way. In fact, the separation bubble, which haanbmodeled in an heuristic
manner to account for the flow separation at the dune lee (Baume 2001; Kroy et al.
2002), is still far from being understood (Wiggs 2001; Walked Nickling 2002; Parsons
et al. 2004; Herrmann et al. 2005). We show that a simple nuadiifin of the separation
bubble — by just shortening the separation streamlines eléfoy eq. (1.37) — yields
results comparable to the measurements.

4.1 Profile measurement and simulation of a transverse
dune field in the Lengdis Maranhenses

Lengis Maranhensess the name given to the coastal sand desert in the Mararthi® S
northeastern Brazil. The area of 155 thousand hectares @aodst of a length of 50
km is delimited by the coordinaté®°19'S, 02°45'S; and42°44'W; 43°29'W (fig. 4.2),
and has become National Park in 1981. However, this deskithwhas huge sand dunes
moving from the beach onto the continent under action ohstminds reaching 70 kytn,
presents some particular features. While aridness is thev&ed to characterize a desert,
the Lengbis Maranhenses have rivers, lakes and lagondsarsnual rain between 1500
mm and 2000 mm (fig. 4.3), which is an amount quite differeatrfithe mean rainfall
in desert areas (in general less than 250 mm). The high htynhegliel yields appropriate
conditions for a high diversity of vegetation forms, floraldauna (Magalhaes 2000). In
spite of the Management Plan recently approved (IBAMA 2008)ich aims to support
scientific research in the area, very few projects have baeied out so far in the Lencois
Maranhenses (Floriani et al. 2003).

The word “Lenc¢ois” means “sheets” in portuguese. It reterthe typical landscape of the
area, namely, the barchanoidal and transverse dune foahprbpagate downwind and
change continuously the complex landscape of the area.slbean speculated that the
process of dune formation in the Lengbis Maranhansemied approximatelyt0, 000
years ago (Floriani et al. 2003). The grains that form theegun the Lenc¢bis come from
the sea and are deposited on the beach in intervals of appaitedy 12 hours (IBAMA
2003). A recent sedimentologic study revealed that the sétite dunes in the Lencbis
is composed by quartz grains of mean diameter varying betwee 0.12 and0.35 mm
(IBAMA 2003), which are values around the average diaméter 250m previously
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Figure 4.2: Map of the Lenc¢obis Maranhenses region. Thadiatliransverse dune field is
located near the village of Atins, MA.
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Figure 4.3: Rainfall throughout the year. Vertical axisisnm monthr?.

reported for grains of sand dunes in other fields (Bagnold 1Rdncaster 1981; Living-
stone 1989; Pye and Tsoar 1990).

The wind velocity in the region of the Lenc¢bis Maranhenssasches an average value
of 8.3 m/s in the dry season, artll m/s in the wet season. The wind rose in fig.
4.4 shows that the wind blows mainly from the East. The awetagperature over the

Figure 4.4: Wind rose for the region of the Lencbdis Mararges corresponding to the
period from January to December of 2003. We see that the wowistmainly from the
East. The velocity of the wind (“u”) is shown in units of/s

year is28.5° and reaches a mean value 3 during the dry season (IBAMA 2003).
The region experiences a relative air humidity68f%s, which is due to the numerous
lakes and lagoons present in the area (IBAMA 2003). The a#idistribution is very
concentrated, as we can see in fig. 4.3. In the first monthseofehr, high rainfall makes
sand transport difficult, thus implying low dune mobility. |lArge fraction of the inter-
dune lakes formed in this period disappear in the dry seabBba.landscape of the dune
field appears to change continuously, indeed dune mobitiglies that the lakes often
reappear in different places with different contours. Towedst rainfall indices in the
studied area refer to the period between August and Noveniberfield work has been
carried out from 23 to 29 of September of 2003, in the middlgnefdry season.
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4.1.1 The coastal dunes of the Lerggs Maranhenses

The first systematic analysis of the geomorphology and ifieastson of dunes of the
Lencois Maranhenses has been published in portuguesengatves et al. (2003). From
interpretation of field dates analysis, aerophotographlandsat images, these authors
defined five groups of aeolian forms: free dunes; vegetataedsjdixed dunes; dunes “es-
teiras” and blow out forms. In particular, Gongalves et(@D03) classified barchanoids
and transverse dunes according to their sinuosity, inteedgpacing and rate of move-
ment. According to Goncalves et al. (2003), barchanoiés“@ab dunes”, which are
formed by barchans which join at their horns, and have lartgrdune spacing (fig. 4.1).
The distance between such dunes is proportional to thaiosity, i.e. dunes with many
oscillations perpendicularly to the wind direction are hgelparated from each other. On
the other hand, “2D dunes” are transverse dunes which haveihuosity and short inter-
dune spacing. Goncalves et al. (2003) proposed two mexinarib explain the origin of
these dunes. First, “2D dunes” might be a result of the ioteya of “3D dunes” with
vegetation at their extremities, which retards dune motAdternatively, “2D dunes” are
observed in areas of larger amount of sand.

4.1.2 Area of investigation

The dune field we measured in the Lenc¢bis Maranhenses agelddn the vicinity of
Atins, a small village in the Maranhao State (MA), just 1 krorh the sea (figs. 4.2 and
4.5). We measured the height profile of seven transverseschfribe field in fig. 4.5(b).
These dunes develop on a dense sand sheet and are, thetdfodeines”, according to
the definition of Gongalves et al. (2003).

The transverse dune field investigated is typical on higinggngeaches experiencing high
littoral drift, and is also called a “transgressive dunedfielvhich develops on a dense
sand sheet (Hesp et al. 1989a). The most remarkable difietmiween the studied dunes
and the typical barchanoidal forms in the Lencois is it fae distance between the dunes:
the transgressive dunes of fig. 4.5(b) have negligible4dtere spacing compared to their
width. These observations suggest that the higher santhbNi@y — as mentioned by
Goncalves et al. (2003) — must be decisive for the diffeagioin between the two kinds
of transverse dune fields. The shape of transverse duneenglstinfluenced by effects
of lateral sand transport and recirculating flow at the deee(Frank and Kocurek 1996;
Wiggs 2001; Walker and Nickling 2002).

As described below, we discovered that the small and variabér-dune spacing charac-
terizing such a transgressive or “2D” dune field is assodiati¢th a fluctuating value of
the distances between the brink and the crest of transvarsesd

4.1.3 Measurements

A tachymeter was used to measure the height variations aifféredit points along the
surface of the dunes, which define a profile with a length ofogin720 m, as shown in
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Figure 4.5: In (a) we show a Landsat image (1984) of the benlffaranhenses, where
the studied transverse dune field is indicated by the armo@)lwe show an image of the
studied field, from Embrapa Monitoramento por Satélit€a.9
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fig. 4.6. To interpolate the entire profile of the transvensealfield, we used the relative
distances and height differences between the measurets poidh a fixed anglé. = 34°

for the slip face for each dune. The reference height 0 is set at the foot of the slip
face of dune 3, whereas= 0 corresponds to the brink of dune 1, for which we did not
measure the whole profile. Our measurements have errorassmaf).1 m for the height
coordinate and m for the horizontal axis.
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Figure 4.6: Height profile of the transverse dune field stdie

The measured transverse dunes have heights of typicalyl0 m and a crest-to-crest
distanceD.., of 90 — 130 m, as shown in Table 4.1. The sixth column of this Table shows
the aspect ratio,, of these dunes, which is obtained by dividing their heighth@crest,
H..., by the corresponding values of the length of the windwadeé di,, and we find
thatr,s = 0.08 + 0.02 is consistent for all dunes. The quantities listed in Tableate
defined in fig. 4.7.

‘ Dune‘ Hcrest(m) ‘ Hbrink(m) ‘ dc(m) ‘ LO(m) ‘ Tws = crest/LO ‘ Dcc(iai + 1)(m) ‘

1 — 6.6 £0.1 — — — —

2 96+0.1]66+0.1|32+1|123£1 | 0.078£0.005 132 £1
3 88+£0.1]86x01| 71 | 961 | 0.092£0.005 94+1
4 7001|7001 01 | 651 | 0.108 £0.005 951
5 6.9+01]49+£01 |24+1| 951 | 0.073£0.005 119 +1
6 97+011]97+01 ] 0£1 | 8=*1 | 0.110£0.005 124+ 1
7 79+0.1|43+£0.1 |35+£1]127£1 | 0.062 £ 0.005 —

Table 4.1: For each dune in the profile of fig. 4.6 we identifgahumns 2, 3, 4, 5 and
6, respectively: The dune height at the crdét,..;, the height at the brinki, ,;., the
crest-brink distancé.., the windward side length, and the aspect ratiq,,. The seventh
column shows the crest-to-crest distar2g(i, 7 + 1) between the—th and(i + 1)—th
dunes.H . cst, Hyrink, d. and Ly are shown in fig. 4.7 for dune 5.

It is surprising that although the dunes have more or lessdhee height, the position of
the brink with respect to the crest,, varies strongly. This is in strong contrast with the
situation of single barchans, for which it has been obsefrad field measurements in
southern Morocco that the brink gets closer to the crestifgitdr barchan dunes (Sauer-
mann et al. 2000). In addition, differences between smalllarge barchans have been
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Figure 4.7: Profile of dune 5 in fig. 4.6 with definition of vasias H.. s, Hyrink, d. @and
Lo in Table 4.1. HeightsK) are measured relative to the foot of the slip face.

recently reported by Hesp and Hastings (1998). On the otred,H.ong and Sharp (1964)
have more generally identified two kinds of barchan dunes?gtim” and “fat” barchans,
which behave differently (Chapter 3). Bagnold (1941) rdgdrthis phenomenon as the
product of the lag in-between changes of wind conditions taedresulting changes in
sand movement.

The upper inset of fig. 4.8 shows the inclinatiqn of the windward side (circles) together
with the aspect ratio, (triangles) of the measured transverse dunes. Blgres defined
through the relatiotan 0y, = Heest /(Lo — d.), Whered, is the horizontal distance mea-
sured from the crest to the brink of the dune. From the vadud,,, = 0.10 & 0.02, we
getf., ~ 6°. The main plot of fig. 4.8 shows that the difference betweenhtights
at the crest and at the brink is essentially quadrati¢.inMoreover, fig. 4.9 shows that
the transverse dunes present a nearly parabolic shapeiratrébg. In this figure, we
lump the profiles of dune® — 6 together, and we can see that the windward sides of all
dunes at their crests superimpose in a single paraboli@auith maximum at point “C”.
The vertical (horizontal) axis of the main plot gives thefileo/l (horizontal distancé)
measured relative to point “C” for all dunes. The empty @scin the inset of fig. 4.9
represent the sampled profiles for all dunes close to poihtd€indicated by the dotted
lines, while the continuous line corresponds to the cyrve —k, 22, with k; = 0.0025.

For dune 3, we performed correlated measurements of the wailodity « and the sand
flux ¢ on two different points along its windward side. This duns &&eight,.;; = 8.8

m measured from the foot of its slip face up to the crest, ardahgth of its windward
side is approximately 100 m. We placed an anemometer at httadify m over the ground,
and the registered wind velocity was averaged over timevate of 10 min. An average
wind velocity of (us) = 7.5+ 1.2 m/s was registered at the brink of the dune (point “A”).
Then, we moved the anemometer to a point at about the middleeofvindward side
(point “B”), and the average wind velocity registered thesas (ug) = 5.4 + 0.5 m/s.

A second anemometer, placed at one point outside of the deidedit about 10 m from
the transverse dunes on a sand sheet where a field of smdiblbardeveloped close to
the ocean, registered an average wind velocityQf = 5.3 + 0.7 m/s, also at a height
of 1 m. We did not measure the wind velocity at different h&gbver the ground, and
thus we could not estimate the shear velogityand the aerodynamic roughnegof the
surface. If we take, for example, a roughness length 2.5 x 10~% m, we then obtain the
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Figure 4.8: Difference between dune heights at the crestaatiie brink, as a function

of the distancel. between the referred two points for the measured dunes. uras4
and 6 the crest coincides with the brink, while the corresiopmn data for dune 1 were
not recorded. The observed quadratic relation is a consegus the parabolic shape of
the dune at the crest. The upper inset shows the aspectgatio H,.s;/Lo = 0.08 =

0.02 (triangles) and the average windward side inclinatiomf,s = H et /(Lo — de) =

0.10 4 0.02 (circles),f,s ~ 6°. The lower inset shows the crest-brink distance versus the
height of the crest.

undisturbed shear velocity over the plang ~ 0.36 m/s, usingu(z = 1m) = 5.35 m/s.

It is interesting to note that these were essentially theesaatues of.., andz, found on
the dune field of Jericoacoara, also in northeastern Br3ail¢rmann et al. 2003). Since
we could not measure accurately the values of these qumtite use in our simulations
(see Section 5) estimated values«gf close t00.4 m/s andz, betweer).8 — 3 mm.

At the same positions of the dune where the anemometer waeplas shown in fig. 4.10,
we fixed 3 cylindrical traps to measure the corresponding flar. Each trap consists of
a cylinder of 1 m height and 4.8 cm diameter, and has an opdicadesiot of 1 cm width.

The traps were turned with their slit facing the wind and th@ittom buried in the sand
(see fig. 4.10). The back of the traps has an opening of 2 cninwaltered by a permeable
fabric with pores smaller than the grain diameter. Inijighe traps were placed with their
back showing in the wind direction. Then, they were simwdtarsly turned to align their
openings with the wind direction and sand was collectedsimdglar way as in Sauermann
et al. (2003). From the mass of the collected sand, the widih of the opening and the
time 7' necessary to fill the traps, we calculated the sand dlux m/(Tw), for which
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Figure 4.9: The main plot shows the height profile of dubhes6, where the dunes are
identified by numbers at their slip faces, and are repreddntealifferent symbols. The
windward sides of these dunes are shown superposed to degtirosuch a way to form

a parabola with maximum at “C0, 0). This behaviour is more clearly shown in the inset,
where the circles represent the height profile of all dunélsemain plot, and are fitted by
a parabola (continuous line). The symbel™over H andz indicates that these variables
are measured, both in the inset and main plot, relative totp@” for each dune. The
dotted lines in the inset and main plot are guides to the eyairie localize the maximum
“C” of the parabola.

we usem = mr2h. X Perain, With 7, = 2.4 cm andpg.in = 2650 kg/m?. For each point,
two traps were used which captured grains travelling up teighth. ~ 17 cm and
another one at a height of5 cm above the ground. The mean valygsobtained from
two runs using these traps are, for points “A’ (brink) and ‘@iiddle of windward side)
respectively,(ga) = 0.023 £ 0.005 kg/m-s and{(gg) = 0.009 £+ 0.001 kg/m-s, where
the error estimates are defined by the maximum and minimuoesakgistered foy at
each point, as in the case of the measurements of the windityela rigorous treatment
of our measurements of sand flux would require reference écent work on sampling
efficiency of a vertical array of aeolian sand traps (Li and®2803). Since we have only
two measurement points for wind and flux, we report here thasmed values but in
this work we do not show comparison with model predictionsiiese data. We present
typical simulations of the transverse profile and compareresults with the observed
dune shape.
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Figure 4.10: Measuring wind velocity and sand flux using aenaometer and the three
traps at the different points of dune 3 in fig. 4.6.

4.1.4 Separation bubble for closely spaced transverse dusie

Schwammle and Herrmann (2004) have shown that the shapansi/erse dunes calcu-
lated with the dune model is nearly invariant in thdirection (perpendicular to the wind
flow). Thus, we can perform simulations of transverse dua&sutating the wind and the
flux in the x direction only.

In this case, we neglect thecomponent of the shear stress (eq. (1.6)), and eq. (1.32) for

the sand flux becomes 5
¢_1(,_4a
e gsq<1 qs). (4.1)

Furthermore, the grain velocity is given by eq. (1.41), anel time evolution of the
surface is computed with the equation

on___ 1 o
8t— pwndax’

4.2)

wherepsang = 0.62 pgrain. When the slope of the dune at the lee excexldsthe surface
relaxes to avalanches and one separation streamline ieddéfineach dune.

We apply the continuum dune model to calculate transgreskine fields in two dimen-
sions. Since we are interested in reproducing the profilesefimence of transverse dunes
that develop within a longer field (fig. 4.5b), we use peridzbandary conditions for the
x direction as in Schwammle and Herrmann (2004). Howeverpbarve that calcula-
tion of transverse dunes as originally carried out by Schmée and Herrmann (2004)
yields fields with too large inter-dune spacing comparedhéofield in fig. 4.6. Here we
propose a modification of the separation bubble model whickwa for closely spaced
dunes. The model of the separation streamlines is phendatgoal, and is based on our
observations of inter-dune distances in the measured field.
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Flow separation and dune spacing

We observed in the field that the net inter-dune sand flux inmiinel direction was zero
from the foot of the upwind slip face up to the beginning of thiedward side of the
downwind dune. We found that the horizontal distance betvtbe brink of dune and
the point at which the windward side of duine 1 begins, i.ex; 1 — Tuink; fOr the dunes
in the measured field, is between 1.5 and 4 times the heightraichat its brink, Hy,ink ;
(see inset of fig. 4.11).

i E 40 ‘ ‘ ]
£ 30 3 Co
20+ Dune 4 N i 4 ® |-
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Figure 4.11: Main plot: Distance between the slip face fdatune: and the windward

side foot of dune + 1 as a function of the distance measured between the brink and

the maximum of the parabola according to fig. 4.9. As we can theelength of the
separation bubble appears to decrease linearly With.x_c.est;- The inset shows the
distancer;; — ik Detween the foot of the windward side of dunge 1 and the brink
position of dune as a function of the height of durieat the brink,Hy,,x ;. The dotted
line in the inset represents the cunye= 4 x (Hyink: — 2.5), wWhich is a guide to the eye
meant to show that inter-dune distances are below four tilreedune height at the brink.

These inter-dune distances are not achievable with theatighodel separation bubble.
In Schwammle and Herrmann (2004), the streamlines of tharaéon bubble were fit-

ted by the third order polynomial(x) (eq. (1.37)), whose parameters were calculated

from the continuity conditions of the profilg(x) at the brink of the dune and at the reat-
tachment point, as well as @ /dx at the brink. Moreover, the third order polynomial
was calculated in such a manner that the separation bubditét diescend steeper than
14° (Kroy et al. 2002; Schwammle and Herrmann 2004). This léadarge values of
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the horizontal distance from the brink up to the reattachrpemt, z ... — . bD€ING
typically between 6 and 10 times the dune height. Our aim ismedlify the original
separation bubble in order to capture the values of inteediistance in the measured
transverse dune field.

As we can seeinfig. 4.11, inter-dune spacing depends syronghe position of the brink
relative to the crest. Here, we plot the horizontal distarioetween the dunes,; ;.,
measured from the foot of the slip face of dun® the beginning of the windward side
of dunei + 1, as a function of the distance between the brink of disred the maximum
of the parabola in fig. 4.9. In other words, dunes that havedséion of the brink at the
left (right) of the maximum of the parabola (point “C”) in fig.9 are associated with a
proportionally larger (shorter) inter-dune spacing liekato the corresponding downwind
dune.

Parsons et al. (2004) have found lengths of 3 tb fids the separation zone using CFD
simulations, where: is the height of the transverse dune. However, they onlyietud
sharp crested transverse dunes, where the crest coincittethe/brink. Simulations and
measurements of surface shear stress over transverseidanesd tunnel (Walker and
Nickling 2003) have reported similar reattachment lenddinsuch sharp crested dunes.
Moreover, McKenna Neuman et al. (2000) have noticed diffees in the behaviour of
the streamlines, flow expansion and deposition for shargteredunes in relation to the
rounded ones.

In a recent work, the profile of the wind over the transverseedwstudied here has been
calculated using FLUENT (Herrmann et al. 2005). It was shawthis work that there
is in fact a strong dependence of the length of the separatibble with the shape of
the dune at its crest, where dunes with a large crest-brstlmice, i.e. very round dunes,
almost do not show recirculating flow at their lee side (fid.23.
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Figure 4.12: Velocity vectors at the lee side of dunes nunb@rottom) and 6 (top),
calculated by V. Schatz (Herrmann et al. 2005) with FLUENTu@rt 1999). The recir-
culating flow on the foot of the slip face denotes the sepamdiubble. It is large for dune
number 6, but nearly non-existent for dune number 5.
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Phenomenological model for the separation streamlines ahe dune lee

From the observations above, we conclude that the lengtheo$éparation streamlines
should depend not only on the dune height at the brink, bot @bsthe crest-brink dis-
tance.

We have observed in the field that the inter-dune spacingedees approximately linearly
with the distance\,,i._ st DEIWEeN the crest and the brink (fig. 4.11). If the horizontal
distance between brink and crest is described by a parabtila torm H.,.s; — Hyrink =

ki A? then in a first approximation we could define the distanceftbe crest

brink—crest?
2

to the reattachment point to follow also a quadratic refafifd,cs; = k2(Treat — Terest) -
We will use this relation to determine the point of reattaehi,..; of the separation
bubble,z,ea = \/Herest /K2 + Tearest- IN Order to give an insight into the meaning of the
parameterk,, we notice that for a dune with heighitm at its crest, a value df, = 0.02
QIVES T eat — Terest = 18 M, While ky = 0.01 leads tar,cat — Terest = 26 M.

Therefore we define a modified separation bubblg@s = s(x) for zpiu < T < Teus
and

f(x) = [s(2) = (@rear)] - {1 — tanh [(z — R)/A]}/2 + h(reat), (4.3)

for xeyy < * < e, Wheres(x) is the original separation bubble.,, = Zynk +
E(Treat — Thrink)s B = (Teut + Treat) /2, A determines the slope of the streamlines at point
R, and¢ is a parameter between 0 and 1, which determines the poirttielhwhe original
polynomial is multiplied by the functiomanh. The lengths involved in the modified
separation bubble are schematically shown in fig. 4.13.

220 ‘ 240 ‘ 260

107 — profile, h(x)
- - - bubble 3th order polinomy(x)
- - bubble tanhf(x) |
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Xbrink Xcut R Xreat

Figure 4.13: Profiléi(x) of measured dune 3 with the modified separation bulsbie.
The 3rd order polynomial separation bubbie) is shown for comparison.

Equation (4.3) gives a shorter separation bubble thawotigénal functions(x). It keeps
the slope of the original separation bubble close to thekband presents a steeper de-
scent to the reattachment point. We Bgt= 0.014, which gives a distance of 25 m from
the crest of dune 3 up to the reattachment point at its leg ai®\. and¢ are typically
0.1 and0.9, respectively.
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Calculation of closely spaced transverse dunes

Figures 4.14(a) to (f) show simulation snapshots of a tygreasverse dune field of 2
km length obtained with our model. The values of the modehpeaters are in accor-
dance with Sauermann et al. (2001). The wind shear veloaityis threshold value
for sustained saltation are respectively4 m/s and0.32 m/s, and we use a roughness
length z, between0.8 and3.0 mm (Parteli et al. 2006c). For comparison, we show in
fig. 4.14(g) the measured profile. The mean slope of the windlaide in fig. 4.14(f) is
between).065 and0.09, which are values close to the windward side inclinatiomfibu

in the measured field)(08 — 0.12). We see in fig. 4.15 that the calculated dunes have a
shape essentially parabolic at their crest, as found foms@sured dunes (fig. 4.9).

Furthermore, we see in fig. 4.14 that the distance betweesh anel brink for the sim-
ulated transverse dunes of similar heights varies stroagly the case of the measured
dunes. This striking observation appears to be a consegqudribe interaction between
transverse dunes in a field. Barchans behave more like ésbtatnes and exchange less
sand than a field of closely spaced transverse dunes. Sahtedamd Herrmann (2004)
have shown that the brink position of transverse dunes ismexgl closer to the crest if the
dune is downwind of another one. Such sharp crested dunkstwi#ngular” cross sec-
tion are found in our simulations during the evolution of ietd, as shown in fig. 4.14(c).
However, they appear only when interacting with anotheredike solitary waves, a fea-
ture that can be illustrated comparing figs. 4.14(c) and lfdorder to investigate dune
interaction in more detail, transverse dunes have to beestudore as done recently for
barchan dunes (Schwammle and Herrmann 2003).

The typical dune shape found in our simulations is the “raatiecbne, i.e. where the brink
is clearly distinguishable from the crest. Tsoar (1985)dtesvn that the ‘rounded’ dunes
are ‘more stabléthan the ‘triangular’ ones, since the sharp-crested skeperiences
strong flux at the brink. We have found such peaks of sand flleevitying to simulate the
evolution of ‘triangular’ transverse dunes with our modeld we have seen that they lose
this shape after some iterations, becoming ‘round’. On therchand, we could not find
dunes with the ‘triangular’ shape in our simulations of dfieds, but those interacting
like solitary waves, as mentioned above. However, we do ontlade from this that the
measured sharp crested dunes found in fig. 4.6 should bactitey like solitary waves
with their neighbours. We remark that our model assumesdate/ariance, from which
the profile variations found for these dunes in thedirection, as we see in fig. 4.5(b),
are not included. Consequently, variations in the latdnabs stress are not considered,
which could influence the dune shape at the brink. In spit@isflimitation, the variable
crest-brink distances found in the field have been captuyetidomodel.

The separation bubble in our model is the region of zero fluxradaind, which implies
that the observed inter-dune distances provide an upperdoiou the separation length.
To use a longer bubble, our model could be improved in ordeafdure the complexity
of the wind and flow in the bubble (Walker and Nickling 2002;9¢% 2001; Frank and
Kocurek 1996). Possibly, in this case, sharp crested dumdd be found in simulations
of closely spaced transverse dunes.
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Figure 4.14: From (a) to (f) we show snapshots of the simuhatif a transverse dune
field obtained from our two-dimensional model. Model partareare mentioned in the
text. The shear velocity., and its threshold. are respectively.44 m/s and0.32 m/s.
For comparison, the measured profile is shown in (g).
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Figure 4.15: The crest of the calculated dunes may be alswided by a parabola as
in the case of the measured dunes (fig. 4.9). The main plot stiogvprofiles of all
calculated dunes in fig. 4.14(g). The continuous line in tieei corresponds to the
equationy = —k; 2?2, with k; = 0.004.

4.2 Conclusion

We presented an extensive study of the formation of trass\dune fields developing on a
sand sheet (“transgressive” dune fields). We studied thgestwad the inter-dune spacing
of real transverse dunes, and we applied the dune modeltocege the measured field
(Parteli et al. 2006c¢).

In conclusion, we found that the the shape of transversesdamearly independent of the
dune height. Dunes with the same height have a variableiposit the brink relative to
the crest (figs. 4.6, 4.8 and Table 4.1), which is in contrat the situation of barchans,
the crest-brink distance of which decreases with the duree(Sauermann et al. 2000).

Moreover, we found that real transverse dunes developingamd sheets are closely
spaced. The separation bubble) (eq. (1.37)) yields calculated fields with much larger
inter-dune spacing than observed in real fields. Thus, wefraddhe separation bub-
ble, by shortening the length of the separation streamlfreaoh dune. The modified
bubble (eq. (4.3)) is consistent with the phenomenologieiation between the length
of the bubble and the crest-brink distance of the dune, whietobserved in the field
(fig. 4.11). We then calculated transgressive dune fieldsgusie modified bubble and
obtained transverse dunes with similar values of aspeict aaid inter-dune spacing as
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in the real field. We also found that the position of the brialative to the crest of the
calculated dunes is independent of the dune height (fig(8)14

However, our calculations yielded only the “rounded” shapdransverse dunes (fig.
4.14). Sharp-crested (“triangular”) dunes could not beamied in two-dimensional cal-
culations of closely spaced dunes. We conclude that otloesriaare important for the
dynamics of transgressive dune fields, which have beencteglé the calculations. For
example, the lateral flux may contribute to the increase efaimount of sand within
the bubble and for the inter-dune sand transport. In the imtaeflux in the bubble is
considered as zero, which introduces too large inter-dwate that are not observed in
reality. Possibly, the modification of the two-dimensiosaparation bubble would not
be necessary if lateral flux were considered. It would bectioee interesting to perform
simulations of three-dimensional transverse dune fieltlsdriuture, in order to verify the
role of the lateral flux for the inter-dune spacing. Then,niedel can be also extended
to calculate transgressive dunes on Mars.

The outlook of this work is to calculate the formation of dahs$ransverse dunes using
the three-dimensional dune model (Chapter 1). It would ber@sting to check whether
barchans emerging from the coast may appear in the calmutadind join at their horns
to form barchanoids and transgressive dune fields as foutietihencois Maranhenses.
Calculations of coastal dune fields will be presented in #hd Ghapter.



Chapter 5

Modelling formation of dune fields

In this Chapter, our aim is to investigate the formation avalgion of dune fields. What
are the processes that nucleate the appearance of dunes@do+bese evolve in time?
What does determine the pattern of a coastal dune field? \Walinte a simple model
for transverse dune fields, to study the evolution and praag of transverse dunes
on bedrock and on a dense sand sheet. We adapt this modetijots&uformation of
coastal dune fields, in which dunes appear from the beachedbations of the simple
model account for the phenomenological observations framfield measurements in
the Lencbis Maranhanses, i.e. inter-dune spacing, tiggheof the separation bubble, and
the aspect ratio of the dunes. Next, we investigate the fiitomaf dunes from a coastal
beach, performing calculations in three dimensions withabmplex dune model.

5.1 A simple model for a transverse dune field

Summarizing the results of the last Chapter: transversegitivat evolve on sand sheets
behave differently: they do not only have a shape that isgaddent of their height; they
also have shorter inter-dune spacing than dunes appearibgdrock (Goncalves et al.
2003).

In this Section, we want to investigate the behaviour ofsvanse dunes with a simple
model, in which the dynamics of the field is controlled by thae heights and by the
influx of sand at the origin of the field. First, we consider dsialeveloping on bedrock.
We study the dynamics of the field starting with differenttiadi configurations of the

field, and model the formation of a coastal dune field wherdlsinaes propagate from
the beach onto a bedrock. In the next Section, we will adaptrttodel to investigate
what happens when dunes evolve on a sand sheet. In this caseldMwo new ingre-

dients to the model: the separation bubble, such as measutied field of the Lencois

Maranhenses, and the saturation length of the flux, whicbrahes the position of the
downwind dune after reattachment of the flow at the lee of threedupwind.

109
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Model equations

We consider a set af dunes distributed along theaxis, each one with a variable height
h;, but zero width. The dunes are allowed to move in thdirection with a velocity
v; = dx;/dt given by:

(5.1)

wherez; is the position of thée—th dune; = 1,2, ..., N, anda is a constant phenomeno-
logical parameter that contains information about the vepeled, the grain size, etc.

For a dune that migrates shape invariantly through sanciawhés on its slip face, the
sand flux¢ over the dune behaves ag/dih = constant, wheré(z) is the height profile
of the dune. For the model studied in this Section, we consgigeheighth; of the dune
at the position of the crest, and set for theh dune:

¢i = bhs, (5.2)

whereb is our second phenomenological parameter, again depeadiwnd speed, grain
size, etc. Note that eq. (5.2) means that the rate of sansipwainover the crest is larger
for the bigger dunes than for the smaller ones. As a consequenchange of sand is
expected between neighbouring dunes with different hejgig a bigger dune tends to
lose sand more rapidly than a smaller one.

To model the inter-dune interaction, we first observe thaaftwo-dimensional slice of a
dune, the mass of sand in the dune, or equivalently, its Aréacreases with the height

of the dune ast ~ h2. On the other hand, the amount of sand transported depends on
the difference between the sand fluxes on the crests of tgal@iring dunes, i.e. ifd;

is the volume change for the-th dune during a time intervaltdthen d4; ~ (dh;)* ~

(¢i — ¢i—1). Thus, we write:

dh; .
T —c X \/|¢i — dia| x SigN(p; — di—1), (5.3)

wherec is the third parameter of our model that depends on the shiaghe @une, and
the last factor on the right side ensures that more sandiispoated from the larger dune
to the smaller one. We set the sand influx to point in the pasuiind () direction and
assume it to be constant. We call the sand inflyxwhich can be seen as an effective
dune fixed at the positiom, = 0, with a constant height, = ¢,/b. Equations (5.1),
(5.2) and (5.3) are repeatedly iterated, which gives the grolution of the dune field.

Dynamics of a transverse dune field

First, we study the evolution of a set of dunes with initial positions;(0) and heights
h:(0), for different configurations wittv. = 10, as shown in fig. 5.1.

In the first group of simulations (1), the dunes are equallgcga along the: axis at
t = 0, and have the same heighit30) = H,i = 1,2,..., N (fig. 5.1(a)). In the second
group (1), we take random values for the height$0) chosen from an homogeneous
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distribution between 0 and 1, but still the dune spacinggsila (fig. 5.1(b)). And in the
third group (111), both the values for the heights and theiposs of the dunes along the
x axis are chosen randomly (fig. 5.1(c)).

20 (a) 20 (b) 20 (c)
| Il 11
—~~
e 20 4 20} 4 20}
N
—~
9-_/_ 10+ 1 10 1 10
e
M8 11 | H 1|
0 0
1 500 1000 1 500 1000° 1 500 100(
x,(0) (m)

Figure 5.1: Different realizations of a set 8f dunes with positions;(0) and heights
hi(0) att = 0. In (a) dunes are equally spaced, and have the same héidintoup I).
Dunes in group Il have regular spacing and random heightsyti)e in group Ill, both
the positions and heights are random (c).

The trajectory of the dunes along thexis and the changes in their heights are shown as
a function of the time in figs. 5.2(a) and (b) respectively,darticular realizations corre-
sponding to each one of the initial states I, Il and Ill. Thuea of the phenomenological
parameters are = 300 m?/year,b = 1500year! andc = 0.05, and the sand influx is
chosen to bey, = 2.25 x 10*m/year~ 4.3 cm/min. In the simulations, each iteration
corresponds t9.01 year. As can be seen from these figures, after a certain nuofiber
iterationst ~ T, all dunes reach the same height7,) = ¢o/b = 15 m, and conse-
quently the same velocity(7..,) = a/h(T) = (a x b)/$y = 20 m/year, independently
on the initial configuration.

In the discussion above, the distances between the duneslavge enough that their
relative order was the same during the whole evolution ofitid. However, if a smaller,
faster migrating dune is very closely behind a larger, stowe, they can reach the same
position after some finite time. Dune coalescence has beeiedtfor instance in Lima
et al. (2002), in which a critical distande,,;;, between two neighbouring dunes was
considered, below which they collide and become one singhedin our model, we set
Dpnin = 0. For simplicity, dune coalescence is implemented hereugttahe emergence
of a single dune, with heigltt. = \/h? + hZ, ;. Consequently, the number of dun¥sn
the field decreases by unity, whenever two dunes coalesce.

The main plot of fig. 5.3 shows the variabig(t) for a set of N(0) = 20 dunes with
random values of;(0) and ;(0) for ¢t = 0. The values of, and of the parameters
a, b andc are the same as in figs. 5.2(a) and (b), but now their distancée initial
state are much smaller. The number of dunes as a functiomeffor the realization in
this figure is shown in the upper-left-hand-corner insetteNtbat this number decreases
monotonically until the last coalescence between dunesdw@sred, and the final number
of dunesN(c0) = 3, has been reached. As we can see from the bottom-right-tamer
inset, coalescence of dunes doesn’t modify the resulthieadtines in the field do all have
the same height in the final state.
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Figure 5.2: (a) Trajectory of th& = 10 dunes along the—axis as function of time, for
each of the realizations shown in fig. 5.1. Evolution of theghts of the dunes for each
case is shown in (b). Values of the parameters used ate300 m? /year,b = 1500
year!, ¢ = 0.05, andg, = 2.25 x 10* m/year.
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Figure 5.3: The main plot shows the time evolution of the pasiz;(¢) for a set of
N(0) = 20 dunes with coalescence for values of parameters used inZgThe number
of dunes as function of the tim@/(¢), is shown in the upper-left-hand-corner inset of this
figure. From the bottom-right-hand-corner inset, we cantsaedune coalescence does
not change the fact that all dunes have the same heightfof..

For a given distribution of dunes in the fieldtat 0, the numberV(co) of dunes in the
final state tends to be larger for smaller values of the paiemegthe other parametebs

c andg, being fixed. This is becausecontrols the velocity of the dunes, and coalescence
is more frequent in a field with faster dunes. In the same weg/ctoser the dunes are
in the initial state, the more they are going to coalesce eragye. As an example, we
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show in fig. 5.4 the behaviour df (co) as a function of the length of the system, i.e.
the initial distance between the first dune and the last ortkdrfield, for a set having
a fixed number ofV(0) = 50 dunes, using the same values of the phenomenological
parameters as in fig. 5.1. As we can see in this figure, the en{&rger) the value of

N(0)=50F ‘ ‘ ‘ ‘ ‘ T

10— 1 N
N(oo) E” [ ] B

N ‘1%
0

min_

| . | . | .
1000 2000 3000 40(

L (m)

Figure 5.4: Average number of dun&gco) for ¢t = T, as function of the sizé& of the
system, i.e. the distance between the first dune and therdasnahe initial state. The
statistical error bars are obtained from an average ovierdiit realizationz;(0), h;(0))

of N(0) = 50 dunes at = 0. The full line corresponds to the fit using the equation
N(oo) = N(0)[1 — g * exp(—L/L*)], withg ~ 1 and L* ~ 1.34 x 10° m.

L, the more (less) the dunes tend to coalesce. The statisticalbars are obtained from
different realizations of dunes with random heights andtjpos at timet = 0. The full
line shown in fig. 5.4 corresponds to the fit:

N(o0) = N(0)[1 — g*exp(—L/L")], (5.4)

whereN (0) = 50, ¢ ~ 1, andL* ~ 1.34 x 10®m.

In fig. 5.5, we show for three different values b6fthe corresponding curve¥y (t),
averaged over five realizations @f;(0), #;(0)), as a function of time. The values of.
shown arel, = 100 m (circles),L = 500 m (triangles) and. = 1000 m (squares). The
dashed line corresponds to a straight line in a linear-low fihe curve corresponding to
L =100 m. We can observe thaf, (t) decays approximately logarithmically with time,
independently ofl.. After a variable time interval, < T, coalescence stops and an
asymptotic valuéV(co) is reached.

As all dunes attain the same heidhtx ¢, for t = T, the time to reach the final state
depends on the strength of the sand influx in the figfd,A plot of 7., as a function of
¢y for the initial configuration | of fig. 5.1a is presented in fl§6. As we can see from
this figure, T, scales after a transient interval of variationn— bh;(0):

To ~ V |¢0 - ¢|7 (55)



114 5.5.1 A simple model for a transverse dune field

50— |

A& & &
a4 ﬁ ) |
DR R SR
30 N

N () +\+ &
| S % % +
0 | “ | + -9
107 10° 10° 10" 1

t (years)

Figure 5.5: ThreeV,(t) x t curves corresponding to averages over different initial-re
izations of the type I1{z;(0), h;(0)) of a set of N (0) = 50 dunes, which are let to evolve
with coalescence. The curves correspond te: 100 m (circles)L = 500 m (triangles)
andL = 1000 m (squares), wherg is the distance between the first dune and the last one
in the initial state of the field. Time is plotted on a loganitic scale. The dashed straight
line is a guide to the eye meant to fit to the curve for 100 m (circles).
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Figure 5.6: Dependence of the tirfig, to reach the final state, on the relative sand flux
|¢o — bH | for the initial configuration | shown in fig. 5.1a. The circlgsown in the main
plot correspond to the cagg > bH, and line represents eq. (5.5). The inset shdws
as a function ofp, for the same set of dunes.

i.e. the closer the value @f, to ¢ = bh;(0) = bH, the more rapidly the system will reach
the final state. From eq. (5.3), we see that the phenomermalogarametet controls
the rate of sand transport between neighbouring dunes. Wefband that the number
of iterations to reach the final state decreasek/aswhich in fact is independent of the
initial height H of the dunes.
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Summarizing, the simple model presented in this Sectiollyiansverse dunes that
have all the same height. This is independent of the inigajlfits and spatial distribution

of dunes in the field. In the next Section, we apply this sinmpdelel to study the realistic

case of dunes emerging from the beach, in order to reprodhecitmation of a coastal

transverse dune field.

5.2 Modelling formation of a coastal transverse dune
field

Transverse dunes are very common on coasts because ofgaerfinx of sand coming
from the beach and the strong unidirectional characterefatimd (lllenberger and Rust
1988). Figure 5.7 shows very small barchans in the beginofripe Lencbdis Maran-
henses. These barchans are situated close to the field ottmsuned transgressive dunes
(fig. 4.5b). Coastal “baby” barchans join to form small babids and transverse dunes
of heights of a few meters in the beginning of the field, as weatso see in fig. 1a. Let’s
apply the simple model introduced in the previous Sectiaepooduce the appearance of
a coastal transverse dune field.

Figure 5.7: The genesis of the Lencbis Maranhenses dahsta field. “Baby” barchans
of heights smaller than 1 m emerge from the beach. They isergasize forming small
transverse dunes that will later reach several tens of sigtdreight.

We also want to include some additional ingredients, whrehdescribed below, in order
to make the model more realistic (Lee et al. 2005).

A geometrical description of the main elements of the maslehiown in fig. 5.8, where
two dunes of heights and H, H > h, have their profiles represented by triangles. The
dune widthL is related to its height asL = (r; + r)h, wherer; = 10 andr, = 1.5 are
constants determined from the shape of the dunes in the, benbtaranhenses (Parteli
et al. 2006c) and from the fact that the slip face defines ateasfgapproximately34°
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Figure 5.8: Schematic representations of the situatiowofttansverse dunes.

with the horizontal (Bagnold 1941). Furthermore, we in€ule “separation bubble” at
the lee of the dunes. We use a separation bubble of letigih accordance with our
field observations in the Lengbis Maranhenses. Thus,ubetity R in fig. 5.8 has length
4h — roh = 2.5h for all dunes.

The separation bubble of the dunes has an important imjalicat interactions of closely
spaced dunes, since the net sand flux inside the bubble igkerp et al. 2002). The
distance measured from the reattachment point of the sepataibble of duneé to the
foot of the windward side of the next dune downwine; 1, is called hereD.

Since we are now considering the dune width in the compurtatithe field dynamics, we
must define how two dunes interact when they get close to een dune interaction

is assumed to occur whenever the separation bubble of dttneches” the windward

side of the downwind dunge+ 1, or in other words, whe® < 0 in fig. 5.8. Further, the

way two dunes interact depends on their relative sizes (&ctmle and Herrmann 2003;
Duran et al. 2005). If the sizes of the dunes are not toorgiffe the dune downwind de-
creases in size giving sand to the smaller dune upwind, andabsentially interchange
their roles, like if the smaller dune would cross the largee.oThis “solitary wave” be-

haviour of dunes have been shown to occur both for barchamsyw@nmle and Herrmann
2005) and for transverse dunes (Schwammle and Herrmandy B@0teli et al. 2006c¢).

On the other hand, if the faster dune is significantly smahan the higher dune down-
wind, coalescence occurs: The small dune bumps into therlarge and gets “swallowed
up” (Schwammle and Herrmann 2003; Duran et al. 2005).

In this simple model, dune interaction is defined accordmghte parametec: if the
ratio of the dune volume§/, / Vi) = (h/H )z iS Smaller thart, then the dunes
coalesce, and the final dune has height= \/h? + H? (Parteli and Herrmann 2003),
as considered previously in this Section; the number of slumehe field decreases by
unity whenever two dunes coalesce. Howevelhif H): .. > ¢, then solitary wave
behaviour occurs: dunes interchange their roles and thgarlbetween their initial and
final heights is as follows (Duran et al. 2005):

h? h?
(ﬁ)ﬁnal - C\/<m)initial - C’ (56)

obeying the following mass conservation equation:

(h2 + H2)initial - (h2 + H2)ﬁnal~ (57)
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Equation (5.6) is a simplified approximation of the phenoolegical observation re-
ported by Duran et al. (2005) for interactions between lans, where it is shown that
(Vi/ Vi) gnar < €xp{—0.22/[(Vi,/ Vi) i — CONSt}}. Although this has been obtained
for barchans, we apply eq. (5.6) to transverse dunes simedutanalysis of 3d sim-
ulation results for the shear stress on barchan dunes hawnghat the central cut of
these dunes may be a good description for the height profil@on$verse dunes (Sauer-
mann 2001). While in Duran et al. (2005) the value(ahat fits the observations for
barchans is aroun@ 15, in the present work we considéias a model parameter to study
interaction of transverse dunes in the field. The value ofcthestantC' in eq. (5.6) is
determined from a fit to the data by Duran et al. (2005) usiegvaluel = 0.15, and is
found to beC' =~ 1.3. We thus identify two limit cases of the paramefeMhen( — 0,
no coalescence occurs, and the number of dunes in the fiemingmonstant, while for
¢ — 1 every collision of two dunes results in coalescence and ¢tinsexjuent decrease
in the number of dunes in the field. The relations (5.6) and)(&re twoindependent
equations that are used to determine the final dune heigietsesfch iteration in which
dunes interact like solitary waves.

Dynamics

Transverse dunes with random heights of values uniforngyriduted between, and
h, are injected into the field at a constant raje\¢ from the originz = 0 downwind,
moving with velocityvq (k) given by eq. (5.1). The time intervélt may vary between
1 and 100 time steps. Typical values of dune heights in thenbegy of a dune field are
observed to be arounidm. Thus, to study formation of transverse dune fielgsyill be
set close tdi, = 1 m. However, in cases (i) and (ii) we will use larger valuesHgrthus
providing a wider spectrum of dune heights in order to stind@ygffect of coalescence and
solitary wave behaviour in the evolution of a dune field. Insimulations, each time step
is defined a$.01 year. Thus, after each iteration dunes move a distance dmairgiven
by (0.01 x a)/h m, and may interact with each other according to the rulestiowsd
before. The typical simulation time for 10000 iterationgaiew tens of seconds running
on a Pentium IV.

We study three cases: (i) Dunes are injected into a field wateand on the ground; (ii)

Dune fields are studied when the ground is covered with a seaiddhere a phenomeno-
logical parameter, the saturation length of flux, is introel (iii) Finally, we add to case

(ii) a differential equation to simulate a sand influx, whichanges the heights of the
dunes over the field evolution.

Dunes on bedrock

In cases (i) and (ii) we investigate the evolution of the figlee only to interactions of
dunes through coalescence and solitary wave behaviowrding to relations (5.6) and
(5.7), which are the mechanisms leading to changes in tlghtseof the dunes. In this
case, the mean dune height in the field doesn’t go beyond tRkermm heighth, of the
injected dunes.
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Figure 5.9 shows the snapshot of a transverse dune fiele d0* time steps 100 years)
for case (i) when 100 dunes are injected into the field at eggirhe intervalsAt = 0.01
year, usingz = 100 m? /year,h, = 10 m, and¢ = 0.234. Each vertical line segment in
this plot corresponds to the height at the crest of a singhedu
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Figure 5.9: The main plot shows the profile of a simulated dieié aftert = 100 years,
obtained after input of 100 dunes from wind direction. Dunests are represented by
the vertical line segments. The dashed line representsuhve & = 10*/z. Model
parameters are = 100 m?/year,At = 0.01 year and, = 0.234. The inset shows the
average dune spacing, representing 0.46 ¢.

In fact, h, = 10 m is a value quite unrealistic to study the origin of a dunalfighere
dunes are injected from the beach. However, as mentionecabe are in this first part

of our work only interested in studying the effect of intdrans between dunes during
the field evolution. Figure 5.9 shows that the initial numbkdunes has been reduced by
coalescence. Furthermore, we can see that the height ofittessdn the field decreases
as the inverse of the dune position downwind: The smalleedware found at the end
of the field. The dashed line in the main plot represents thmeecs = 10*/z. The
prefactorA of the curveh(z) = A/z is time dependent, and may be determined from
eq. (5.1), which leads th(z) = at/x. The reason for this behaviour is that small dunes
bump into larger ones giving rise to the large height profiltha beginning of the field,
while dunes interacting like solitary waves contributelte emergence of the small dune
heights observed at larger valuesigfand the consequent temporal increase of the field
length, i.e. the distance between the dunes at both extesnoit the field. We have also
observed that the curvgx) = A/z is independent of the value of The inset of fig. 5.9
shows that the mean spacindetween the dunes increases indefinitely with time, since
the small dunes at the end of the field, due to their highercitds, get more and more
apart from the larger ones. The average dune spaciiog one particular realization of
transverse dune field may be written as a linear function etithet with coefficient in
terms of the heights of the first and last dunfesandh , respectively, as well as of the
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total number of dunes in the field:

A= -2 <i . i) ‘. (5.8)

N—-1\hy M~

For the dune field shown in fig. 5.9, we hae= 61, h; = 2.6 m andh, = 9.7 m, then
we find that the coefficient of eq. (5.8) is approximat@hl6, which agrees with the slope
of the curve shown in the inset of this figure.

In summary, our findings for case (i) show transverse dunésfigiith decreasing dune
heights with distance and an increasing dune spacing watl,tsince the smaller faster
dunes wander at the end of the field. However, field measurtsr{leemcaster 1983) have
shown that dune spacimgcreasesith the dune height, as opposed to the situation found
in fig. 5.9, where spacing between smaller dunes is mostjefahan for higher dunes.
Furthermore, one relevant aspect to be noticed in the dultedidig. 5.9 is the quite
irregular dune spacing, where “clusters” of dunes are ebsemwed, which are not found

in real transverse dune fields.

The effect of inter-dune sand

An important difference between transverse dune fields laadune fields simulated so
far using our model lies in the availability of sand on thewgrd. In dune fields where
transverse dunes appear on a sand sheet, regular spacisgralad dune heights are
observed (Parteli et al. 2006c). This is because if theransl ®n the ground, the dis-
tance between the dunes must be of the order of the satutatigth of the flux,\;. In

a transverse dune field developed on a sand heohay be measured from the reattach-
ment point of the separation bubble of the upwind dune (seé&f&), where the wind
strength increases from zero (value of the wind strengtlinénseparation bubble) and
sand transport initiates (Sauermann et al. 2001). When ulkeb#comes saturated, i.e.
after a distancé = )\, from the reattachment point, sand is deposited at the fothteof
windward side where the wind strength decreases, and tfecsuat the beginning of the
downwind dune is not eroded. It follows that no dune can mestet than its upwind
neighbor.

To simulate such dune fields, we introduce in our model the@pimenological constant
s by fixing for the quantityD in fig. 5.8 a maximum valu®,,., = \;. We set\; = 2 m.
As a consequence, timaximuncrest-to-crest distance in the field,., is calculated as:

Dcc :T2h+R+)\s+T1H7 (59)

according to the definitions in fig. 5.8. It is important toigetthat the maximum spacing
D.. in the field, as predicted by eq. (5.9), is not a constant, basdlepend on the dune
size, and is larger in dune fields of higher dunes.

Figure 5.10 shows two simulated dune fields when the sabarégngth)\ is taken into
account (case (ii)). The profile shown in fig. 5.10(a) coroesfs tot = 90 years, where
dunes of initial heights betweén, = 1 m andh, = 2 m have been injected into the field
(now a ground covered with sand) usidg = 0.1 year,a = 150 m?/year and{ = 0.3.
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As we can see in this figure, all transverse dunes reach apmately the same height,
around1.6 m, and present a quite regular spacing. Figure 5.10(b) showther dune
field obtained at = 500 years withh, = 1 m andh, = 10 m, At = 0.1 year,a = 150

m? /year and¢ = 0.3, where we find dunes regularly spaced and of heights around 8
m. As we can see, the value of the final dune height dependseanittal values ofh,

and h,. Moreover, comparison of fig. 5.10 with fig. 5.9 shows that ititeoduction of

the saturation length leads to much more stable transverse fiklds, since the smaller
dunes wandering fast at the end of the field are now not foupchare.
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Figure 5.10: Transverse dune field obtained when the sainrkngth of the flux,\,,
is considered. Model parameters ae = 0.1 year,a = 150 m?/year,( = 0.30, and
(@)t = 90 years (b)t = 500 years. The heights of the 100 injected dunes at (0 are
random numbers between 1 and (a) 2 m, (b) 10 m. We see that ¢thigetds present a
quite regular dune spacing.

The time evolution of the number of dunes in the field is showrfig. 5.11 for three
different values of the parametér using againAt = 0.1 year anda = 300 m?/year.
As we can see in this figure, after injection of the 100 dungs the field (att = 10
years as indicated by the dashed line), the number of dureeeadees quite regularly in
time, as also found by Schwammle and Herrmann (2004) fronoadimensional model
of transverse dune fields. Furthermore, after a certain, tmhen dunes reach the same
height, the number of dunes gets constan, In fig. 5.11, we present the final number
of dunesN; as a function of, averaged over 1000 realizations, whgn= 2 m (circles)
andh, = 10 m (squares), using, = 1 m, At = 0.1 year andz = 300 m?/year. As we
can see in this figure, for small values@©{{ — 0), the number of dunes remains at the
initial value N = 100, since coalescence occurs less frequently. In partidhigreffect is
more visible wherh, = 2 m (circles), because in this case dunes have more simitalini
heights (between 1 and 2 m), and coalescence between durnes even more rarely.
As the value of] increases)V; decreases because dunes coalesce more often in the field;
for large values of;, as discussed beforé(; is equal to 1. One aspect of particular
interest in fig. 5.11 is thalV; decreases quite suddenly wihf the initial heights of the
dunes are very similar (curve represented by circles). ttiquaar, we have found that as
hy — h, =1 m, N; decreases rapidly to unity @t~ 0.30. On the other hand, for a wider
range of heights of the injected dunés (> h,), Ny decreases more smoothly with
since in this case even small values are large enough for coalescence to occur.
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Figure 5.11: Number of dunes in the fielt(¢), as a function of time for ( = 0.34,
0.35 and0.36 (from top to bottom) averaged over 1000 realizations. Th&hdd line
indicates the time when input of the 100 injected dunes védtidom heights between 1
and 2 meters finished\t = 0.1 year anch = 300 m? /year.
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Figure 5.12: Final number of duné& as a function of, averaged over 1000 realizations.
The heights of the 100 injected dunes are random numbersbetlv m and,,, where

hy = 2 m (circles) andl0 m (squares). The number of dunes decreases in time due to
coalescence between dungg.= 0.1 year andz = 300 m?/year.

Figure 5.13 shows the average dune spagiag a function of time using\t = 0.1 year,
a = 100 m?/year,¢ = 0.3, and considering the saturation length= 2 m. As we can see
from comparison of this figure with the inset of fig. 5.9, theeradune distances evolve in
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time in a very different way as compared to the case whereahgation length\, was
not taken into account. Figure 5.13 shows that the dune sgpa@w increases until it
reaches aaturation valugwhich corresponds to the equilibrium state of the field, rehe
dunes have similar heights as shown in fig. 5.10.
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Figure 5.13: Mean dune spacings a function of time, averaged over 1000 realizations
of dune fields using = 0.3, a = 100 m? /year andAt = 0.1 year, after injection of the
300 dunes, which have initial random heights between 1 nhgad2 m. Computational
time is 300 minutes on a Pentium IV computer to obtain thisrégu

A very similar result was found recently by Werner and Ko&yf999) using a transverse
dune model in two dimensions based on defect dynamics. Thegfthat\ increases log-
arithmically in an intermediate time interval until getfinonstant, as observed in fig. 5.13.
The model of Werner and Kocurek (1999) consists of a set d¢rdifitial equations to
describe the dynamics of the endlines of two-dimensiomealsverse dunes (length and
width). In their model, which was used to predict ages of tkale fields (Werner and
Kocurek 1999), interaction between dunes led to a decreaeinumber of defects in
the field. We would like to remark that, although fig. 5.13 sestg that\(¢) increases
approximately withog(¢) for 8 < ¢ < 40, we could not find more than one decade of this
possible logarithmic behaviour of dune spacing in time.

Thus, the model defined in case (ii) in the absence of any sdina reproduced formation
of dune fields of regular spacing, just by injection of dunes/awind onto an empty
ground, which interact by coalescence or solitary wave Wiebaaccording to relations
(5.6) and (5.7). This situation is different from the casedstd in Parteli and Herrmann
(2003), where a constant sand influx is considered, and adielthnsverse dunes of
random initial heights evolves in time until a constant fihalght is reached, which is
proportional to the sand influx. There, a regular spacingamsfound in the case where
the initial dune spacing and heights were considered todwerafular.

Indeed, a serious limitation of the model so far is that thalflreight of the dunes is
limited according to their initial values. There is in fact enportant ingredient that is
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still lacking in the model. Coastal dunes are subjected twang sand influxfrom the
beach. We now define the following equation for the dune heigh

dh;
=X Voo —al. (5.10)

whereg, is the constant influxp; = bh; is the sand flux at the position of dunéParteli

and Herrmann 2003), aridandc are phenomenological constants which depend on the
conditions of the field as wind velocity, and sand supplys important to notice that eq.
(5.10) does not include sand transport between dunes, asegppo the case studied in
Parteli and Herrmann (2003). The important contributiotihesstrong influx originating

at the beach.

We follow the same rules for dune interaction as mentionéarb@nd consider transverse
dunes evolving on a sand sheet, where the saturation legggttaken into account as in
the previous case. Inthe inset of fig. 5.14, we show a typiaaktverse dune field obtained
aftert = 100 years using eg. (5.10) and injecting dunes with heights= h, = 1

m at ratel/At, where At = 1.0 year. The parameters used are= 1000 m?/year,
b= 10%year!, ¢ = 0.01, ¢ = 1.0 x 10* m/year, and, = 0.3. As we can see, in the
beginning of the field, dune heighitscreasewith the position downwind. Furthermore,
some kilometers later, dunes reach regular spacing anthsingightsh, = ¢, /b (Parteli
and Herrmann 2003). The scenario presented in fig. 5.14smonels to arvolvingfield
where dunes are continuously injected; it is no equilibrgtate. Such a picture can be
found for instance in many parts of the coastal dune field eflten¢dis Maranhenses.
Therefore, our model can reproduce dune fields observedeotothst, where new dunes
are continuously appearing in the beginning of the fieldhatiteach.
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Figure 5.14: The inset shows a simulated dune field afted 00 years, using the constant
influx according to Eq. (5.3). Model parameters are 1000 m?/year,b = 10 year,

c = 0.01, ¢p = 1.0 x 10* m/year, = 0.3 andAt = 1.0 year. The main plot shows the
dune spacing as a function of time averaged over 1000 realizations.

The main plot of fig. 5.14 shows the dune spacing as functidima averaged over 1000
realizations. It can be seen that, after a certain numbamaf steps, the dune spacing
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Figure 5.15: In (a) we show a typical dune field obtained witin model where the
saturation length\, is considered, witlu = 300 m? /year, At = 0.1 year and = 0.3,

N = 100 injected dunes antl= 1000 years. (b) and (c) are respectively the simulation
of transverse dunes and the measured profile studied in 4.1.

reaches a constant value corresponding to the inter-dstendes for which dunes present
the equilibrium height o0 m. In fig. 5.15, we compare the dune field obtained from our
simulations (fig. 5.15(a)) with the profile of the measuredehiin the Lencbis Maran-
henses (fig. 5.15(c)) and simulation results from the twuoatisional model of closely
spaced transverse dunes (fig. 5.15(b)) (Parteli et al. 200Bge height profile of the
dunes shown in (a) follows the relations defined in fig. 5.8.

In summary, we found that the sand influx from the beach isrd&mental importance to
reproduce realistic values of dune heights observed incasstal transverse dune fields
from realistic values of initial dune heights. Without insion of eq. (5.10) into the
simple model studied in this Section, dunes with smallahitieights in the beginning of
the field cannot grow to the heights observed in real dunesfield can be seen in figs.
5.10(a) and 5.10(b), where the final dune height is alwaysrath,.

One aspect to be mentioned is the calculation of the parardte transverse dunes.
Due to the great simplicity of our model, no conclusion cobnédmade about a single
threshold valu€ = (i ansverse Which would describe interactions of transverse dunes, as
done recently for barchans in 3 dimensions, whgten.. =~ 0.15 (Duran et al. 2005).

To this point, simulations of transverse dunes in two din@rswould be required. It
would be also interesting to check whether the results fonrfigis. 5.11, 5.13 and 5.14
may be found from other numerical models of transverse detasfin two and/or three
dimensions.
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5.3 When a dune field is born

The simple model studied in the previous Section reprodticedact that small dunes
emerging from the beach converge to form extensive fieldshichvdunes have approx-
imately the same height and where inter-dune spacing ie gegular. Now we want to
use the complex dune model presented in Chapter 1 to cadhlatformation and the
early stages of the evolution of terrestrial coastal durddjes those in Baja California,
Mexico (fig. 1a), and in the Lencbdis Maranhenses in Brdil @.5).

In the calculations, the most important ingredient is thauinof sand at the inlet of the
simulation. The flux isaturatedi.e. ¢;, = ¢s, at the sandy beach. The beach is simulated
using a linear ridge (fig. 6.6b) of heightd m and width 40 m, oriented transversely to
the wind direction and with center of mass only 20 m apart ftbeninlet. Thereafter, the
sand ridge increases in volume and extends in width, begpumstable and giving rise to
small transverse dunes, which detach from the beach andevanay (fig. 5.16). These
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Figure 5.16: Snapshots of the evolution of a coastal dung, feallculated withu, /u., =
1.75 (i.e. withu, =~ 0.38 m/s). Wind blows from the left to the right.

unstabilities are of the same type as the ones found frondimensional calculations of
transverse dunes performed by Andreotti et al. (2002b) amdv&mmle and Herrmann
(2004). Furthermore, there is one aspect that can be ontyisdbe three-dimensional
calculations presented in this Chapter. When the transwduses reach the bedrock,
they become unstable and give rise to barchan dunes. Ritsgst one of the transverse
dunes in the field decays into barchans. Then, the sheas $$raest anymore invariant
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in they direction, and all laterally invariant transverse dunethatbeginning of the field
disappear. Thereafter, barchans develop in their place.

It is interesting that, since the flux is saturated, dunekstgladily appear. Moreover, we
can see in fig. 5.16 that the small barchans tend to join atd¢étges, forming transverse
dunes. The main plot of fig. 5.17 shows the evolution of theimar heightH of the
dune field as function of timefor the particular case of, /u.. = 1.75. The total length
of the studied field i.4 km, and its width is~ 1.0 km. We see that, if such a wind blows
steadily in the same direction, the height of the field insesaat a rate of approximately
70 cm a year.
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Figure 5.17: The fluctuating curve in the main plot shows tfme tevolution of the max-
imum height of a2.4 km long coastal dune field calculated with/u.. = 1.75. The
straight line shows the linear fit to the data: the maximunglieof the field increases at
a rate of70 cm per year. The inset shows the rate at which the height didlikincreases
with time as function ot /..

In the calculations, the only parameter is the wind strengthwhich determines the dune
size (Chapter 3). Moreover, the field evolves differentlgeleding on.,.. The inset of fig.
5.17 shows that the ratd®f dt increases withw, /u... In fig. 5.18 we see the appearance
of the field after 25 years, obtained with /u., = 1.57 (a), 1.75 (b) and2.00 (c). As
we can see from this figure, there appears to be a tendencgnsivierse dunes to form
faster the higher the wind speed. In fact, we found that thé Gelculated in (a), with
us/us = 1.57, evolves in time in such a way that transverse dunes appé&senstages.
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Furthermore, it can be recognized comparing fig. 5.18 with 5id 6 that a decrease in
wind strength implies to “slow down” the evolution of the tel

a b C

Figure 5.18: Coastal dune fields calculated withu,, = a) 1.57, b) 1.75 andc) 2.0.
Each image corresponds to the snapshaetsat25 years. Wind is blowing from top to
bottom.

5.4 Conclusion

We proposed a simple model for a transverse dune field whimlodeced the observa-
tion that the dunes in a given field have approximately allgame height (Parteli and
Herrmann 2003). We found that this result is independenthefititial configuration of
the field, as well as on coalescence effects between migrdtines (figs. 5.2 and 5.3).

Next, we applied the model to calculate the formation of astalalune field (Lee et al.
2005), including the phenomenological parameters to adciu our field observations
in the Lengbis Maranhenses: a separation bubble of lehgitmes the dune height; a
dune aspect ratio (height over width) @t ; and initial dune heights af.0 m. For dunes

evolving on a sand sheet, the model reproduces the observdierner and Kocurek
1999) that the dune spacing reaches a saturation value (fi8). Moreover, we found that
the strong influx from the beach is responsible for the afgrear of coastal dune fields
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with increasing dune height with distance downwind. Thepdénmodel also reproduces
the observation that both the dune height and the inter-dpaeing in coastal transverse
dunes reach an equilibrium value after a few kilometers dmtaontinent (figs. 5.14 and
5.15).

Finally, we used the complex dune model to calculate the &bion of a coastal dune field.
We found that small barchans emerge from the beach, wandawdad and join at their
horns to form barchanoids and transverse dunes. We alsd fbahthe appearance of the
field depends on the wind shear velocity As u./u. increases, the characteristic size
of the barchans at the beginning of the field decreases, aggoance of the decrease of
the saturation length, (Chapter 3). Moreover, we found that the appearance of the fie
changes as../u,, decreases: the small dunes appear larger and form bardsatahort
distances after the beach.

Thus, the formation of a costal dune field can be calculatetth@masis of a sand source
(the beach), submitted to an undirectional wind, and theammce of the field is deter-
mined by the wind strength, /u.;. Such calculations can help significantly understand
coastal processes, with inclusion of oscillating wind regjth, variable wind direction,
vegetation, topography, and inter-dune water ponds.



Chapter 6

Seif dunes: forms and formation

The dune morphologies we investigated so far appear unaeliteamns of uni-directional
wind. Whilst barchans and transverse dunes are the beststodé dunes, nearly two
thirds of the terrestrial deserts are covered with a diffedeine type, which appears under
more complex wind regime.inear dunesalso calledongitudinalor seifdunes, are sand
dunes that elongate parallel to the prevailing wind dimc{MWarren 1972; Fryberger and
Dean 1979; Tsoar 1983; Rubin and Hunter 1985; Rubin and HW&7; Hesp et al.
1989b; Tsoar 1989; Rubin and lkeda 1990; Chakraborty 19%319/ét al. 1993; Bullard
et al. 1995; Bristow et al. 2000; Kocurek and Ewing 2005; Zhanhal. 2005).

In fig. 6.1, we see a field of linear dunes in Mauritania. Furtbe top of fig. 6.1 we
show the annual and seasonal sand roses associated withetfwedune field. The sand
roses of areas with linear dunes reveal that these dunesrared under the influence of
a bidirectionalwind regime, i.e. two strong sand-moving winds originatingdjacent
quarters (Fryberger and Dean 1979).

Seif dunes may reach several kilometers in length, and hese &lso found on Mars (Ed-
gett and Blumberg 1994; Lee and Thomas 1995). In genergl pitesent a characteristic
sinuosity, which is still poorly understood. Furthermdmeear dunes appear in areas of
relatively high availability of sand, and they occur as dise ridges separated by inter-
dune flats, the inter-dune spacing generally increasinig wdreasing dune size (Hesp et
al. 1989hb). Indeed, linear dunes can have very differem$pias we see in figs. 6.2 and
6.3. Where the amount of sand on the ground is low, howewesrsk dune shapes can be
observed, which are up to now unexplained (Section 6.2.2).

In this Chapter, we investigate the significance of bimodabwegimes for the formation
of different dune morphologies. First we investigate onld fié Martian dunes whereoth
linear and rounded barchan dunes occur. In particularetiseone intriguing feature in
this field: the linear dunes do not display the sinuosity pfdgl seif dunes, and are rather
very straight. The fact that this special longitudinal dsiappear together with barchans
raised the question: might seif dunes in fact form in areasnadirectional winds? The
calculations show that a linear dune submitted to an urdtioeal wind is unstable and
disappears, giving place to a row of barchans propagatingaind (Schatz et al. 2006).
Next, we show that linear dunes can only appear under cectmditions of bimodal
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Figure 6.1: Linear dunes near Fort-Gourard, Mauritani&2a°N, 10.37°W. North is
from bottom to top. On top of the image, we see the annual aasos@l sand roses
associated with the field, after Fryberger and Dean (1979).

Figure 6.2: Seif dunes on Earth,at22.41°S, 14.32°E near Swakopmund, Namibikb;
15.44°N, 47.14°E, Yemen.
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wind regimes: changes in the angle between the wind direstamd the frequency of
the oscillation of the wind have been the origin of compler@shapes, from rounded
barchans to longitudinal dunes.

Figure 6.3: MGS MOC images of linear dunes on Mars,.&a9.8°N, 127.1°W; b. 45.4°S,
331.1°W; c. 49.0°S, 326.3°W.
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6.1 Evidence for indurated dunes in the Martian north
polar region?

In Chasma Boreale, a region in the north pole of Mars, thepeapunusual dune mor-
phologies which are shown in fig. 6.4. What is surprising im§iha Boreale is the
coexistence of rounded barchans and linear dunes in the felohe The linear dunes
in fig. 6.4a simply should not occur with the barchans, untheyg are unlike terrestrial
linear dunes, and formed, somehow, in an unidirectionatiwagime.

Elongated, elliptical or dome-shaped dunes, such as thdsg i6.4b might be the prod-
uct of successive induration as the slip face advances fdrearad becomes smaller and
smaller, until it disappears, as was observed by Kerr andaNi$952) for oil-soaked
barchans on Earth (fig. 6.4c). In the Saudi Arabia case, theglwere sprayed with oil,
then additional sand arrived at the fixed dune, blew ovemis &nd became deposited
on the lee side, whereupon the dune was again sprayed witfilog process continued
and, over time, the slip face of each dune became successiweller, and the dune more
rounded and elliptical. This is not typical behaviour foedgide deposition of sand in a
dune field, but is a product of the process of successivelpiitg sand movement, in
this case, using oil, on the main body of each dune.

The similarity of the oil-soaked dunes to the rounded ChaBm@ale dunes suggests
that the Martian examples could have been formed in a simiky, with ice, frozen
carbon dioxide, or mineral salts taking the place of oil as ¢huse for induration. In
fact, crusting or induration of regolith fines and aeoliad berms has been observed at
all five successful Martian landing sites, Viking 1, VikingMars Pathfinder, Spirit, and
Opportunity (Arvidson et al. 1989; Arvidson et al. 2004; Meet al. 1999; Thomas et
al. 2005). Indeed, the landers and rovers did not visit anghefclassic, dark Martian
dunes. Although some of the Chasma Boreale rounded bartt@esbeen repeatedly
imaged by the MOC camera during the past four Martian yeatshow no evidence for
movement (fig. 6.4a), they do not exhibit grooves or steelleddavalanche chutes which
would provide evidence for induration.

The hypothesis that the rounded barchans and straight lcheges in Chasma Boreale
are indurated has been tested with the dune model (Schdt2608).

Rounded barchans

In fig. 6.4c we see, on top, two MOC images which show a roundechian and a dome
dune in Chasma Boreale. The sketch of the deposition in ¢heflan oil-soaked barchan
is shown next to these images, at right. In this sketch, thimalilarchan and the final
shape are drawn, while the dashed lines show the positidhs afip face in intermediate
stages, until an elliptical, dome-like shape is produced.

Schatz et al. (2006) calculated the process of forming aessdeely indurated barchan
using parameters for Mars. In these calculations, eaclesan@ stage of the dune devel-
opment is set indurated (non-mobile), while at the same tieve sand is added from the
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wind direction

Figure 6.4:a. In this MOC image (S02-00901), which covers an area about dvide,

we see rounded barchans and linear dunes in Chasma Boreale§4r2°N, 37.9°W.

The rounded barchans m, which are located nea.9°N, 26.6°W, have been imaged
repeatedly by the MOC camera. Relative to the features osuib&trate across which they
are moving, the dunes do not appear to have moved during tb&anic. Are Chasma
Boreale dunesdurated On top: two MOC imaged Chasma Boreale rounded dunes of
width ~ 240 m (left) and sketch of the deposition in the lee of an odked barchan,
after Kerr and Nigra (1952) (right). On bottom, we see thewalion of indurated dunes
performed by V. Schatz (Schatz et al. 2006). From the lefheoright, an indurated
barchan undergoing the transition to the elliptical dune.

upwind direction. Snapshots of a typical calculation arewshin fig. 6.4c. The initial
barchan has width similar to the Chasma Boreale barchadgsawe see in fig. 6.4c, the
barchan evolves into an elliptical, dome shape (right). &small differences between
simulation and the satellite image: (i) in simulations, brank of the initial barchan is
still visible at later stages. In reality, this visible rielgvould be slowly eroded even if
the dune was indurated; (ii) the slip face in the image apptabe very long, but the
foot of the slip face is hard to discern; a slip face extendiegrly to the end of the horns
would imply a very high slip face brink, which would be in coadt with the flat rounded
shape suggested by the shadows and with the height of oth#iaMdunes described by
Bourke et al. (2004).
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Figure 6.5: (a) MOC image E15-00784 of Chasma Boreale du(®sDetail (box) of
image E15-00784. (c) Simulation of the evolution of a stnaigmear dune downwind of
a dome. Besides small variations in thickness, small baclcan be seen to develop,
which are not observed on Mars.

Chasma Boreale Linear Dunes

The domes and rounded barchans occur together with sttaight dunes (figs. 6.4a and
6.5a), with which they appear merged, in some cases, toeceesingle bed form. The

upwind end of the linear dunes, immediately downwind of tbends, shows a knotted
structure (fig. 6.5b). Schatz et al. (2006) performed a satmrh of such dunes, starting
from a straight ridge in wind direction located just downdiof an unerodable dome.

As can be seen in fig. 6.5c, the knots at the upwind end aredeped in early steps

of the simulation. Their formation is analogous to the ibsity of a sand bed under

unidirectional winds (Andreotti et al. 2002b; Schwammie aderrmann 2004). Later

on, however, the simulated linear dune decays into a stiigachans. That this has
not happened in Chasma Boreale can be explained if the loheaes are indurated or
were formed by erosion in the first place. Although simulasi@o not show how the

linear forms were initiated, they do suggest (as in the ca#eeelongated, dome-shaped
barchans) that the sands are presently or very recentlyatetii

Summary

The simulation results presented in fig. 6.5 lead to the Wlg conclusion: if the wind
direction in Chasma Boreale dune field is unimodal — whichuggested by the appear-
ance of barchans — the sand of the Chasma Boreale dunes mumtuoated for the
straight longitudinal dunes would otherwise not occur.
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On Earth, increased moisture, decreased wind power andrtiwettgof vegetation are

contributors to immobilization. On the other hand, the mbeoh shape of Chasma Bore-
ale dunes and domes resembles that of the oil-soaked Ardhiazes of Kerr and Nigra

(1952), and suggests that sand induration by ice, frozepnd@@ineral salts could have
led to the unusual dune forms in Chasma Boreale. This hypstiesupported by calcu-
lations using the dune model.

6.2 Sand dunes formed by a wind of oscillating direction

From the results of the last Section, it becomes clear thiadgees cannot develop under
unimodal wind regimes. From comparison of the shape of tidaaes with the behaviour
of the wind, many authors concluded that these dunes mustdsit of abimodalwind
regime. Although many wind directions are seen in sand ro$dmear dune fields,
there are two wind directions which are associated with ttangest winds, and which
effectively yield the longitudinal shape (Fryberger ancaBbd 979). Normally one of the
wind directions prevails for a period of several monthsgradthich the wind changes to
the other direction. Thus, we can model a bimodal wind regisieg a wind obscillating
direction.

The bimodal wind is implemented in the following manner: aavof constant strength
u, and constant direction, as in the case of barchans and &@mesgunes, and a constant
influx betweer20% and40% of the saturated flux are set at the inlet of the simulatioth wi
these conditions, the field is periodically rotated betwsempositions defining an angle
0. The field remains at one of the positions for a tiiye after which its orientation is
suddenly changed to the other direction, which lasts fostime timel’,,. The oscillation

of the wind in the field is therefore simulated by the osaitlatof the direction of the
field itself. In fig. 6.6, we show a schematic diagram with thieddirections defining the
angled,,, where we also show two initial surfaces used in the calmrat (a) a Gaussian
hill and (b) a linear ridge of Gaussian cross section.

N/

Figure 6.6: Modelling bimodal wind regimes. The wind diiens (arrows) define an
angled,,. One of the initial surfaces used in calculations is a Gansisill (a.). In b. we
see another initial surface: a linear sand ridge, which Haawssian cross section.
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There are, in this manner, two parameters of the bimodal vilrelangled,, between the
wind directions, and the characteristic tifige of each direction. However, we remark
that the value ofl}, used in our calculations is interpreted asedfectivetime, during
which the wind blows steadily, and with a constant strengthAs discussed in Chapter
3, real winds have strength of a very oscillating nature, @nedwind strength is only a
fraction of the year above the threshold for saltation. Tifecave timeT,, therefore, is
a fraction of the timd}...; during which the wind lasts at one direction:

TW = fwTreab 0< fw <1 (61)

Winds that are strong enough to transport sand may be cabsitio categories accord-
ing to their intensity and direction (Fryberger and Dean9)9These are quantified by
means of the sand rose (Chapter 1), where winds blowing friffereht directions are
represented by vectors of different lengths. The lengtihefector of the directionis
given by:
UNUi = Ug) , _ 8ui(ui —ug)
w0 100 v
whereU; and Uy, (u; anduy) are, respectively, the wind velocity in the directiband
the threshold for entrainment in knots (in/s), measured at a height of 10 rf{, gives
the fraction of the year (in percent) during which winds aéttategory occur, while the
factor 100 is added to reduce the length of the vectors in the plot (Fgdreand Dean
1979; Tsoar 2005). The quantit, is called the annual rate of sand drift relative to the
directions, and is written in vector units.

di = (6.2)

The sum over all sand drift values in the sand rose givediiftgpotential D P, whichis a
measure of the potential wind power in a sandy area: it repteghe potential maximum
amount of sand that could be eroded by the wind during a yeaalfevind directions.
If we define a representative value of wind velodity(or «) in a given field,D P may
be written as function of the total annual fractiéinin which the wind velocity has been
larger than the threshold:

— i U*(U — Us) 8u®(u — ug)
DP = ;dw = g e (6.3)

Using the logarithmic profile (eq. (1.1)) with = 10 m and a typical roughness of
2o = 1.0 mm we obtainu ~ 23 u,. Thus, we can write eq. (6.3) in terms of the shear
velocity u,:

DP ~ 9.7 x 10* u?(uy — tsst) fro- (6.4)

The fraction of timef,, the representative wind velocity, occurs during a year can be,
thus, expressed in terms 6fP andu, using eq. (6.4). Values adD P in real dune fields
are often below 300, while the shear velocityis typically less than.7 u.q (Fryberger
and Dean 1979). Sineey, = 1.25u, ~ 0.27 m/s, we use., betweer).3 and0.4 m/sin
calculations of terrestrial seif dunes. The valuefgfin this manner, decreases with the
value ofu, we take, for a constard P.

For instance, in the Zallaf field of seif dunes, in Lybia, themdnant wind oscillates
between two directions, witlh,.,; being of the order of several hours (McKee and Tib-
bitts 1964), while the longitudinal dunes of Sinai expeciea bimodal wind regime with
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T,.a1 = 6 months (Tsoar, private communication).Tif..,, = 0.5 year, then the value of

Ty = f«Trea @ssociated with a dune field in whi¢h” = 200 is, using an effective shear
velocity of 0.35 m/s, T, ~ 3.0 x 10° s or~ 1.0 month. If we choose a shear velocity
us, = 0.4 m/s, thenT, ~ 2 weeks gives the sameP.

6.2.1 The shape of linear dunes

We investigate the behaviour of a straight linear ridge sttbohto a wind of oscillating
direction. We begin calculations with a linear ridge of Heigs m that has a Gaussian
cross section. In fig. 6.7, we show the time evolution of thedir ridge under different
values off),, and withT,, = 10° seconds ors 12 days. The shear velocity used in
calculations has bean = 0.4 m/s and an influx 020% of ¢, has been set at the inlet of
the simulation.

Figure 6.7 suggests that there is a minimal valug,dbr longitudinal dunes to be formed:
for all values off),, < 80° studied in fig. 6.7, the ridge decays into a string of barchans
in a similar manner as found in Schatz et al. (2006). This,casehiché, = 0, has
been reported in Section 6.1. On the other hand, the lorigaildhape calculated with
0, = 120° persists during the time evolution of the dune. The fact tmy the case
0, = 120° studied in fig. 6.7 yields linear dunes does not change forahge of values

of T, studied, betweeh.0 - 10* s, or 14 hours, and.0 - 10° s or 2 months.

Summarizing, the results of fig. 6.7 suggest that there isranmail anglef.., which is
betweers(° and120°, that bimodal wind regimes must define between the direstadn
sand transport for longitudinal dunes to appear. It was ossible to obtairt, from
calculations with linear ridges such as those in fig. 6.7. Weastimated, later in this
Chapter.

It is interesting that the results of calculations matclyweell the observations of Rubin
and Hunter (1987), who investigated experimentally thengtion of longitudinalrip-
ples In the experiments, Rubin and Hunter (1987) created kitioweal wind regimes by
rotating a sand-covered plywood board in relatively stesely breezes of the California
coast. The board remained in each of its two positions fowvargtime, after which it
was rotated to the other position. The two positions defihedaingle between the two
effective wind directions, in a similar manner as in our a&tions.

Rubin and Hunter (1987) found that ripples oriented trarsvéo the resultant wind di-
rection appear if the angle between the two directions idlem&an90°, and that lon-
gitudinal ripples are formed only for angles larger thars ttitical value. Experiments
with aquateous dunes performed by Rubin and Ikeda (199Qpladsimilar conclusion:

0. = 90° is thecritical angle above which longitudinal bedforms appear. If on omalha
the experiments of Rubin and Hunter (1987) and Rubin andalk&890) did not prove
that other controls, such as wind strength and sand amoawv#,ro effect on the bedform
trend, their results demonstrated that the appearanaesairlripples and aquateous dunes
can be explained independently of such controls.

The above calculations for the straight linear ridge havenb&so carried out using a
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Figure 6.7: Evolution of a linear ridge under bimodal windheTangled,, between the

vectors indicates the angle between the wind directiort$) eae of which lasts for a time
periodT,, ~ 12 days. We see that the ridge decays into barchans for allestwdiues of

0y < 80°.

dense sand bed of thickness 100 m as initial condition. Tleianma perform experiments
similar to the ones of Rubin and Hunter (1987) and Rubin aredldk(1990), but for
aeolian sand dunes. The results are summarized in fig. 6i8.figihre shows, for three
different values off,, one single snapshot of the calculation using¥(a)= 60° and (b)
A, = 120°. As we see in fig. 6.8, the fact that linear dunes appear afove 90° as
predicted previously (Rubin and Hunter 1987) did not changke the initial condition
used in calculations. The fields shown in 6.8a are of barddahdunes, which develop
transverse to the resultant wind direction, while fiQr = 120° longitudinal bedforms
appear.

Indeed, each dune field shown in fig. 6.8 has a particular f@ime.longitudinal dunes in
the fields of fig. 6.8b have approximately all the same hemid,their shape is particular
to each field. We see that the sinuosity of seif dunes incre#tbel,. Moreover, in fig.
6.8a, we see that for large values’ff the barchanoidal dunes tend to develop in the
direction of the dominant wind rather than in the resultamdndirection. Thus, we see
that the shape of the bedform depends further on the chastictéime of the windT5,.

The dependence of the longitudinal dune shape on the chasdict timeT;, of the wind
can be understood if we note that the effective time a givangh in the shape is achieved
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Figure 6.8: Dune fields formed on a sand bed under bimodal vagane. Initial con-
dition is a flat sand bed of thickness 100 m. dn we see three different calculations
for 6, = 60°: from the left to the right, one simulation snapshot of a dtiakl with
T, = 105, 10% and5.0 x 10° s. Inb., the same is shown for an angle = 120°.

should depend on the volume of the bedform. We have seen ipt&ha that smaller
barchan dunes move faster because a smaller amount of satdentransported: the
turnover time of the dune increases with its volume. In thaner, for a constant value
of T,,, the smallest dunes will experience the most changes. Wsaathat a bedform
with given volume appears systematically “smaller” as theetl;, of the wind increases.
The role of the dune volume for the shape of dunes subjectadbimodal wind will be
illustrated in the next section for the case of dunes devetpm areas with low sand
amount.

6.2.2 From barchans to seif dunes

Many exotic dune forms, as those in fig. 6.9, often occur omdi#d Such dunes cannot
appear in areas of one-directional winds, for in this cageHaas should be formed as
seen in Chapter 1. We conclude that dunes shown in fig. 6.9 fwereed by complex
wind regimes, and in many images, it is possible to recogthiaethe dominant winds
define a resultant direction.

Here we show that a high diversity of dune shapes effectigplyear in areas of low
sand availability under a bimodal wind regime, dependinghl@angled,, and on the

characteristic time of the wind direction$,,. In our calculations, we take as initial
surface a Gaussian hill as in the calculation of barchan slufégure 6.10 shows the
time evolution of a Gaussian hill of initial height 10 m undebimodal wind regime of
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Figure 6.9: Mars Global Surveyor (MGS), Mars Orbiter Cam@t&C) images of sand
dunes on Mars. From the left to right: Dunes naa#8.6°S, 25.5° W, b. 49.6°S, 352.9°
W, andc. 76.4°N, 272.9°W. Each image has 3 km cross section.

constant characteristic tinig, = 10° s for different values of,,. As we see from this
figure, the hill evolves in agreement with the prediction®abin and Hunter (1987) and
Rubin and lkeda (1990), in the same manner as obtained wittearlridge and a sand
bed: below the critical anglé. = 90° (Rubin and Hunter 1987; Rubin and Ikeda 1990),
barchans are obtained, which display however, a roundguesiMoreover, we see that for
0, = 100°, complex bedforms are obtained, which consist of roundededoappearing
upwind of a linear ridge. The coexistence of transverse anditudinal bedforms has
been observed in fact by Rubin and lkeda (1990) using tweetional winds with angles
betweert0° and120°.

In fact, we have found that the critical angleis aroundd5°. This is shown in fig. 6.11
where we present the calculations usthgbetweern80° and100°. We see that only for
0 = 96° does the dune evolve into a longitudinal dune. This valuessatially the same
found by (Rubin and Hunter 1987). Indeed, we notice ¢habuld slightly depend on the
influx, or on the shear velocity, the influence of which is notdged in the present work.

The evolution of the linear dune depends further on the ditleeinitial Gaussian taken
in calculations. If the dune is too small, then a barchan dsiobtained which alternates
its orientation according to the dominant wind. On the otiend, the evolution of the
dune also changes if we take a Gaussian of much larger sitlee Hand volume is too
large, we find that the hill develops a small “cusp” downwindhich, however, does not
increase in length. In fact, for a given wind regime, we exmkmes of different sizes
to behave differently, since decreasing the dune size iw&eut to increase the value of
T, as discussed previously in this Chapter.

For each value ofl,,, we perform calculations taking initial Gaussian hills dffefent
heights H, and using different values df,. We find that, independently of the dune
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Figure 6.10: Time evolution of a Gaussian hitf (= 10 m andos = 10 m) under bimodal
wind for different values of the angle, between the wind directions. We see that the
Gaussian hill evolves into an elongated dunedfpe> 100°. Moreoveronlyif 6, > 120°
does the elongated dune evolve into a seif dune. Value, af 10° s.
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Figure 6.11: Dunes calculated using bimodal windg,pfaround the critical valu€0°
predicted from experiments with ripples and aquateous €l(Rabin and Hunter 1987;
Rubin and Ikeda 1990). Values @f area. 84°; b. 90°; c. 92°; d. 96°.

volume and ofd,,, the hill evolves into a barchan dune for large enough vati€s,.
Moreover, asly, is systematically reduced, different dune shapes appgendiéng on
the angld),,, in the same order for all dune sizes.

Therefore, we present our results in terms of a normalizedacheristic time, which we
call t,,, in such a manner to include the information of the dune veluie define the
normalized timet,, using the turnover or migration tim&, of the barchan dune that
appears for large values @f,. T, is defined as the time which the barchan needs to cover



142 6.6.2 Sand dunes formed by a wind of oscillating directio

a distance equal to its width, and is written as

W2
= @’
where() = ¢s/psana, @nda = 50 gives the proportionality between the velocityof the
dune and the rati6)/W: vq4 = a@Q /W, which is obtained from the model results. We

note that?) is the saturated flux normalized by the density of the sand = 0.62pg4ins.
and has units of lengtlitime. We then define the reduced timeas

T (6.5)

ty = 2 (6.6)

The different dune shapes obtained in calculations are shig. 6.12 as function of
0, andIlnt,,. We see that whefh, is similar to7},, i.e. Int,, ~ 0, then a barchan dune
is obtained. Furthermore, we see that a variety of dune shajpgear from a bimodal
wind regime in whichT,, < T;,, which leads to negative values bift,. In a general
fashion, the dunes obtained are oriented transverse teshéant wind direction if,, is
smaller thar90° (Rubin and Hunter 1987), while longitudinal bedforms apgeahigher
angles. For increasing valuesthf — 180°, “reversing” dune shapes appear, which are
not studied in the present work.

Bimodal sand dunes on Mars

Because linear dunes like the ones found on Earth were almobstbserved in the first

images of Mars taken by Mariner 9 and Viking orbiters, it hasisuggested that non-
unimodal wind regimes should be very rare on Mars (Lee andE301995). However,

on bedrock and in areas of low sand availability, there appttian dunes of a high

diversity of shapes, where barchans and domes orientesivizesely to the prevailing

wind should occur in an uni-directional wind regime. Somesath dune types, which

are up to now unexplained, are shown in fig. 6.9.

Here we calculate the dune shapes which appear in fig. 6.§ asiimodal wind regime.
In both directions the wind strength is the same, namely= 3.0 m/s as found from
calculations of Martian barchans in Chapter 3. In this manthe value ofu. /u. is
particular to each field, since,; depends on the field location (Table 6.1). The initial
condition is a Gaussian hill as before, whose volume is takeording to the volume of
the dune.

The calculations of the Martian dune shapes in the imagegof6fi9 are shown in fig.
6.13. We find that the different forms are determined by theath, between the wind
directions. All dune shapes have been achieved with a'tiga the range of to 5 days.
The dune shape in fig. 6.13zsas been obtained with, = 100° and withT;, = 250000 s

~ 2.9 days, whilef,, = 140° andT,, = 500000 s~ 5.8 days has been used to calculate
the dune in b

Moreover, we found that the structure observed in the duné ¢iefig. 6.9c can be
obtained by a change in the local wind regime. The dune shafig.i 6.13¢ has been
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Figure 6.12: Sand dunes formed by a wind of oscillating dio&c In the diagram we
see different calculations of dunes obtained with differatues oft,, andt,, = T, /T,
whereT,, is the characteristic time of the dune. Each shape showreididgram corre-
sponds to one single snapshot of calculation with one pdatipair of{0,,, ¢, }.

obtained in the following manner: (i) first, an elongatedetorm as the one in fig. 6.13b
is formed with an anglé,, = 120° and with’l;, = 60000 s~ 0.7 day; (ii) next, the angle
0., has been suddenly reducedtwy, which is below the critical angle for the appearance
of longitudinal bedforms (Rubin and Hunter 1987). Therafthe linear dune becomes
unstable and decays into a string of rounded barchans asskgn6.13c.

It is interesting to notice that our calculations provideifeedent explanation for the for-
mation of the Martian dune field in fig. 6.9c than that propolsgdourke (2006). We
found that the field in fig. 6.9c consists of linear dunes whaihdecaying into barchans,
while Bourke (2006) suggested an alternative view: the kbakthans would merge to
form the linear dunes.

The results of fig. 6.13 provide evidence for bimodal windmegs on Mars. We find that
a variety of Martian dune forms which appear in craters angthvbdevelop on bedrock
have been formed by a wind whose direction alternates betivee main orientations.
We conclude that if more sand were available in those pldoegjtudinal dunes would
in fact appear as observed in terrestrial sand seas. Howeeeremark that the wind
strengthu, = 3.0 m/s used in our calculations must be interpreted as a repegsent
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Figure 6.13:a., b. andc. show dunes from fields in figs. 6.9a, 6.9b and 6.9c, respégtive
Cross section of each imagelig90 m. &', b’. andc’. show dunes calculated with bimodal
winds. Ina we see one dune obtained with = 100° andT;, = 2.5 x 10° s; pressure
is P = 5.5 mb and temperaturé = 175 K as near to the Wirtz Crater on Mars. Dune
in b’. has been obtained with, = 140° and7},, = 5.0 x 10° s and using® = 5.0 mb
and7 = 185 K. And dune inc'. has been obtained usirg = 8.5 mb and7" = 150 K,
and with a complex wind regime: First, elongated dunes ds,iwith 6,, = 120° and

T = 6.0 x 10* s are obtained. Next, an angle = 80° is set and the pattern in fig’ is
obtained.

[ Field | location | pawa (kg/m°) | u. (M/s) | ¢ (kg/m-s) |
fig. 6.13a| 48.6°S,25.5°W 0.017 1.89 0.19
fig. 6.13b| 49.6°S,352.9°W 0.014 2.06 0.15
fig. 6.13c| 76.4°N, 272.9°W 0.03 1.35 0.24

Table 6.1: For each dune field in fig. 6.13, the fluid dengity, and the threshold,; is
calculated from the local pressure and temperature whigka&en from the MGS Radio
Science data (MGSRS 2006). In spite of the broad range.ofall dune forms in fig.
6.13 have been obtained with one single value.of= 3.0 m/s.

wind strength which is above the threshold for saltationiamdsponsible for the average
behaviour of the bedform. As commented before, such valtiegrm shear velocity
represent the highest peaks of aeolian activity on Mars, heavé been observed only
during gusts of dust storms (Moore 1985). In fact, as obskbyethe landers, average
winds on Mars are normally very modest, withbetweer).4 and0.6 m/s (Sutton et al.
1978). In this manner, we expect the Martian fractfgn= 7., /T;.. to be indeed much
lower than the Earth’s, and,.,; as large as for Martian wind regimes to be classified as
unimodal (Lee and Thomas 1995).

On the other hand, the largest peak of wind activity on thangkL landing site, which
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was capable to mobilize particles and form ripples on theigde lasted only a few sec-
onds. The gust of wind activity occurred just after nearlp@@ays since the arrival of
the lander (Chapter 2). Let's assume that winds above tlesliiofd on Mars occur gen-
erally during Atgaion = 40 S at intervals of 5 years (2000 days br28 - 10® s). A
characteristic timd,, ~ 1 — 5 days mean§;, = 86,400 — 432,000 seconds. Further,
dividing 7., by Atguiation = 40S, the characteristic time correspondta@60 — 10, 800
gusts of saltation transport. In other words, the Martiaa tiene 7., is

Ty
—— x 5.0 years~ 10,800 — 54,000 years (6.7)

A7-‘;saltati0n

Therefore, the real time of oscillation of the wind direction Mars found from our
calculations is of the order dab* years.

T'real =

Linear dune from a barchan horn

One classical picture of the formation of seif dunes is ttiat lsarchandune which gets
one of its wings extended further and further due to changesrid direction (Lancaster
1980; Tsoar 1984), as shown in fig. 6.14. In this case, oneedditiections of the bimodal
wind is theprimary direction, i.e. the one which formed the barchan. The wirstslat
this direction for a timel,;. Thesecondarywind direction makes an angtg, with the
primary wind, and its characteristic timeis,.

Figure 6.14: Linear dunes appearing from one of the hornaafians in Namibia, near
18.46°S,12.25°E.

The evolution of a barchan dune under a bimodal wind regimeeasribed above has
been calculated using the dune model (Parteli et al. 2006dg white arrows in fig.
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6.15 just above the dunes indicate the primary and secondad/components, and the
resultant wind direction is represented by the blue arroeaich case. In the calculations,
the bimodal wind defines an angle = 120°. Each dune shape displayed in fig. 6.15
corresponds to one snapshot of the calculation using acpkativalue of the ratio =
TWQ/Twl.

We find that the evolution of the dune depends on the ratio éetwhe transport rates
of the wind directions. The barchan horn elongates into &seltant direction only if
the wind lasts at the secondary direction for more & of the primary direction, i.e.
if Two/Tw1 > 0.25. Further, if this ratio increases, the velocity of the elatign also
increases (Parteli et al. 2006d). Moreover, we find that-fer 1.0 or T, = T,1, dune
shapes as those in fig. 6.12 are obtained, dependifig @mdd,,.

Figure 6.15: Dune shape as functioniof= T,2/Ty1, the ratio between the times of
the wind directions. The shapes shown foK 25% arestationaryshapes, whereas for
r > 25%, the elongated dune horn increases further and further.c@ber = 100%
corresponds te,, = 0.078 (Int,, = —2.5 in diagram of fig. 6.12). Calculations by O.
Duran (Parteli et al. 2006d).

It is interesting that barchans with an elongated horn appely in very few Martian
fields, which is in contrast to the abundance of such dunedamEarth. Bimodal sand
dunes appear often on Mars, but their shapes are ratheastmthe ones in fig. 6.12. The
typical ratio of the transport rates,, /T.,1, of bimodal winds on Mars must be, therefore,
close to unity. In other words, secondary wind directionstine rare on Mars.

6.3 Conclusion

In conclusion, we found that bimodal winds form longitudidanesif the angle between
the wind directions is above a critical valdg which is around0°. This value is essen-
tially the same as found from experiments with linear rigplRubin and Hunter 1987)
and subaqueous dunes (Rubin and Ikeda 1990). Furtherrha@éintling is independent
of the initial conditions used in calculations: a Gaussidk & linear sand ridge; and a
flat, dense sand bed.
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Moreover, we found that the shape of the linear dune depemdseocharacteristic time
T,, of the wind directions. Linear dunes display enhanced ‘tssity” the larger the value
of Ti,. This explains the appearance of bedforms such as thosesin6i@a and 6.3a,
where we see that each linear dune has slip face at only otesifles.

We have calculated the shape of sand dunes appearing orckadrder the influence
of bimodal wind regimes. In this case, barchan dunes wouyb@apunder unidirectional
wind. Our calculations revealed that a diversity of dungsisadevelop depending on the
angle between the wind directiortg,, and on the characteristic time of the wird,. We
then introduced the normalized timg = T, /T.,, whereT,, is the migration time of the
barchan dune that appears f@r= 0, and presented our results in fig. 6.12.

We have also studied a different kind of bimodal wind regiraesecondary wind, with
lower transport rate, i.e. lower characteristic time, glaes the horn of a barchan dune
formed by the primary wind direction (Parteli et al. 2008dpwever, the seif dune forms
only if the secondary wind lasts for a time of the orderR6% of the primary wind (fig.
6.15).

Finally, we calculated the shape of bimodal dunes on Maxsf@amd that winds on Mars
have characteristic timé,, of the order ofl — 5 days. This means, howevef,.,, of
the order ofl0* years, if we consider that saltation transport occurs dusme tens of
seconds every 5 years (Arvidson et al. 1983).

It is indeed remarkable that the most important result of siudy, the minimal angle
0. ~ 90°, is essentially the same obtained from experiments withlegpand subaqueous
dunes. Moreover, it is surprising that this estimate didama@inge in spite of the important
difference in the procedure to generate the bimodal windbdth Rubin and Hunter
(1987) and Rubin and Ikeda (1990), the rotation of the field performed in a gradual
manner, where the time necessary to change from one dimdottbe other took up tb/5

of T;,. This means that the modellization using instantaneousggsin wind directions
as performed here can be effectively applied to simulatelwegimes of real dune fields
on Earth and on Mars. Indeed, we could not find a significanédéence of our results
on the wind strength,. and on the influx, /¢s. Future work is required to see whether
the critical anglé, could vary in an important way depending on these variables.
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Chapter 7

Conclusions

In this Thesis, we have used the dune model introduced byr@amna et al. (2001) and
Kroy et al. (2002), and later improved by Schwammle and iHarm (2004), to calculate
sand transport and formation of dunes on Mars, and to stedsttape of dunes as function
of wind regimes on Mars and on Earth. We can summarize outtsasuhe following
manner.

() First, we began studying the simplest dune shapeb#nehan dunewhich appears un-
der unidirectional wind and when there is not enough sandverctthe ground (Bagnold
1941). Barchan dunes are the best known dunes, and the dhapestrial barchans has
been successfully reproduced with the model (Sauermann22@3). Indeed, the shape
of barchan dunes (its length to width to height relationg)atermined by two quantities
of the field: the wind velocity and the flux between dunes (Rewst al. 2004). In the
present work, we studied, for the first time, how the wind sipaed the inter-dune sand
flux influence the shape of a barchan dune (Parteli et al. 2008k have found that
the elongated barchan shape (which is typical of intraectaairchans on Mars) appears
for low values of relative wind velocity. /u., and that the dune becomes “fat” with in-
creasing inter-dune flux, /¢ (fig. 3.6). Moreover, we found that we can determine both
guantities by just studying the smallest dune, onttieimal dune sizen a given field: the
width W,,,;, decreases with., /u.;, and the length-to-width ratid.,,;, /Wy, decreases
with ¢;, /¢s (figs. 3.8 and 3.10). This led us to the conclusion that we ¢seoder what

is the wind strength and inter-dune flux in an extra-terrastiune field by studying the
minimal dune.

We then applied the minimal dune method to investigate timelitions of wind and flux

in the dune field of the Arkhangelsky crater on Mars (Parteéile 2006a; Parteli et al.
2006b). Quantities controlling saltation on Mars were ghlted in chapter 2. The only
unknown quantity we needed to solve the sand transport iegsavasy (eq. (1.35)),
since the Martian entrainment rate of grains into saltatioeq. (1.11)), could not be
estimated. We then set first= 0.2 as found for saltation on Earth (Sauermann et al.
2001).

However, when calculating dunes in the Arkhangelsky crateMars withy = 0.2, we
obtained a surprising result: no Martian dune was obtainaziculations for any value
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of wind velocity u, betweenu,; ~ 2.0 m/s and the maximum valu¢0 m/s (Moore
1985; Sullivan et al. 2005). Only with ~ 2.0, i.e. nearly ten times higher than on Earth,
and with low values ofi,., could dunes similar to the Arkhangelsky barchans be obthin
(fig. 3.11). Therefore, we proposed one equatiomféeq. (3.3)) which can be adapted
to Mars and used this equation in our calculations. Fin&ityn the minimal dune size in
the Arkhangelsky crater on Mars we found that the wind foictspeed that formed dunes
on Mars was3.0 + 0.1 m/s (figs. 3.12 and 3.13). Using this shear velocity, we fourad th
barchans with different shapes in other regions on Mars eareproduced as well. We
also obtained the migration velocity of barchan dunes onshaoving under a wind of
constant strength, = 3.0 m/s (fig. 3.17).

(I) We proceeded in chapter 4 studying dunes that appeagrumidirectional winds,
but when the sand availability increases. Under such ciamgdittransverse duneare
formed, whose shape is nearly invariant in the directiop@edicular to the wind flow
(figs. 1.3b and 1.6b). We presented field measurements oh#peof transverse dunes
in the Lenc¢bis Maranhenses, northeastern Brazil (fig), 413d of the inter-dune spacing
of transverse dunes (Parteli et al. 2006c¢). Then, we cakulitsansverse dunes using the
dune model in two dimensions, and compared the results hétlmteasured dunes.

We found two important results from our field measuremerits:first result is that the
shape of transverse dunes in a field is nearly independetd bkight. This is in con-
trast with the case of barchan dunes. The crest of barchagscaetomes closer to the
brink the higher the dune (Sauermann et al. 2000), while teasured transverse dunes
present a variable brink position though they have neatlthal same height (figs. 4.6
and 4.8). The second result of our field observations is tleasharp crested dunes have
the largest values of inter-dune spacing, while “roundeadfies are more closely spaced
(figs. 4.6 and 4.11). This is because at the lee of the dune ithan area of zero net flow
downwind, which we call separation bubble (fig. 1.8). Theasapon bubble is longer for
sharp crested or “triangular” dunes, and is nearly nontentdor the roundest dunes (fig.
4.12). This is in fact accounted for by the separation sthie@formula of the model (eq.
1.37) (Kroy et al. 2002). However, the separation bubiolg yields values of inter-dune
spacing aroun@ — 8 times the dune heiglit (Schwammle and Herrmann 2004), which
are larger than the typical valuéss — 4h found in the transverse dune field (fig. 4.8).
In this manner, we proposed a modified expression for theragpa bubble (eq. (4.3)),
which simple reduces the length of the separation bubHllerstintaining its curvature
at the brink. With the modified separation bubble, we calteddransverse dune fields
obtaining values of inter-dune spacing similar to the oneasured in the field (fig. 4.14).

We note that the separation bubble proposed is phenomecalognd is based on our
field measurements. The important feature of expressi@®) {@.the shorter length of
the separation streamline at the lee of the two-dimensidaaés. In fact, the complex
recirculating nature of the flow at the lee of real dunes istlaén factor determining the
inter-dune distance, but we may also mention lateral trangphich has been neglected
in the two dimensional calculations), vegetation growtHd #me influence of inter-dune
lagoons. The separation bubble is modeled in an heuristimeraboth in its original
(eqg. (1.37)) and modified (eq. (4.3)) forms. In this thesis,have seen that the accurate
modelling of the separation bubble may be extremely immbitacalculate the evolution
of dune fields, and to extend the model to study transversesiom Mars.
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(11N In chapter 5 we have studied the formation of dune fieldée introduced a simple
model for a transverse dune field (Parteli and Herrmann 20@8h is characterized by
the distances between the dunes and their heights, and vghgcverned by three phe-
nomenological equations (egs. (5.1), (5.2) and (5.3)stRive investigated the evolution
of the dune field starting with different initial conditio(fgy. 5.1) and a constant influx at
the inlet. We found that, after a transient time, all dunesiethe same height, indepen-
dently of the initial configuration (fig. 5.2) and of the fabat dunes may coalesce during
their propagation in the field (fig. 5.3). We also found thate do coalescence between
dunes, the number of dunes in the field decays logarithrgigdth time (fig. 5.5), as
found by Schwammle and Herrmann (2004) from calculatidrisamsverse dune fields
with the complex dune model.

Although the simple model of Section 5.1 reproduced the masien that transverse
dunes in a field have all approximately the same height, thauledions led to values
of inter-dune spacing that are not observed in reality. \We tidapted the model (Section
5.2) to account for the dune width, and to include new ingretd into the calculations
(Lee et al. 2005), which are schematically shown in fig. 5i8wé considered the aspect
ratio (lengthH over widthL) of the dunes to be arourid10 as found from measurements
in the Lencobis Maranhenses (fig. 4.8); (ii) we introdudeeldeparation bubble at the dune
lee having lengtl2.5 H measured from the foot of the dune at the lee, as observee in th
Lencois Maranhenses (fig. 4.11); and (iii) we defined csdace between dunes using
egs. (5.6) and (5.7) found from simulations of three-din@me dunes interacting in a
field (Duran et al. 2005). With these new phenomenologitgiedients, and introducing
small dunes at the beginning of the field, a surprising anéalrstic result was obtained
when the dunes evolved on bedrock: the smallest, fastesisdnandered to the end of
the field, at the beginning of which very large dunes were olesk(fig. 5.9). However,

if dunes evolve on a sand sheet — as the ones measured in théis dtaranhenses —
then there appears sand between dunes, and the saturatytimneust be included in the
calculations. Erosion of the sand bed begins just after éiparation bubble, and after
typically 2 m, the flux reaches saturation. Then, the foothef downwind dune cannot
be eroded anymore: this dune gets “trapped”. Taking thea&#a length into account,
dunes were obtained with regular spacing and height (fifd)5ahd the inter-dune spac-
ing was found to evolve nearly logarithmically in time (fig13) as also found by Werner
and Kocurek (1999) using a more complex bidimensional moBglally, we observed
that the usual pattern of small dunes at the origin of the fietdeasing in height and
reaching saturation values of height and interdune spaende reproduced by the sim-
ple model if we consider a strong influx of sand at the inlethef tield (figs. 5.14 and
5.15).

In Section 5.3, we calculated the formation of coastal duekldiusing the complex
model. Starting three-dimensional calculations with adgdmeach and an unidirectional
wind of constant strength, we could observe the formatiopatferns found in coastal
landscapes: small barchans appear from the beach, wanethercontinent and merge
to form barchanoids and huge transverse dunes a few kilosnébsvnwind. The most
important ingredient is the sand inflgx,, which must be set equal to the saturated flux
¢s at the inlet. In this manner, dunes steadily appear. We foliadthe maximum height
of a coastal dune field increases linearly with time (fig. %.Whereas the height of the
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field increases faster the higher the value.gfu..

(IV) In chapter 6, we have studied the formation of dunes ubdeodal winds. The dunes
that emerge when there are two prevailing wind directioescatlediongitudinal, linear

or seif duneswhich elongate in the direction of the resultant flow. Framn calculations,

we found that if the angle is beloty, ~ 90°, then linear dunes do not appear. For values
of 4,, between90° and120°, linear dunes can be formed, which indeed appear unstable
and may occur together with barchanoidal forms. #&praround120° or larger, linear
dunes appear, which become “reversal” dunegfor 180°. Itis interesting that similar
results had been found previously in experiments with apgRubin and Hunter 1987)
and subaqueous dunes (Rubin and Ikeda 1990), while in tisemirevork we studied, for

the first time, the case of aeolian dunes, using the dune ni@dgkli et al. 2006d).

We found that the shape of linear dunes depends orchiaeacteristic timeT, of the
bimodal wind regime. This is the time the wind lasts at eacltsoflirections. If this
time is too large, then the dunes transform into a transv@rseey are formed from a
dense sand bed) or barchan dune (if they develop on bedrdwgenorientation oscillates
between the two directions. For example, a barchan of aiai) direction is obtained if

T, is equal to itgurnover time(eq. (6.5)): the time the barchan needs to cover a distance
equal to its length or width. For smaller valuesiqf, several dune shapes, from rounded
barchans and domes to elongated and reversal dunes apggeandihg ord,, (fig. 6.12).

We also found that the “sinuous” shape of linear dunes the¢ldp on a sand bed is
function of T, the sinuosity decreasing wiffi, (fig. 6.8).

It is important to notice thafl;, means the characteristic time of a wind of constant
strengthu, > u.. Since the wind strength is, however, a large fraction oktinelow
the threshold for saltation, theal time T,.,; of the oscillation is equal to several times
T,. Equivalently, T}, = foTrea, With 0 < f,, < 1. Therefore, the dune model can be
used to infer about the time sand-moving winds occur in argiveear dune field. In this
way, we have obtained that bimodal winds of strerggthm/s have formed different dune
shapes on Mars witlh,, of the order ofl to 5 days (figs. 6.9 and 6.13).

Dune formation on Mars

In conclusion, we have calculated, using the dune modelytiaatities governing salta-
tion on Mars, and the formation and propagation of sand dundsr the present Martian
atmospheric conditions.

Many authors have doubt that the coarse grains of diamete500 m that form Martian
sand dunes could be transported by winds of the present Nianst, the wind friction
speedu, is most of the time around.5 m/s (Sutton et al. 1978), while the threshold
for saltation is2.0 m/s (Pollack et al. 1976; Greeley et al. 1980; Iversen and White
1982). This threshold is exceeded only seldom, during esrdust storms that occur
in intervals of several years, and even though saltatias E$ew seconds (Arvidson et
al. 1983). Moreover, under the present atmospheric camditof Mars, only barchans of
width larger than 2 km were expected to appear, as mentiondtkifirst pages of this
Thesis. The reason is that the minimal dune width is propoali to the length of flux
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saturation, which itself scales with the quantity,, = dpgrain/paua. In this manner,
for Martian dunes to have the observed size, they must haae foemed by an ancient,
denser atmosphere (Breed et al. 1979), on the basis of thegsaath (..

In the present work, we have found the missing link to un@eithe formation of dunes
by the present atmosphere of Mars: the larger splash of théidvissaltation. On one
hand, saltating grains on Mars travel much longer than othE#'hite et al. 1976; White
1979), which increases the distance of flux saturation (f@). In fact, the mean saltation
length? (eq. (1.17)) increases with,.,, sincev?/g scales withu?, /g ~ dpgrain/ Pivia-
Indeed, saltating grains on Mars also travel with a velot@iyimes higher than on Earth
(White 1979). As a consequence, they impact onto the sanaviibdLO times higher
momentum than do their Earth’s counterparts, and eject @hensich larger amount of
grains. As Marshall and Stratton (1999) wrot@rf Earth, only a few grains are splashed
by impact. On Mars, it may be hundréd€But as we can conclude from fig. 1.2, the
more grains enter saltation after splash, fdeerthe flux saturates, i.e. the shorter will
be the saturation length. In the model, the entrainmentohtgrains into saltation is
given by the quantity; (eq. (1.11)), which enters the expression of the saturégiogth,

/s (eq. (1.33)). The equation found for the entrainment rate (€.3)) predicts that
the entrainment rate on Mars is 10 times higher than on E&tlhmmarizing, Martian
saltating particles travel ten times faster than Earthngraihis results in a much more
intense splash and a ten times higher entrainment rate., Tieisaturation length, as
well as the minimal dune size, is reduced by a factor of 10ctwvhesolves the previously
reported (Kroy et al. 2005) failure of the scalifg,;,, o /.

In this manner, we found that Martian dunes could have beemdd by the present
atmospheric conditions of Mars. Our calculations proviue first evidence that winds
reaching a velocity,, = 3.0 £ 0.1 m/s, which are typical during the largest dust storms
on Mars, may have formed the observed Martian dunes. Indeeite this means that
Martian dunes must not be “inactive”, the timescales of tivenfition and evolution of
dunes on Mars are immeasurable larger than that on Earthn®hand, barchan dunes
on Mars would move 10 times faster than on Earth if sand-ngpwinds would occur
with the same frequency on both planets (chapter 3). Buesincx 3.0 m/s is only
achieved probably during 40 seconds each 5 years (Arvidsah ¢983), a barchan of
length 200 m is expected to move at a negligible rate of 1 m @00 years. This explains
why orbiters never detect movement of barchans on Mars.

The calculations of exotic dune forms occurring on bedrdigs( 6.9 and 6.13) provided
evidence for bimodal wind regimes on Mars. We found that treaacteristic time of the
change in wind directionl,, is of the order ofl — 5 days (Parteli and Herrmann 2006).
This appears surprising since wind regimes on Mars werecineigpected to be narrow
unimodal (Edgett and Blumberg 1994; Lee and Thomas 1995aim\@ur results must
be interpreted on the basis of theal time 7,..;, which is several times larger sineg is
mostly belowu... In fact, we obtained thaf,.,, must have the timescale v6* years if
saltation occurs during some seconds each 5 years (eq). (6.7)

It is interesting to notice that a significant change in wimection (by90° or more) is
expected to occur after each extreme of the Mantidnital cycle, which is determined by
the combined effect of the precession of its axis and theadrait perihelion (the point
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of closest distance to the sun) (Arvidson et al. 1979; Thoh®82; Lee and Thomas
1995; Fernandez 1998; Malin et al. 1998; Thomas et al. 19B8rause of precession
of its axis, each pole of Mars appears tilted to the sun in &eayt51, 000 years. Now
the latitude which “looks” toward the sun at periheliorlisS, but this “subsolar latitude
at perihelion” (SLP) migrates25° about the Equator over a 51kYr time span (Arvidson
et al. 1979). This orbital cycle is the most important onetfa climate of Mars, the
hemisphere of the SLP having short, hot summers, and beengrié of the major dust
storms activity. In25, 500 years, it is the northern hemisphere that will be tilted te th
sun. ‘The large amounts of fine dust currently deposited in theheort hemisphere
in regions such as Tharsis, Arabia, and Elysium will be retsted to the southern
hemispheré(Sheehan 1996). This half cycle a6, 500 years is in fact well within the
range of characteristic timi), 800 < T;.. < 54,000 years of bimodal winds found from
our calculations of sand dunes on Mars.

Outlook

The discovery that the entrainment rate of saltating gramislars is 10 times higher than
on Earth has been crucial for the calculations of MartianesunWe saw in Chapter 3
that no dune would appear on Mars if it wasn’t the pronouncedien rate due to the
large Martian splash events. It would be interesting to neekel microscopic simulation

for the saltation mechanism of Mars similar to the one that vexently performed by
Almeida et al. (2006) to confirm our findings microscopically

We can now apply the dune model to address several queshiainare of interest for ge-
omorphologists and planetary scientists investigatiegg#ology of Mars. For example,
what is the origin of Martian dunes? Where does their sandedoom? It is very plausi-
ble that the basaltic grains of Martian dunes have a volaanigin (Edgett 1997). On the
other hand, Martian dunes never appear associated withvéoustsource (Thomas et al.
1999). This is in contrast, for instance, with the case akwdrial coastal dunes, which
appear from the sand deposited on the beach (e.g. fig. 1a).

On Mars, dune fields constitute mainly sand deposits trajupéide interior of craters.
However, MOC images show that the dunes do not migrate imttatigest craters, which
are normally “protected” by raised rims. On the other hahds possible to see dunes
wandering tdeavethe crater, as it is the case of the Arkhangelsky dunes. Hadvihdi
sand, then, accumulated in the crater?

The MOC image in fig. 7.1a was one of the first images of dunesigedjby the Mars
Global Surveyor, and shows an intriguing scene: a “poné-lgtructure in the interior of

a crater nea65°S, 15°W. The “pond” consists of a field of dark dunes next to a smooth
surface with “islands” within it. The question is: how diddlpond form? One expla-
nation is that the impact of the meteorite created crackshergtound; thereafter, lava
came up through these cracks thus ponding on the interitveodriater. Another possible
explanation (see http/www.msss.com for more details)aterran downslope the crater
walls and ponded on the floor; the water dried up, leaving & garface of sand. Could
water have played a decisive role for the formation of durldgien Mars? If water has
been in fact relevant for the appearance of dunes on Marsatbelations of intra-crater
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dunes might be useful to estimate when the latest Martiaenminds dried up. More-
over, there is another possibility for source of dune santhemorth pole of Mars, which
could be investigated with simulations. Figure 7.1b shdwas the lower units of the north
polar cap may be eroded by the wind, and provide the sand Ktlagtian beaches™?) for
the formation of dune fields.

Figure 7.1:a. Martian dune fields as remains of intra-crater water pondk@ crater
we see in this MOC image has 50 km of diameter, and is locatada3€sS, 15°W. b.
The Martian north polar cap is divided into an upper, briglyelr, and a lower, dark one.
While the upper units contain almost no sand, it is plauditdé the lower units serve as
sand source for dune fields. In this MOC image, we see the stafes of the formation
of a north polar dune field.

In the calculations of dune fields, where dunes appear gigpelced, one important issue
that must be addressed in the future is the separation hulitikepart of the modellization
of dunes is still unresolved (Chapter 4). We have seen thaebl spaced transverse dunes
are obtained by reducing the length of the separation bubtdeever, CFD calculations
(Herrmann et al. 2005) show that the separation streambhéise dunes may in fact
extend up to almost the half length of the dune downwind.dlgar that simply setting the
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wind and flux as zero at the dune lee must hide important mésinarof inter-dune sand

transport. Therefore, one of the most important upcomimdjehges in the calculations of
transverse dunes will be the modellization of flow sepanagiche dune lee. Furthermore,
the outlook of the calculations of dune fields is to includalistic ingredients, such as
winds of oscillating strength and varying direction, vediein, topography and inter-dune
water pounds to investigate the evolution of coastal lamplss of our planet.

Another aspect that remains to be investigated in the fututbe role of electrostatic
interactions between grains in the dry Martian atmosphderison et al. (2004) found
from wind tunnel experiments simulating Martian condigdhat approximatel90% of
dust particles of a few microns of diameter have a net etectnarge, and that equal
guantities of dust grains are charged positive as are mvegadturthermore, charged dust
grains may easily adhere to form larger particles, whichehzeen effectively suggested
as a possible origin for saltating grains on Mars (Edget7).98s the grain size increases,
however, we expect such electrostatic effects to be lessaadtle, though we expect some
increase in the threshold for saltation. Also the naturdefsplash could be affected, and
the model parameters (effective restitution coefficient) ang, (mean saltation height)
should be obtained from comparison with wind tunnel saéat&ux data that reproduce
the dry environment of Mars.

Sand dunes on Earth, Mars, Venus and Titan

Sand dunes have been also found on Venus and on Saturn’s ntaaon Both on Venus
(Arvidson et al. 1991; Weitz et al. 1994) and on Titan (Lorehal. 2006), only transverse
and linear dunes have been detected from radar data, whiehl rextraterrestrial dunes
of sizes comparable to those on Earth. The transverse dunles senusiarFortuna-
Meshkenetlune field, centered #t7.°N, 91°E, have width ranging from 200 to 500 m
and lengths ranging from 500 m to 10 km (Weitz et al. 1994). kndther hand, the
Titanic Beletsand sea at2°S, 100°W is a field of linear dunes that have slopes between
6° and10° and heights comparable to the dune heights at Namibia sandieere have
been no detection of barchans or other dune forms, which eattibuted to insufficient
resolution of the radar images. Alternatively, it is pldusithat granular materials that
could be mobilized though saltation would be scarce on V¢Wastz et al. 1994).

In this Thesis, we have proposed a general equation (eq) {8 Galculate the entrainment
rate of grains into saltation under different atmospheoieditions. This equation can be
used, together with expressions presented in chapter &)dolate other dune forms on
Mars, Venus or Titan. Therefore, it would be interestingest the model equations with
the calculation of saltation transport on Venus and Titan.

While granular materials on Venus are apparently of basattgin (Garvin et al. 1984),
on Titan, the grains of dunes are made probably of hydroearfloorenz et al. 2006). In
both cases, we can estimate the grain diamétdrthe dunes assuming thais about 5
times the critical grain diameter for the transition suspen/saltation (chapter 2). This
critical diameter is aroun@5 pm on Venus and0 pm on Titan, and thus we obtain
d = 125 and300 um on Venus and on Titan, respectively. Next, the minimaltifvic
speedu,; can be calculated with eq. (1.46). In fact, wind shear vélegxicomparable
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to the threshold have been measured by the S&@eeralanders on Venus (Garvin et
al. 1984). The Europeaduygensprobe, which landed on Titan, also measured surface
wind speeds of the order of the saltation threshold (Tomaslad. 2005). Therefore, it

is effectively possible that saltation and dune formatioours on the present Venus and
Titan.

In Table 7.1, we see the quantities governing saltation othE®ars, Venus and Titan.
The mean grain velocity,, the saturated flug,, and the saturation length, have been
calculated assuming a constanfu., = 1.45, as we found for the Arkhangelsky Crater
on Mars (chapter 3). We see that the values oh Venus and on Titan are smaller than
the Earth’s value. This is because of the lower Venusian &@adi€ v, andv,. Moreover,
the sand flux calculated for Venus is 10 times smaller thanathEThis has been in fact
prophesied by White (1981), who performed wind tunnel eixpents using atmospheric
conditions of Venus: (...) Hence, for wind speeds the same percentage abovédtides
on each planet, (...) approximately 10 times more materi@allet be moved on Earth
than on Venus. We also see that the lowest values of mean saltation heayletthose of
Venusian grains, which is a consequence of the extremegiatmospheric pressure of
Venus (93 bar).

Furthermore, in the last row of table 7.1, we give a quickneation of the minimal size of

a barchan dune on Venus and on Titan, assufiig, ~ 13/, as on Earth and on Mars.
Using the equation for the entrainment rate to calculgteve see that barchan dunes on
Venus (if they existed) could be one order of magnitude smalhile Titanic barchans
should have similar minimal sizes as the Earth’s. Again,ntthmal size of a barchan
dune depends oun./u.; (chapter 3), while the barchan shape depends on the interdun
flux, and also on the aerodynamic roughness. The last quaotild not be measured by
Venus or Titan missions.

However, in the extension of the calculations to environtmed atmospheric density
much higher than the Earth’s, the caveat must be added #hattbdynamic entrainment
must play a more important role than the entrainment by ¢goaih collisions, the larger
the value ofpg,q. The largerpguq, the lower is the grain velocity, and therefore less
momentum is transfered to the bed by impact. We expect insfaletsh impacts to be
much less effective in ejecting grains on Venus than on Eariars. On the other hand,

in the last cases, the aerodynamic entrainment has beentiageneglected, since it

is only important toinitiate saltation (Anderson and Haff 1988; Sauermann 2001). In
the dune model, the contribution of the aerodynamic entraint to the erosion rate is
written as (Sauermann 2001)

r, = @a(T " T8 _ 1). (7.1)

Tt

The paramete®, substitutes, therefore, the factpt, /vs which appears in the case of the
entrainment by impact, while for the aerodynamic entraintmate, the fluid threshold
T, > T, Must be considered. If the splash becomes negligible cadparthe aerody-
namic entrainment, then this must be taken into accountigdkculation of the saturation
length. In fact, for saltation in water, whepg,;a = 1000 kg/m?, fluid entrainment is the
mechanism that sustains the saltation transport (Kroy ar@Z604).
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| | Earth| Mars | Venus | Titan |

Gravity g (m/s?) 9.81 | 3.71 | 8.87 1.35
Atmospheric densityg,iq (kg/m®) | 1.225 | 0.014 | 66.5 5.44
Particle densityg,.i, (kg/m?) 2650 | 3200 | 3200 1000
Particle diameted (mm) 0.25 | 0.50 | 0.125 | 0.30
Threshold friction speed,; (m/s) | 0.22 | 2.12 | 0.022 | 0.028
Mean saltation height,, (mm) 16.3 | 1132 | 0.56 3.7
Carag (M) 0.54 | 115.4 | 0.006 | 0.055
Entrainment rate 0.2 | 224 | 0.03 0.06
vs (M/s) 141 [ 178 | 017 | 0.21
¢ (kgm1s?) 0.008 | 0.146 | 0.0008 | 0.0008
s (M) 0.80 | 15.43| 0.11 | 0.53
Winin (M) 104 | 2004 1.5 7.0

Table 7.1: Quantities governing saltation on Earth, Maenug and Titan. Quantities
for Mars correspond to those at Arkhangelsky crater (cheg)te Values of particle di-

ameter on Venus and Titan are equal to 5 times the criticahelier for transition sus-
pension/saltation, calculated with the conditigpu.; = 1.0 (Chapter 2). A viscosity of

n = 8.5 x 107% kg/m-s is used for Titan (Lorenz et al. 1995),, ¢, and/, are obtained

With w, /u. = 1.45, andWy,;, = 13/.

In summary, the dune model can be now extended to calculat®timation and propa-
gation of sand dunes on other planets. Therefore, the dudelmught be in the future
a powerful tool in the investigation of the geological higtaand of the present climate
and wind regimes of any planet or celestial body that has sarttie surface and winds
to form dunes.
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