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Deutsche Zusammenfassung

Der Transport von Sand, verursacht durch effektive Erosioth Deposition, kann zur
Bildung von Oberflachenstrukturen auf verschiedeneneskéilhren. Diese Strukturen
formen ein hierarchisches System von drei Niveaus voisé@udin Gebilden, die sich Uber-
lagern. Windrippel erscheinen auf der Zentimeterskaédyrerid sich einfache Dunen auf
Langenskalen von einzelnen bis zu hunderten von MetemiekgIn und sich manchmal
zu DUnenverbanden, sofraas, Uberlagern, mit einer GroRenordnung von Kilometern.

Barkan—-Dunen kommen haufig vor, wenn der Wind unidireidloist, und es nicht
gentigend Sand gibt, die Oberflache vollstandig zu bextedRiese hochmobile Diinen-
form tritt zwar als einzelne Dune auf, kann aber kilometege Dunenfelder mit der
Struktur eines Korridors in Windrichtung bilden. Barkaegrasentieren die einzigen sta-
bilen Sandgebilde, die bei einfachen Windbedingungeneteft, d.h. bei unidirektiona-
lem Wind. Damit sind sie das ideale Objekt, um zu untersughemelcher Weise sich die
kollektive Bewegung von Millionen von Sandkornern auftées Grund mit solch einer
beeindruckenden Struktur organisiert.

Diese Dissertation konzentriert sich auf die Losung vasi éfauptfragestellungen, die
mit Barkanen zu tun haben. Erstens werden die phanomeaeokamn Parameter eines
Modells zum Transport von Sand auf der Langenskala von i&andrn anhand von
Windtunnel-Experimenten bestimmt. Dies geschieht in aigjijkeit des grundlegen-
den Flusses und der Eigenschaften der Sandkodrner (DodBHerrmann, 2006a). Dieses
Modell bildet den Kernstiick des Dunenmodells, das wirdbeen werden. Es ist nicht
nur wichtig, um die Prazision der Vorhersagen des Gesantisozu verbessern, son-
dern auch, um das Gesamtmodell in geeigneter Weise zu erwedamit konnen z.B.
auch auRere Bedingungen simuliert werden, unter welclimmeD®unter Wasser oder auf
dem Mars und der Venus enstehen (Parteli et al., 2006). DegteWragestellung besteht
darin, die Faktoren zu erforschen, die die Verteilung deiff8n und der Entfernungen
zwischen den Dunen in einem Dunenfeld verursachen (Detrah, 2005; Duran et al.,
2006a; Duran et al., 2006b). Dies ist von grof3er Bedeutdaglie Dinengrof3en und
ihre Dichte in einem Feld die zwei wichtigsten Grof3en ddlesh. Somit wird es erleich-
tert, eine geeignete Strategie zu entwerfen, um DiUnen mobiisieren. In der dritten
Fragestellung werden die Prozesse untersucht, die zulliSi&xlnng einer Dune fihren
konnen. Diese konnen dabei helfen, die Verwiistung vordkttichen zu stoppen oder zu
vermeiden (Duran and Herrmann, 2006b). Auf welche WeiselgreBarkan—Diinen von
Vegetation deaktiviert? Welche Faktoren bestimmen dieirggohgen, die diese durch
Pflanzen verursachte Deaktivierung initiieren?
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Abbildung 1: Dimensionsloser saturierter FIU3s= q,(u.)/(q:(u./u.)?) als Funktion
der Schergeschwindigkeit, fur verschiedene Durchmesser, berechnet aus Windtunnel—
Experimenten (Punkte). Modell des saturierten Flussegduithgezogene Linien) und

ohne (gestrichelte Linie) der Annahme einer effektiverheldn allen Fallen ergibt das
Modell mit einer effektiven Hohe bessere Resultate.

Kapitel 1: Auf der Sandkorn— und Diinenskala

In diesem Kapitel wird eine neue Gleichung vorgeschlagenden saturierten Sandfluss
als eine Funktion der Scherspannung des Windes beschpedst.geschieht durch die
EinfUhrung eines Windprofils, welches den Feedback—EffekSaltation der Sandkorner
und einen Ausdruck fur die Rauheitslange berticksithtigr die Saltationsschicht mit
einbezieht. Diese Gleichung fur den Sandfluss wird durcimdidinnel-Experimente
bestatigt (Abb. 1). Spezielle Falle dieser Gleichungeben Transportgleichungen, die
von der Relation zwischen den zwei charakteristischergeardes Modells abhangen:
die Hohe des gestorten Windprofils und die Hohe, auf dekdaddruck den Impuls er-
setzt, der durch die Wechselwirkungen zwischen fliegenadeai&rnern und dem Grund
verloren geht.

Zusatzlich wurden zum ersten Mal die phanomenologisétaameter des Modells zum
Sandtransport bestimmt, indem deren Skalenverhaltnisisder Dichte und der Visko-

sitat des Fluids, der Gravitationsbeschleunigung und Bemmdurchmesser verwendet
wurden. Einige dieser Parameter konnten durch Windtuimglerimente bestatigt wer-
den (Duran and Herrmann, 2006a). Diese Abhangigkeiteth sotwendig, um die Mo-

dellierung von Duinen unter verschiedenen physikalis@estingungen, wie z.B. in der
Marsatmosphare oder unter Wasser, zu ermoglichen. Diest& durch die erfolgreiche
Anwendung des Dunenmodells auf das Skalierungsproblenvarsdiinen (Parteli et al.,
2006) bestatigt werden. Das Modell ist natirlich auchudgeeignet, um z.B. den Effekt
der Sandkorngrof3e auf die Morphologie von normalen Dimestudieren.

Die hier bisher vorgestellten Arbeiten werden benutzt, im®&@esamtmodell zur Mo-
dellierung von Dunen zu vervollstandigen, das wir im esiden DUNE—Modell nennen
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Abbildung 2: Vergleich einer sechs Meter hohen Barkane i@uttion, b: Messung).
Die mittigen Langs— und Querschnitte beider Diinen welidefe) und (d) verglichen.
Dabei stellt die durchgezogene Linie die simulierte Duind die gestrichelte Linie die
gemessene dar. Beide Dunen sind von gleicher GroRenogdnu

werden. Die Modellierung von Sanddiinen bringt die Autteg in drei Hauptteile mit
sich: (i) die Berechnung des Einflusses der Topographie isuMihdstromung, (ii) die
Berechnung des Sandflusses in Abhangigkeit des gestbfiteds, und (iii) die Entwick-
lung der Sandoberflache durch Erosion, Deposition und hewmi

Das Studium von Barkan—Duinen erfolgt durch numerischesgiionen. Es werden meh-
rere Skalengesetze vorgestellt, unter anderem zwischenv/dieimen, der Geschwindig-
keit und der Bilanz des Sandflusses einer Barkane. Der Velnglikeser Gesetze mit Da-
ten aus Messungen ermoglicht das Bestatigen der Ergebaés neuen DUNE-Modells,
das das neue Sandtransport—Modell und seine ParametatteAtbb. 2 vergleicht die
charakteristische dreidimensionale “C"—Form einer siertén und einer in Marokko ge-
messenen Dine. Beide Dunen ahneln sich sehr mit Ausndéntéorner.

Eines der erhaltenen Gesetze, das eine lineare Abhaigigksechen Zustrom und Aus-
fluss des Sandes einer Barkane voraussagt, fuhrt zu depreti@tion, dass diese Dinen-
form von sich aus instabil ist, d.h. ihr Volumen wachst odienmt ab, je nach Zustrom.
Daraus folgt, dass die Dynamik auf der Skala eines Dunesitshen fundamentalen Ein-
fluss auf die Entwicklung einer einzelnen Diine hat.

Kapitel 2: Auf der Skala von Diinenfeldern

Dieses Kapitel beschreibt verschiedene Methoden, eimgesaDiinenfeld zu modellie-
ren. Diese Modelle basieren auf Gesetzen, die aus Simuoéatides viel komplexeren
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Abbildung 3: (a) Lognormaler Fit (Linie) einer gemesseneahvgcheinlichkeitsvertei-
lungsfunktion PDF' der DunengrofRen (Punkte). Es werden vier verschiedemege
sene Dunenfelder gezeigt. (b) Lognormaler Fit (Linie) @dRenverteilung simulier-
ter Dunenfelder (Punkte). Dabei wurde ein “effektives” dédl zur Beschreibung von
Dunenfeldern benutzt. Beide Abbildungen werden in dodpelarithmischer Skala ge-
zeigt, auf welcher eine Lognormalverteilung eine Parabestelt.

DUNE—-Modells, welches im vorangehenden Kapitel vorgésteirde, hergeleitet wer-
den. Es wird untersucht, welches die prinzipiellen Praz@ssolch einem Feld sind, die
zu einer Selektion der Dunengrol3en fuhren.

Durch die Messung der Breite der Dinen und ihrer gegenseitigen Entfernungen in vier
realen Dunenfeldern in Marokko wurde entdeckt, dass diaddgroRen einer Lognor-
malverteilung folgen (Abb. 3) und sich die Entfernungensakien den Diinen homogen
entlang des Feldes verteilen. Eine Lognormalverteilutz s der Regel einen multipli-
kativen Prozess voraus, auf dem sich das System aufbaltemdé die homogene Ver-
teilung der Entfernungen zwischen den Diinen einen wiehtlginweis darauf gibt, dass
Kollisionen zwischen den Dinen einen sehr wichtigen dyisahen Prozess darstellen.

Es werden Simulationen mit dem DUNE—-Modell ausgefiihrt, diemMorphologie von
Dunenfeldern zu studieren. Dadurch erhalten wir realisi Ergebnisse. Jedoch ist
ein Vergleich der Ergebnisse mit realen Dunenfeldern rauigy schlechter Statistiken
unmaoglich. Dies liegt an den langen Laufzeiten der Sinioiteen. Trotzdem helfen diese
Simulationen dabei, zu bestatigen, dass Kollisionen vand fiir die Entwicklung eines
gesamten Diinenfelds relevant sind.

Um besser zu verstehen, was passiert, wenn zwei Dunemanier kollidieren, werden
Simulationen mit dem DUNE—Modell ausgefiihrt. Die dreisadriedenen Endzustande
Vereinigung, Solitonwellen—\Verhalten und Erzeugung @uet al., 2005) bieten einen
Mechanismus, der das kontinuierliche Anwachsen der Dimeimem Feld unterdriicken
kann. Die Untersuchung der Daten von Kollisionen zwisclesarél versetzten Dinen
liefert ein allgemeines Gesetz, mit welchem die Volumind die Positionen der Diinen
nach der Kollision gefittet werden kann. Diese phanomegisthhen Gesetze werden an-
gewandt, um ein einfaches Modell zu konstruieren, mit dentffekt der Kollisionen in
einem Dunenfeld erforscht werden kann. Dabei wirde dedfiass zwischen den Dinen
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vernachlassigt. Es wirde gefunden, dass die Verteilungedelimensionalen Ausdeh-
nung der Dunen eine Gauss—Glocke bildet, d.h. in bezugiatH@dhe, Breite und Lange

der DUnen, aber nicht in bezug auf ihr Volumen, wie erwastetde. Somit kdnnen die

Kollisionen statistisch als ein additiver Zufallsprozégerpretiert werden, der eine cha-
rakteristische DUnengrof3e erzeugt (Duran et al., 2006a

Wir erhalten eine bessere Approximation der Grol3envarigin einem Dunenfeld, wenn
zusatzlich zu den Kollisionen der Austausch von Sand aveisclen Diinen und aul3erdem
ihre raumliche Verteilung betrachtet werden. Diese Psseevurden in ein “effektives”
Modell implementiert, das Dunen als Einheiten betrachteas die Einsparung von viel
Rechenzeit auf dem Computer erlaubt. Die Simulationen voneidfeldern mit diesem
“effektiven” Modell liefern eine lognormale Verteilung dBunengrof3en (siehe Abb. 3).
Die Verteilung ist das Resultat der Konkurrenz zwischenikioinen und dem Austausch
von Sand durch Sandfluss, der den multiplikativen ProzddstbDer Austausch durch
Sandfluss fuhrt zu einer Anhaufung von Sand in grof3en Biumel somit zu einem An-
steigen deren GroRRe, wahrend Kollisionen in den meisédiereine Neuverteilung des
Sandes verursachen, weshalb diese Dunen durch Kolliswregler an Grol3e verlieren.

Die Konkurrenz dieser beiden Prozesse wird mit einem aisalyn Mean field Ansatz
modelliert, wobei eine Master-Gleichung die Entwicklurgy d/erteilung der Dinen-
grof3en beschreibt. Das Ergebnis fur die Verteilung digsesatzes entspricht zwar kei-
ner exakten Lognormalverteilung, kann aber gut durch digesgihert werden. Folglich
konnen wir die ersten beiden Momente der Verteilung, deatdWvert (w) und die Stan-
dardabweichung, die die Lognormalfunktion beschreiben, mit physikalealGrolen
verbinden.

Somit resultiert die Standardabweichung der lognormalgii@nverteilung aus der Ba-
lance zwischen Dunenkollisionen und Austausch durch fBaswd Kollisionen hangen
von der raumlichen Verteilung der Diinen ab. Also bekommahmine Gleichung, die die
drei statistischen und topologischen HauptgrofRen vomeldfeldern miteinander verbin-
det: der Mittelwert und die Standardabweichung der Verigjlder Diinengrof3en und die
charakteristische raumliche Entfernubgzwischen benachbarten Diinen (Abb. 4, links
(b))

S® ~ AL(w)?. 1)

L bestimmt auch die Dichte der Diinen im Feld (Abb. 4, link3.(@dlglich ist die Stan-
dardabweichung in Feldern von Barkanen vollstandig daiiehDunendichte bestimmit,
was z.B. erklart, warum ein sparlich besetztes Feld eiageb\Verteilung besitzt.

Die Simulationen mit dem “effektiven” Modell zeigen, dase dtatistischen Grol3en ei-
nes Dunenfelds nur von den Bedingungen am Rand des Feldaslehem die Dinen
einstromen, abhangen. Diese Bedingungen sind durchidiee), und die Breitew, der
einstromenden Duinen festgelegt. Die Dichtder Diinen im Feld steigt mit der Dichte
der einstromenden Diinen linear an

P =Po — Pec- (2)

Es existiert aber eine kritische Dichtg, die Uberschritten werden muss, damit die ein-
stromenden Dunen ein Feld generieren kdnnen (Abb. Ais€b)). Bei kleineren Dichten
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Abbildung 4:Links: (a) Die Dunendichtep als Funktion der relativen Entfernung zwi-
schen den Duineh/(w). (b) zeigt die Abhangigkeit zwische$iund L(w)? durch ein Po-
tenzgesetz'/3. Man erhalt in diesem Fit eine ProportionalitatskonstaonA = 0.03. In
beiden Teilen entsprechen die gefullten Punkte realamebigldern und die nicht gefull-
ten simulierten Feldern. Der Fit der Daten wird durch einecbgezogene Linie darge-
stellt. Die Abweichungen von drei simulierten Feldern vemdrit in (b) sind das Ergeb-
nis zu hoher DichterRechts: (a)Der Mittelwert der Breitav als Funktion des Produkts
von der Dichtep, der in das Feld stromenden Diinen und deren Brejtgb) Die stati-
onare Dichte» des Dunenfeldes als Funktion vpp Beachte, dass sich fur Wente< p,.
(gefullter Punkt) kein Dunenfeld ausbildet.

werden die Dunen durch den Wind zu sehr zerstreut, was diikigj eines Feldes ver-
hindert. Dagegen ist der Mittelwert der Breitém) im Feld von beiden GroRepm, und
wy, die die einstromenden Diinen charakterisieren, abgdAdb. 4, rechts (a))

(w) = (Wpowo)'"?, 3)

wobei IV einen Schwellwert mit der Dimension einer Lange darste#t bestimmt, ob
der Mittelwert der Diinengrof3en grofl3er oder kleiner asRBreite der einstromenden
Dunen sein wird (Duran et al., 2006b).

Kapitel 3: Vegetationswachstum versus Sandmobilét

Die Stabilisierung von mobilem Sand mit Hilfe von Vegetatist eine schon seit langem
verwendete Technik. Vegetation spielt eine kompetitiveRavobei die Pflanzen versu-
chen, die Sanddunen zu stabilisieren, den Sandfluss ztbinden und die Wiederher-
stellung eines fruchtbaren Untergrunds zu stimulierem.mMaensand wird unter diesem
Einfluss stabilisiert, vorausgesetzt dass eine bestimnetegiel an Niederschlag fallt, der
Wind nicht zu stirmisch weht und der Eingriff des Menschemeachlassigt werden kann.
Bei der Stabilisierung fuhrt die wachsende VegetationimareTransformation von einer
hochmobilen Barkan—Duine zu einer unbeweglichen Paréabeld
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Abbildung 5: Deaktivierung mobiler Dunen mit Hilfe von \Vetgtion. Oben: Dunenfeld

in White Sand, New Mexico. Die Barchanoide auf der linkent&Seaben keine Vege-
tation. Sie entwickeln sich zu einer Mischung von aktiven imaktiven Paraboldiinen
auf der rechten Seite (Windrichtung nach rechts). Die demigriinen Stellen entspre-
chen dichter Vegetation. Die Daten suggerieren, dasble@rgang zwischen diesen bei-
den Dunenarten stattfindet, wenn die Bedeckung der Obkdléit Vegetation zunimmt.
DieserUbergang erscheint bei verschieden Diinen im DiinenfaidAhite Sand (Bilder

in der Mitte). Unten: Der gleich&lbergang als Ergebnis des numerischen Modells, wel-
ches die Wechselwirkung zwischen Sandtransport und Vegetaodelliert, mit einem
Fixationsindex vor# = 0.22. Die Vegetation ist in griin dargestellt.

Der Wettstreit zwischen Vegetationswachstum und der Ntébder aolischen Oberflache
hat einen enormen Einfluss auf die 6konomischen Vertsikniz.B. der Landwirtschaft)
von semi—ariden Regionen als auch auf gloliatesysteme. Bisher basierten Methoden,
Dunen durch Vegetation zu stabilisieren, auf dem Ausgm@n der zu testenden Me-
thode. Es fehlte sowohl eine mathematische Beschreibsnguah Moglichkeiten einer
guantitativen Voraussage. Dieses Problem ist fur die ¥#omg von Kistenregionen, in
welchen es hohen Sandtransport gibt, aber auch gunst@jad@egen fur das Wachstum
von Pflanzen existieren, von besonderer Bedeutung.

Es wird ein Satz von Differentialgleichungen vorgeschiggem die Konkurrenz zwi-
schen Pflanzenwachstum und Sandmobilitat zu beschrdibese Gleichungen bestim-
men den aolischen Transport auf granularen, mit Pflanzeadeene®berflachen, wo-
bei auch das Wachstum und das Absterben der Pflanzen bietitaksvird. Anhand die-
ser Gleichungen wird der morphologiscibergang von aktiven Barkanen zu inaktiven
Paraboldiinen berechnet (Abb. 5). Dieses Model kann tigtstéerden, indem simulier-
te mit realen Paraboldiinen verglichen werden. Dazu wesdamhl Satellitenfotos von
White Sand, New Mexico (Abb. 5) als auch die Messungen voneddian der brasiliani-
schen Kuste ausgewertet. Die Morphologien der simuhasted der realen Diinen weisen
wichtige Ahnlichkeiten auf, wie z.B. die Stellen, an welchen die PAemwachsen, und
die raumliche Verteilung der unbewachsenen Sandobbkeflac

Der Ubergang von Barkanen in Paraboldiinen wird von dem AnfasigmenV’ der Bar-
kane, dem ungestorten saturierten Sandfipsder ein Mal3 fur die Windstarke auf fla-
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Abbildung 6: Raumliche Verteilung des Anteils an Bedeakuomt Vegetation (Farbska-
la) fur sechs verschiedene Paraboldiinen an der brasdlan Kiste. Die Diinen stellen
verschiedene Stadien der Deaktivierung dar. Die Farbs&alagarithmisch. Die Wind-
richtung ist von links nach rechts.

chem Untergrund ist, und der Zuwachsriieder Vegetation determiniert. Der Wettstreit
von Sandtransport und Vegetationswachstum fiihrt in deedraer Stabilisierung einer
Barkan—Duine. Dieser Wettstreit kann durch einen dimerséazen Kontrollparametér
ausgedruckt werden, den wir Fixationsindex nennen. Elusth das Verhaltnis zwischen
der charakteristischen Erosionsrate auf der initialerk&arDune und der Zuwachsrate
der Vegetation definiert. Nachdem die charakteristisclosiBnsrate mit dem Verhaltnis
zwischen und der durch das Volumen definierten charakteristischamgel /3 ska-
liert, kann mard durch

0=Q/(V'*V,) (4)

beschreiben.

Es werden fur verschiedene Werte on@ undV,, Simulationen durchgefiuihrt und aus-
gewertet. Es wird ein gemeinsamer Fixationsindgx~ 0.5 gefunden, uber dem die
Vegetation nicht mehr die Inversion einer Barkane bewifki. 0 > 6. bleiben Barkane
mobil, ansonsten werden sie durch die Pflanzen deaktiviert.

Der morphologisch&bergang befl. kann anhand der zeitlichen Entwicklung der norma-
lisierten Geschwindigkeit/v, der Dunen mit Vegetation fur verschiedene Anfangsbedin-
gungen demonstriert werden (siehe Beispiele in Abb. 7),eivabdie Anfangsgeschwin-
digkeit der Duine darstellt. Bei mittleren und hohen Fiaasiindizes kann ein allgemeines
Verhalten festgestellt werden: Einem anfanglichen Blesshgen der Diine folgt eine ra-
sche Abnahme der Dunengeschwindigkeit bet t,, wenn Inaktivierung eintritt. Fur
Zeitent < t, entwickelt sich die Barkane zu einer aktiven Paraboldidd( 5, (a)-(d)),

die danach#(> t,) inaktiv wird (Abb. 5, (e)). Dagegen bleiben die Barkane\ierte des
Fixationsindexes, die grofRer @ssind, mobil, so dass divergiert.

Die Untersuchung der Inaktivierungszejtals Funktion der Parametéft, ¢Q undV, er-
gibt, dasst, mit einer charakteristischen Migrationszgjt = V?/3 /@ der Diine skaliert
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Abbildung 7: Simulationen der Evolution der normalisiertBiinengeschwindigkeit
(v — vp) mit Anfangsbedingungen, die durch Werte der Paramiétep undV,, die den
Fixationsindize®): 0.06 (1), 0.19 (2), 0.30 (3) and 0.35 (4) entsprechen, tnestisind.
Inset (a): die normalisierte Zeitspanne der Inaktivieraimgr Diing /¢, divergiert, falls

0 — 0. (durchgezogene Linie). Inset (b): die normalisierte EBndE der Paraboldiine
L/V'/3 ist proportional zu, /t,,. Die Punkte zeigen Simulationsergebnisse.

und einem Potenzgesetz in Abhangigkeit ¥diolgt (Abb. 7, inset(a))
ts = 0.17t,/(0. —0), (5)

welches denUbergang zwischen einer Barkan—Diine, die sich in einetivelPara-
boldiine entwickelt, und einer aktiv bleibenden Barkanr®darstellt. Die Distanz, die
eine Dune wahrend ihrer Deaktivierung zuriicklegt, diert ebensfalls in Abhangigkeit
des Fixationsindexes (Abb. 7, Inset (b)). Diese Distanmkiam Fall von Kiistendiinen
als eine Eindringtiefe der Duinen ins Land verstanden werdied liefert somit eine gute
Abschatzung fur die Flache, die durch die Dunenbewggarwahrend ihrer Desaktivie-
rung betroffen sein wird (Duran and Herrmann, 2006b).

Der Fixationsindex hangt ausschlief3lich von den allgemeinen Bedingungeniraiey
denen sich die bewachsenen Diinen entwickeln und nicht eorzeitlichen Entwick-
lung selbst. Deshalb erhalt man das Endergebnis des Ydadstwischen Vegetations-
wachstum und aolisché@berflachenmobilitat schon aus den Anfangsbedinguriien.
se Voraussagen konnen direkt getestet werden und habBa Bexleutung in Bezug auf
die 6konomischen Verhaltnisse in semi—ariden Regionas,z.B. die Verwaltung von
Kilstengebietten und globaf@kosysteme.
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Introduction

Background

Deserts are generally defined as areas with less than 250 raveiaige annual precipita-
tion. They are subdivided, in terms of the moisture definihyper arid, arid and semiarid
areas and extent over about one third of the earth’s landseirtomprising almost half
of African continent, all central Asia and about three geisgof Australia (Fig. 1). On
average, about 20 per cent of the world arid zones are covreand with a varying
proportion, from less than 2% in North and South America toaritban 30% in Australia
and as much as 45% in north Africa and central Asia. Sand demesge in these sand
seas as result of thousands of years old aeolian processathedshaped the whole desert

landscape.

DISTRIBUTION OF
NON-POLAR ARID LAND
(after Meigs, 1953)

Extremely arid

Arid

==
Samiarid
L] 1000 2000 MILES
0" 1000 2000 KILOMETERS
[P el

Figure 1: World distribution of arid land. The Sahara dedée biggest of the world, is
clearly seen.

In spite of their beautiful dune landscapes, deserts arengrtite most inhospitable re-
gions on earth, with temperatures as high asda@ing the day to negative values at night,
and almost no water sources. In some places of the world rémegin isolated from less
arid areas by natural topographic accidents like mount&msther areas however, there
is a gradual transition from dry to a more humid environmdittese transition zones in

13



14 Contents

the desert margins have very fragile and delicately bahecesystems and therefore are
very vulnerable to the phenomena of desertification, a najslem linked to desert.

Figure 2: Examples of real threats posed by sand dunes irpfages around the world:
(a) El kharga, Egypt, (b) Nouakchott, capital of Mauritarfid Paracuru, Brasil, and (d)
Sha, United Arab Emirates.

Desertification is experienced by about 40 % of global lamfase which affects more
than one billion people, half of them living in Africa. Desécation is a form of land
degradation, occurring particularly in semi-arid areasl has been a major issue in the
international agenda. Land degradation leads to a declitieeiland quality with a neg-
ative impact on its capacity to function effectively withém ecosystem by accepting,
storing and recycling water, energy, and nutrients.

Additionally to desertification, migrating sand dunes giese a direct threat to human
infrastructures placed on their way. Figure 2 shows exaspiedune advance toward
urban areas in countries like Egypt, Mauritania, Brasiti Bnited Arab Emirates. Further
examples from the coastal area in northeastern Brasil, showig. 3, locally illustrate
desertification (Fig. 3a) and dune invasion (Fig. 3b and c).

The problems posed by dune mobility have been solved inipeaasing different tech-
niques. Small dunes can be mechanically excavated or dissigo that sand moves as
individual grains rather than as a single body. Howevermsuethods are too expensive
for large dunes. Large dunes are usually immobilized usiihgy dy the erection of sand
fences, for instance palm leaves as Fig. 4 shows. Thesemwintave the drawback of not
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Figure 3: Examples of dune threats: in (a) the fertile s@appears under the dune, while
in (b) and (c) could be the houses.

Figure 4: Traditional method for dunes inactivation usia¢npleaves as sand fences.

providing a long term protection since the exposed sandirentiaere. To overcome this
shortcoming, a suitable solution is to vegetate the sandredvareas in order to prevent
sediment transport and erosion (Pye and Tsoar, 1990).

The stabilization of mobile sand using vegetation is anamtdiechnique. This method
has been used with excellent results in coastal dunes irridlgrunisia, North America,
United Kingdom, Western Europe, South Africa, Israel amotigers (Pye and Tsoar,
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1990). Vegetation plays a competing role trying to stabikand dunes (Hack, 1941,
Pye, 1982; Anthonsen et al., 1996; Muckersie and Sheph@é®,; Hesp, 1996), prevent-
ing sand motion (Lancaster and Baas, 1998) and stimulatihgezovery (Tsoar, 1990;

Danin, 1991).

Under the influence of vegetation, dune sand tends to stabikturally, provided that
there is a certain amount of rainfall, wind is not tempestuand human interference is
weak (Tsoar, 1990; Tsoar, 2005). Figure 5 shows the natiadailization of active dunes
in White Sand, New Mexico. During this process the vegetatiover drives a transfor-
mation from highly mobile barchan dunes (Fig. 5 left) intaefilxparabolic dunes (Fig. 5
right). Since plants locally slow down the wind, they canilmhsand erosion, reduc-
ing the exposure of moist sand to the process of evapora®owell as enhancing sand
accretion. \egetation also traps particles of silt and cdlagpended in the atmosphere
which bind the surface sand grains and form a crust heldhegéty cyanobacteria, algae
and lichens (Danin, 1978; Danin, 1987). This algae crustomd¢ becomes an impor-
tant source of nutrients but enhances the sand moistureitgpeproving soil fertility
(Zobeck and Fryrear, 1986). All this provides a feedbackhmacsm that enhances veg-
etation growth (Tsoar, 1990; Tsoar, 2005) and counteragsrtification process.

1 km

Figure 5: Deactivation of active sand dunes driven by vegetan White Sand, New
Mexico. The active barchan dunes (left) gradually trameforto parabolic dunes (right)
under the influence of vegetation (in dark). Wind blows fratft to right.

Several wind erosion or sand mobility indexes have beenldped in order to quantify
the degree of activation of a dune when vegetation is prggeit and Wasson, 1983;
Lancaster, 1988). Initially, they were all based on twodestthat increase or decrease
dune mobility, namely, the degree of windiness that favarsedmotion and the rain
efficiency, defined as the ratio between the annual averaggpiation and the annual
potential evaporation, that favors vegetation growth. éRég however, Tsoar (Tsoar,
2005) considered only wind power as a better index for sandilityp by taking into
account that, in areas where the annual average rainfaldgea50 mm, the limiting
factor for vegetation growth on sand dunes is wind erosia@hrent rain efficiency.

The ancient fight between vegetation growth and aeoliamseniobility has enormous
impact on the economy of semi-arid regions and on globalystems. However, most
approaches are just based on trial and error and therelia &itk of mathematical de-
scription and of quantitative predictability. This protvieés particularly important on
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coastal management where a strong sand transport coekistavorable conditions for
vegetation growth (Fig. 6). One of the central points of thissis is to develop the math-
ematical description of this competition between vegetagrowth and sand transport.
Since numerical simulations are orders of magnitude faktan the real evolution, we
would be able to study the dune inactivation process andéz&st thousands of years of
real evolution. The application of these predictions td s#taations of coastal manage-
ment, like those depicted in Fig. 6, represents the maingfoalr work.

Figure 6: Vegetation can be an extremely important tool eéxabntrol of dune migration
in the coasts. In the figure, examples of active dunes alangtazil coast.

Another central questions for dune management are relatacdwne stability, with the
factors that determine the dune size and dune spacing infidloie and with the extention
of the current understanding on terrestrial dunes to Maafenusian ones, among other.

Since the pioneer work of Bagnold during the first half of tBec2ntury (Bagnold, 1941),
sand dunes and the underlying sand transport had been tsabgetarge amount of re-
search. At the grain scale, many attempts have been madedaim @bprecise descrip-
tion of aeolian sand transport either numerically (Anderaad Haff, 1988; Anderson,
1991; Werner, 1990; McEwan and Willetts, 1991; McEwan andefts, 1994; An-
dreotti, 2004), experimentally (Bagnold, 1941; Zingg, 398Vhite, 1979; Iversen and
Rasmussen, 1999) and theoretically (Andreotti, 2004; BEljri941; Kawamura, 1951,
Owen, 1964; Kind, 1976; Lettau and Lettau, 1978; Ungar anfl, H887; Sgrensen,
1991, Sgrensen, 2004; Sauermann et al., 2001). Howeves,ith&till no simple analyti-
cal expression for the sand transport rate consistent ethntly measurements (lversen
and Rasmussen, 1999). Further, to model sand dunes unteedifatmospheric and
soil conditions, like in Mars or Venus, one needs to undacstaow the sand transport
rate changes with fluid density, gravity and grain diameter.

At the dune scale, through direct measurements it was pedsiluncover the morpho-
logical regularities of sand dunes shape and its relatiagh flow conditions (Bagnold,
1941; Finkel, 1959; Hastenrath, 1967; Hastenrath, 198dr<io, 1964; Lettau and Let-
tau, 1969; Jakel, 1980; Slattery, 1990; Oulehri, 1992;esd Hastings, 1998; Jimenez
et al., 1999; Sauermann et al., 2000; Sauermann et al., 2008&)s also established that
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there is a minimal dune size ef 10 m long (Andreotti et al., 2002a; Andreotti et al.,
2002b). These size threshold led to the correct understgratithe impossibility of ex-
perimental approaches to the study of dunes using wind tuneasurements and opened
the way to numerical simulations as the only way to get ingigkhe mechanisms behind
dune formation and evolution (Howard and Morton, 1978; Wippann and Gross, 1986;
Zeman and Jensen, 1988; Fisher and Galdies, 1988; Stant, NB®ifmori et al., 1999;
van Boxel et al., 1999; van Dijk et al., 1999; Momiji and Wary@000; Sauermann et al.,
2001; Kroy et al., 2002; Andreotti et al., 2002b; Hersen e28102; Hersen, 2004; Hersen
et al., 2004; Schwammle and Herrmann, 2005a). In this thmbetter understanding of
dune origin and scaling properties led to the identificatibfew centimeters long aquatic
dunes as equivalent to the hundred meters long aeolian oggEning the way to small
scale laboratory experiments (Hersen et al., 2002; Enddanidjuchi, 2004; Hersen and

Douady, 2005).

Figure 7: Example of a barchan dune field in Morocco, West @ahBune fields are
divided in areas where the dune size is roughly uniform.

Recently it has been shown that isolated dunes, called &ardbnes, are unstable and
they can shrink until dissappear or experience unlimiteavgjn (Sauermann, 2001;
Hersen et al., 2004). However, sand seas around the world ahguite stable dunes
landscape with a well selected dune size and spacing (Kiardrom the collapse pic-
ture predicted by dune instability. Therefore, dune’s aesie have shifted to consider
the interaction of isolated dunes with their neighbor onésctvis apparentely keen in
the determination of the dune size and spacing, and constyguethe total sand carry
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capacity of a migrating dune field (Lima et al., 2002; Hersealg 2004; Hersen and
Douady, 2005; Schwammle and Herrmann, 2003; Katsuki g2@05; Elbelrhiti et al.,
2005). However, the precise mechanism underlying duneagidespacing selection re-
mains unknown (Elbelrhiti and Claudin, 2006).

Scope

In this thesis we focus on the solution of three main problbreefly introduced above

First, we determine, through wind tunnel data, the phenatogcal parameters of the
sand transport rate model along with their dependence veiiclflow and grain prop-
erties (Duran and Herrmann, 2006a). Since the sand transalel at the grain scale
represents the core of the dune model we use, its validatiaonti only important to in-
crease the accuracy of model predictions, but it is also ke#me extention of the model
to dunes in water or in Mars and Venus conditions (Parteli.e2@06).

The second problem is to uncover the factors that deterrasize and spacing distribu-
tion of barchan dunes in dune fields (Duran et al., 2005; betal., 2006a; Duran et al.,
2006b). This is particularly important since the dune sizé dune density are two of the
most important variables to eventually chose the propatesiy for dune inactivation.

Finally, the third problem concerning the processes ugtgyldune stabilization in order

to overcome desertification (Duran and Herrmann, 2006kmw Hre barchan dunes de-
activated by vegetation? Which factors determine the ¢mmdi at which this vegetation

driven inactivation occurs?

Overview

In Chapter 1 we describe our new model for sand transport aadexperimental data
in order to validate the proposed equations for the roughtesggth and wind velocity
profile, the expression for sand transport rate and the phenological parameters in-
side them. For selfconsistency, we first provide an intréohycoverview about dunes
and the physics of wind blown sand. We further describe tHarfadel for sand dunes
separated in four parts: (i) the model for the wind field pdréd by the topography, (ii)
the sand transport rate given by the local wind strength (éifithe changes in sand to-
pography determined by sand erosion or (iv) depositiongsses or by the occurrences
of avalanches. Finally, we also present numerical simaatof sand dunes along with
some scaling relations for their shape, volume, velocity sand flux balance, leading to
a final investigation of their stability.

Chapter 2 is entirely devoted to study barchan dune fieldse,lee begin by presenting
the empirical size distribution and dune spacing measumné&sne real dune fields. After
pointing out and motivating the main problems, we addresk eae following three dif-

ferent approaches. First we perform a numerical simulatf@dune field using the dune
model described in Chapter 1 which is based on sand tranafpibre grains scale. Later,
we focus on a simplified model that consider dunes in a durek dekelementary objects
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instead of taking into account their sand grains compasitithis ‘coarse grain’ model
includes the result of simulation of collisions between wumes. Based on this results,
we then develop an analytical ‘mean-field’ approach for thaion of the dune size
distribution of a dune field. Finally, from the combinatiohtibese approaches we derive
the scaling relations that uncover the connection betwaeproperties determining dune
field evolution.

Chapter 3 is devoted to the problem of inactivation of dunmased by vegetation. Here,

we introduce our model for vegetation growth and its inteoaowith sand transport. This

model is coupled with the dune model, fully described in Geap, in order to investigate

the evolution of sand dunes when vegetation grows over.disich improved model, we
then study the conditions for dune inactivation, the tineeittactivation last, the evolution
of dune velocity during the inactivation process and thdwgian of sand transport rate.
Finally, we derive an index that determines the degree o dhuactivation and the relevant
scaling relations behind this process.

In Chapter 4 the main results and achievements of this tlaesisliscussed as well as
conclusions and remarks for future work on the new open guestisen throughout the
text.



Chapter 1

Dune model and Barchan dunes

In this chapter we introduce and describe in detail the méatedimulating sand dunes.
Section 1.1 gives an introductory overview of the physicsanfd transport and provides
a handfull set of concepts for the understanding of the reshhe chapter. In section
1.2 we present a new model of sand transport (Duran and tderrn2006a) along with
a detailed study of the constants involved on it and theiidasibn using experimental
data. With such new developments we address in sectionHe3ull model for sand
dunes including the wind, the sand carried by it, the evotutf the sand surface and
the avalanches process. This model, we call ‘DUNE’, is ugeskection 1.4 to simulate
numerically a special and well known kind of dune: the banctiane.

1.1 Introduction

1.1.1 Dunes

The sand transport process through net sand erosion anditiepds capable of gener-
ating surface patterns at different scales. These patternsa hierarchical system of
three levels of aeolian bedforms superimposed to one an@filson, 1972). Wind rip-
ples appear at the scale of centimeters and cover nearly 8@Pe sand surface in all
dune areas, while simple dunes develop at the scale of nstdisundreds of meters and
are sometimes superimposed on compound dunes, &ié] with sizes in the order of
kilometers.

A common feature of sand dunes is the presence of one or nuee ¥ehere avalanches
occur. This face is calledlip face(see Fig. 1.3 below). Since the slip face is oriented
against the actual wind direction, it is conventionallydias the simplest criteria for clas-
sificating dunes. Therefore, according to their shape amhtation of their slip faces
dunes can be classified into barchan dunes, transversad dunieges, linear or longitu-
dinal dunes and star dunes (Fig. 1.1). Dune’s shape maiplrdis on the wind direction
and sand supply as Fig. 1.2 sketches (Bagnold, 1941; Frghet§79; Brookfield and
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1.1.1 Introduction

Figure 1.1: Characteristic sand dune types. Arrows indittag prevailing wind directions
during the year.
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Figure 1.2: Different dune shapes according to the amourvaflable sand and the
variability of the prevailing wind directions over the yedr. unidirectional winds, O:
wind from all directions).
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Ahlbrandt, 1983; Wasson and Hyde, 1983; Nickling, 1986; &ye Tsoar, 1990; Besler,
1992; Lancaster, 1995; Kocurek, 1996).

Barchan dunes are abundant when wind is unidirectionaltzere is not enough sand to
cover the surface. They are isolated and high mobile durmresisversal ridges also form
under unidirectional wind but when sand supply is abundard,are oriented transversal
to the wind direction. On the other hand, longitudinal oehn dunes appear under a
prevailing bi-directional wind regime and sparce sand amtaented along the resultant
wind direction (Fig. 1.1), while star dunes result from midirectional wind regime and
abundant sand supply.

Aind > /brink point

,— brinkline

Figure 1.3: Lateral and top view of a barchan dune with somi&sahost characteristic
features namely the slip face, the brink line and the horns.

Barchan dunes

Figure 1.3 shows a photo of a typical barchan dune. Thesesdamgethe most stud-
ied ones, either making measurements (Bagnold, 1941; Fih889; Hastenrath, 1967;
Hastenrath, 1987; Coursin, 1964; Lettau and Lettau, 198#61,J1980; Slattery, 1990;
Oulehri, 1992; Hesp and Hastings, 1998; Jimenez et al.,;1989ermann et al., 2000;
Sauermann et al., 2003) or with numerical simulations (Hovead Morton, 1978; Wip-
permann and Gross, 1986; Zeman and Jensen, 1988; Fisheradahdd51988; Stam,
1997; Nishimori et al., 1999; van Boxel et al., 1999; van Dajkal., 1999; Momiji and
Warren, 2000; Sauermann et al., 2001; Kroy et al., 2002; Awitiret al., 2002b; Hersen
etal., 2002; Hersen, 2004; Hersen et al., 2004; Schwammelélarrmann, 2005a). Their
importance arise from their huge mobilig0(— 100 m/yr) compared to the other dunes,
which leads to a direct impact onto their surroundings. lrerrhore, since aeolian barchan
dunes have a minimal size of about 5 to 10 m long (Sauermani, &081; Andreotti
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et al., 2002a; Andreotti et al., 2002b), it is virtually ingsible to study them experimen-
tally. This is an important reason why numerical simuakitias been a very important
tool to get some insight into them. However, recently findimg rescaled underwater
barchan dunes have reopen the way to experimental resédectef et al., 2002; Endo
and Taniguchi, 2004; Hersen, 2005; Hersen and Douady, 2005)

Barchan dunes have a typical ‘C’ shape with horns pointingrdeind and with a slip
face in between, as illustrated in Fig. 1.3. The brink linde$ined as the separating line
between the face where avalanches occurs (slip face) anéshef the dune, while its
highest point is calletdrink point

Barchan dunes, as we will see in the rest of the chapter, septe¢he only stable sand
shape that can arise under the simplest wind conditionsglyamnidirectional wind.
This fact transforms barchan dunes into the ideal objechtietstand how the collective
motion of millions of sand grains on a solid ground can orgaiitself into such a beautiful
structure.

1.1.2 Physics of wind blown sand
Atmospheric boundary layer

The sediment transport is one of most important processemdgeomorphological
changes. In the aeolian case, the wind in the atmosphericdaoy layer provides the
energy necessary to sand transport.

The atmospheric boundary layer is defined as the lowest falgnlayer where wind is

influenced by surface friction from vegetation and topobsapAt the boundary layer,

wind is turbulent and vertical mixing is strong while far fnat the wind is approximately

geostrophic and there is a weak coupling between surfacatamosphere (Peixoto and
Oort, 1992).

Within the atmospheric boundary layer the vertical windfiga(z) is determined using
the Prandlt turbulent closure that gives an expressiorhtoshear stregsin terms of the
vertical velocity gradient (Peixoto and Oort, 1992)

7 = p(kz)? (%) (1.1)

wherep is the fluid density and ~ 0.4 is the von Karman universal constant for turbulent
flow. Integrating Eq.(1.1) one obtains the well known logariic velocity profile

o(z) = S (1.2)
KR 20
wherez, denotes the roughness length of the surfacewand /7 /p the wind shear ve-
locity. The roughness lengthj is the layer of zero flow velocity defined by the size of the
surface perturbations. The shear velocitys a measure of the shear stress characterizing
the flow and, as we will see later on, its ability to carry seelmts. In this sense the shear
velocity represents the most important quantity of the fagsdediment carrier.
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Sand

Sediments are classified according to its grain diaméfssm large ¢ = 2 m) to small
(d = 2 . m) diameters into the categories “boulders”, “pebblesdnd’, “silt” and “clay”
(Friedman and Sanders, 1978). Sand consist mostly of q(&it) with densityp, =
2650 kg/m? and has a diameter ranging freia~ 2 mm for very coarse sand, tb~ 0.06
mm for very fine sand. Figurel.4 depicts the grain size tstion of different aeolian
sediments.

50 (a) far travelled dust (b) loess (c) dune sand (d) sand sheet
40

30

percent

20

10 ( T

0.001 0.01 0.1 1
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Figure 1.4: Grain size histograms from (a) dust, (b) loesssénd dune and (d) sand
sheet. After Pye and Tsoar (Pye and Tsoar, 1990)

The threshold for entrainment

Sediments lying in a fluid bed are subjected to three mainstyfdorces responsibles
for their movement. Namely, the drag forég due to fluid motion, directed in the flow
direction, the lift forceF,; which arise from the static pressure difference between the
bottom and top of a grain caused by the strong velocity gradiear the ground, and the
gravity force F, that directly counteracts the lift force. The force balairca grain of
diameterd that is about to rotate around its pivot pojnas depicted in Fig. 1.5 is given

by
d d .
Fd§ cos¢ = (F, — Fl)§ sin ¢ (1.3)

For a turbulent flow the drag force is the Newton drag and soalth the square of the
fluid velocity, while the lift force is approximately progarnal to the fluid drag (Chenpil,
1958). Since fluid velocity at a given height scales with theas velocityu, Eq. (1.2),
the force balance Eq.(1.3) defines the minimal shear vglémitgrain movement which
is calledfluid thresholdor aerodynamic entrainment threshold shear velogity

Ustaq = Aa V dg(S - 1) (14)

whered is the grain diameteg = p,/p is the grain-fluid density ratio anglis the grav-

ity acceleration. The coefficiem, is called the Shields-Bagnold parameter ((Shields,
1936)). This expression neglects cohesive and adhesisedand thus it is only valid for
grain diameters larger tham2 mm.
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Figure 1.5: Grains start to role when the applied tangeftiades are larger than the
resisting grain movement.

Saltation, grain splash and feedback effect

Aeolian sand transport is generally classified into susparend bed-load according to
the degree of detachment of the grain from the ground. Bad-tan further be divided
into saltation, reptation and creep (Pye and Tsoar, 199@in@re suspended in air when
the vertical component of the turbulent velocity fluctua@xceeds the settling velocity.
In typical sand storms, when shear velocities are in theednhg to0.6 m/s (Pye and
Tsoar, 1990) particles with a maximum diameteOaf4 — 0.06 mm can be transported
in suspension (Fig. 1.6). Typical sand dune grains have meter of aboub.25 mm
(Fig. 1.4) and are transported via bed-load and mainlytsatta
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Figure 1.6: Surface wind shear velocity perturbation.

Saltation occurs when an ejected grain experiences atigAflight determined by the bal-
ance between the wind drag and gravity. This sand transpeehamism is conceptually
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divided into sub-processes. Once the air shear velocityercthe entrainment threshold
uwq EQ.(1.4) some grains at the surface are lifted by the windsaadlerated during their
flight before they impact onto the bed again. The interadbeveen an impacting grain
and the bed is called splash process (Nalpanis et al., 198@aRet al., 2000; Anderson,
1991).

The splash process is the main source of new grains into tltk f&ince for each im-
pacting grain more than one are splashed into the fluid, eadasgrocess occurs which
leads to an exponential increase of sand flux (Anderson,)1994&wever, the momen-
tum transferred from the air to the grains gives rise to aas=aration of the air itself.
Therefore, sand flux cannot continuously increasing. Tagative feedback mechanism
in saltation leads to an equilibrium transport rate calltdation at which no more grains
enter to the flow. This occurs when the shear velocity of thehinside the saltation layer
reach the minimum value for saltation to takes place, i.e stitation threshold value,.
Notes that this is a different threshold from the aerodymragntrainment threshold shear
velocity u., previously defined. In general the shear velocity neededdtas saltation
is smaller than those needed to start it, and satisfies thgame!

Ust = 0.8 Uy = Ay/dg(s — 1) (1.5)

whereA = 0.84, (Pye and Tsoar, 1990).
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1.2 Sand transport model

The evolution of a sand surface is determined by changesimittount of sand trans-
ported by the wind. Initially, the grains at the surface #ted by the wind and acceler-
ated during their flight. After they impact the surface, thashed grains are accelerated
too, increasing the sand flux. However, since the amountraf sarried by the wind has
a maximum value, a stationary state, called saturated, stateached at which no more
grains can enter to the flow. The sand fluix this state is called the saturated fiyxand
increases with the wind strengih.

In this section we develop a new model for the saturated samdofised on the previ-
ous models (Sgrensen, 2004; Sauermann et al., 2001), amuiingsthe presence of a
focal point in the velocity profile (Sagrensen, 1991). We akow that depending on the
focal point height the saturated flux increases/Ass in Ungar and Haff and Andreotti
models (Ungar and Haff, 1987; Andreotti, 2004; Almeida et2006), or increases faster
thanu2 (in the limit asu?) as in Bagnold, Owen, Sgrensen and Sauermann models (Bag-
nold, 1941; Owen, 1964; Sgrensen, 1991; Sauermann et alL),20r finally, increases
slower thanu? as in some of the Iversen and Rasmussen wind tunnel datadtvand
Rasmussen, 1999). Although in the natural environmentdaheated sand flux will in-
evitably create a bed with sand ripples, we assume an unifiatnibed, thus omitting
influences from form drag.

Next we derive a model for the wind velocity profile includitige saltation feedback, and
calculate its parameters using wind tunnel data. Afterwavd use this wind velocity
model to derive a sand flux expressi@nu.), which is calibrated using existing wind
tunnel data.

1.2.1 The wind velocity profile including grains movement

During saltation the grains extract momentum from the aifta&tion of this momentum
is dissipated by bed collisions, and the rest acceleragegrtiin flow itself. Thus, in the
saltation layer the total shear stresss divided in the air-borne shear stregsand the
shear stress carried by the grains, the grain-borne shreasst Hence,

T = Ta(2) 4+ 74(2), (1.6)

or, in terms of the related shear velocities

u*a('z) = Usxy/ 1- Tg(z)/Tv 1.7)

whereu, is the wind shear velocity above the saltation layer andis the wind shear
velocity in the saltation layer.

Once the saturated regime is reached, the wind is not stnooggh to accelerate new
grains. Thus, the air-borne shear stress at the surfgds reduced to a minimal value,
just sufficient to maintain a stationary grain flow. From nansoibscript) means surface
values.
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Following (Sgrensen, 2004), we define
a(z) = 14(2) /T40- (1.8)

Using Egs. (1.6), (1.7) and (1.8) the wind shear velocitjhmgaltation layer is given by

tal2) = 1= (1= w2 /u2) a(2) (L.9)

that satisfies the boundary conditions, = u..o at the surface, where(z) = 1, and
u., = u, above the saltation layer, wheiéz) = 0.

This expression can be simplified by approximating the ssjuaot by a linear function.
However, the direct substitutioffl — = by 1 — = (Sgrensen, 2004), does not satisfy the
boundary condition:,, = u..o at the surface and, hence, leads to an inconsistency. In-
stead, we replacg/1 — (1 — u2,,/u2) a(z) by 1 — (1 — t.0/u.) a(z), which reproduces
the boundary conditions and the monotony of the originabsgjuoot expression.

The new wind velocity profile(z) is again calculated using the Prandlt turbulent closure
(1.1) and gives
v(2) = Ky (In(2/20) — (1 = Uyao /) b(2)), (1.10)

wherez, is the grain based roughness length and

b(z) = /z dz"a(Z") /7. (1.11)

20

Near the bed, where(z) ~ 1, the wind velocity recovers its usual logarithmic profile
Eq.(1.2) with a reduced shear velocity,, < u.,

v(2) &~ K Miyao In(2/29), (1.12)

whereas, above the saltation laygr) = 0 and the wind profile is logarithmic with an
unperturbed shear velocity. and a saltation based roughness length

v(z) = Kk tu, In(z/2p). (1.13)
This roughness lengttj takes into account the apparent rugosity of the saltation
20 ~ 20 €xXP ((1 — Usao/Ux) boo) (1.14)
with b, = b(z — 00).

The wind profile in Eg. (1.10) depends on the minimal surfaceleear velocityt..., and
on the vertical distribution of the grain-borne shear strés). Owen (Owen, 1964) as-
sumed that the former equals the saltation threshold sleacity «., Eqg. (1.5), i.e. the
smallest shear velocity above the saltation layer in oralesdnd transport to occur. How-
ever, in numerical simulations (Anderson and Haff, 1988déuson, 1991; Andreotti,
2004) and in Bagnold measurements, the air shear velodigarithe saltation layer can
be below this threshold. This can also be regarded as a aomiseg| of the presence of
a focal point in the velocity profile, as was claimed by Bagh(Bagnold, 1941) and
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Andreotti (Andreotti, 2004). Following this idea, thereasheightz at which the wind
velocity is almost constant for all shear velocities, nagmel

v(2) = K 'u, (In(2/20) — (1 — Usao/us) b(2)), (1.15)
= Kk 'y In(Z/2).

The last equality holds because if the shear velocity eqtsaisreshold value, as there is
no sand transport, it follows that, = u.;.

From Eq. (1.15)
u*aO(u*) = Uyt — (,u - 1)(“* - u*t)7 (116)

where the constant is defined as

1= 1n(z/2) /b(Z). (1.17)

Since in the saturated regime the grain-borne shear steessatses with height, one has
1 > 1, which implies that the surface air shear velocity, giverBuy (1.16), decreases
with «,. However, sinceu.,, must be positive there is a limit value for the wind shear
velocity (uu./(pn — 1)) beyond which Eq. (1.16) is no longer valid. On the other hénd
we eliminate the focal point assumption-€ z,) theny = 1 andu.,,o equals the threshold
valueu,,.

Combining Egs. (1.10 and (1.16), we obtain the wind profile
v(z) = K tuy (In(z/20) — (1 — wy/uy) b(2)). (1.18)

In order to determine an explicit expression§0f), Sauermann (Sauermann et al., 2001)
assumed an exponential profile for the grain-borne shezssstas was found numerically
by Anderson and Haff (Anderson, 1991). In that case) = exp(—z/z,,), andb(z) is
given by

b(z) = Ei(20/2m) — Ei(2/2m), (1.19)
wherez,, is the characteristic height of the saltation layer df¢r) is the exponential
integral defined as

Ei(x) = /OO dx' exp(—z') /2. (1.20)

Equation (1.10) together with Egs. (1.16) and (1.19) deieesthe wind velocity profile
using three parameters, the grain based roughness lengdtie focal height andz,,.
Since bothz andz,, are related to the height of the saltation layer, we assuateliey
are proportional to each other. Hence, we introduce the rati

r=Z/Zm, (1.21)
as a constant. Consequently, the wind velocity profile reads
v(2) = K7 u [In(2/20) = (1 = wa/ue) (Ei(20/2m) — Ei(2/2m))] (1.22)

wherey is given by
w=1mn(rz,/z0)/(Ei(20/2m) — Ei(r)). (1.23)
when taking Egs. (1.19), (1.21) and (1.17) into account.
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Figure 1.7: Rescaled roughness as a function of the sheacityefor different grain
diameters. Points are measurements (Rasmussen and Rautah®96) and lines the
analytical approximation Eqg. (1.24) when considering Efj®27) and (1.29), for an arbi-
trary » between 0 and 10. The value ois the same for all plots while,, and z, only
change with the grain diametér

Experimental verification of the roughness length formula

Substituting Egs. (1.16) and (1.19) into Eq. (1.14), theaappt roughness length of the
saltation layer is

2(u) = zo exp (p (1 — ws/us) Ei(z0/2m)) (1.24)
where, for small values of the fraction/z,,, the exponential integral can be approxi-
mated by

Ei(z0/2m) = —y — In(20/2m) + (20/ 2m)- (1.25)
wherey =~ 0.5772 is the Euler-Mascheroni constant.

In order to find an approximate expression 9y, z, andr, we fit roughness length data
for different grain diameters and shear velocities (Ras@usand Rautahemio, 1996)
using the Eq. (1.24) (Fig. 1.7). This is sufficient to detereni,. However,r and z,,
cannot be determined in this way because for@ryr < 10, there is always a value of
2 that fits all the data. This value of, scales withy/d and is given by

2 (1) o< Vd /(1 4 1.47). (1.26)

The scaling ot,,, with v/d instead of/, also found by Andreotti (Andreotti, 2004), contra-
dicts the dimensional analysis suggesting that gravityfand viscosityr are important
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Figure 1.8: Wind velocity profile over an active sand beddpr= 0.27, 0.47, 0.74 and
0.87 m/s. Lines are the analytical approximation given in the tesingr = 1 and circles
wind tunnel data (Rasmussen and Sgrensen, 2005). Notectldnfaghtz = z,,, at which
all velocities are equal, along with the saltation regionfo< 10mm, where the shear
velocity is strongly reduced underneath the thresholdevaly ~ 0.24, and the outer
unperturbed region for > 10mm.

extra parameters (Andreotti, 2004). Since the threshadrsvelocityu,, scales with/d,
z, Can be rewritten as

Zm (1) = (1) Uy . (1.27)

wherec(r) ~ 14/(1+1.4r),t, =~ 5.38 ms is a timescale defined using the fluid kinematic
viscosityr (Andreotti, 2004)

to=(v/99)", (1.28)

and the threshold shear velocity, = A+/dg(s — 1), whereA ~ 0.1 is the Shield-
Bagnold parameter and= p,/p ~ 2162 is the grain-fluid density ratio.

The grain based roughness length was fitted using the miniofdine curves in 1.7 as
2 = d/20, (1.29)

whered is the grain diameter.

For the small grain diameted (= 125 . m) and shear velocities ovér8 m/s, the ana-
lytical approximation Eq. (1.24) is well below the measueens (Fig. 1.7), because we
select a constant,, for all u,. Based on the scaling af,, with w,; we found that a lin-
ear dependence with, remarkably improves the fit. Nevertheless, in the normafjean
of normalized shear velocities. /u.; < 5 a constant,, is good enough and keeps the
model simple.
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Experimental verification of the wind velocity profile with f eedback effect

Using the above expressions fgf andz, we compare the predicted wind velocity profile

in Eq. (1.10), assuming = 1, i.e. the focal height equalsz,,, with wind velocity data

over a sand bed of = 320 x m (Rasmussen and Sgrensen, 2005). The data was taken
for the shear velocitie8.27, 0.47, 0.74 and0.87 m/s, as Fig. 1.8 shows. It is also clear
from the figure the reduction of the minimal shear velociside the saltation layer as
increases. Note that the unperturbed logarithmic profitesalthe saltation ayer extends
down to~ 6 mm, in accordance with (Rasmussen and Rautahemio, 1996).

1.2.2 Saturated flux

The saturated flux is calculated by (Sgrensen, 2004)

qs = (I) l/psand (130)

where® denotes the volume flux of grain impacting the surface /anthe mean saltation
length. The volume fluxb can be obtained from the surface grain-borne shear stygss
and the mean horizontal velocity difference between theartipg and ejected grains
(" = )

2 .2
(I) = irzgo eje = p (,l;:;, u*io'z : (131)
psand(ur P umj ) Psand (Um P uxj )
where the sand densipy..is introduced to obtain a volume sand flux instead of the mass
sand flux.

On the other hand, the mean saltation length can be apprtedniy the length of a
ballistic trajectory (Sauermann et al., 2001)
eje
=, 2 (1.32)
g

whereu%® is the mean vertical component of the grain ejection vejoaitd u, is the
mean horizontal velocity of the grains in the saturatecdestat

In the saturated state the loss of momentum by collisiongl@nzed by the mean fluid
drag on the grains. Assuming that the mean fluid dfag on the grains at the saltation
layer can be written as a Newton fluid drag at a reference heighcting on an effec-
tive grain layer with horizontal velocity,, and that the loss of momentum by collisions
represents a bed friction that compensates the grain bbes stress at the surfacg,

the momentum balance is simply,,, = 7,0. Moreover, the grain borne shear stress is
750 = ps g/(2a)) and the mean fluid dragy,., = psg(|v(z1) — us|/uys)?, whereps is the
mean density of grains at the saltation layer. Thus, the nm¢une balance in the whole
saltation layer becomes (Sauermann et al., 2001)

[v(21) — us| = us/V2a, (1.33)
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which yields a mean horizontal grain velocity

us = v(z1) — usp/V2a. (1.34)
In the above expressions, the constamd defined as the ratio

a = ue (" — ), (1.35)

v(z) is the wind velocity at the reference heightin the saltation layer, and; is the
grain settling velocity given by (Jimenez and Madsen, 2003)

4

=[5 (s = Dod (1.36)

uy
where(y is the grain drag coefficien, is the grain diameter and= p,/p is the grain-
fluid density ratio. Bothy; anda are model parameters; represents the height at which
the wind drag replaces the momentum lost by the grains in duedollision, whereas
« contains information about this momentum loss and reptesaneffective restitution
coefficient.

Inserting Egs. (1.31), (1.32) and (1.34) into Eqg. (1.30) obtins the saturated flux

2x
%(u*) = ?pp (Ui—uiao)us, (1.37)
sand
2c
= o = ) (0(a) — g/ V)
sand

which, after substituting explicitely.., andv (Egs. (1.16) and (1.22)), becomes

qs(U) = 20 (U = 1)((2 = )U + p)(Bo — o), (1.38)

as a function of the dimensionless shear velobity: w. /u.;, where

3
u*
%:f ;’ (1.39)
sand

and the constants, andj, are defined as

ap = & [(Ei(20/2m) = Ei(21/2m)) — In(21/2)], (1.40)
Bo = K u(Bi20/2m) = Bi(z1/2m)) = ug/ (uaV20a). (1.41)

andu = In(r z,,/20) /(Ei(20/2m) — Ei(r)).
A further simplification is achieved when~ 1, in which case Eq. (1.38) becomes

with f(U) = (6o — apU). The functionf(U) assumes other forms in several sand
transport works, as sketched in table 1.1. Later we willrreta the comparison between
the different saturated flux expressions.
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Table 1.1: Forms of the functiofi(U) for different sand flux models (after Sgrensen
(Sgrensen, 2004))

this work 6 —alU
Owen(1964) B+ alU
Sauermaneet al(2001) B+ avU2+C
Ungar and Haff(1987) 16

Kind(1976) cU

the parameters, 8 andC are arbitrary constants.

Estimation of « for rebound grains

The saturated flux defined in Eqg. (1.37) has two paramete@da, both related with
the momentum balance of the grain flow Eqg. (1.33). The pammedcts as an effective
restitution coefficient and relates the vertical comporwdrthe ejection velocity %¢)
with the horizontal velocity difference between the impaotl ejection ¢ — u%¢).
This parameter can be estimated for rebound grains.

Similarly as in Eq. (1.35), for rebound graingeads

a = u/(umr — ) (1.43)

T

= ysin b/ (c08 Oimp — 708 Oy ),

wherey = 0.4 is the restitution coefficient (Rioual et al., 2000),,, ~ 10° is the impact
angle and,., ~ 45° is the rebound angle, for grains of diamefer 250m (Anderson
and Haff, 1988; Anderson, 1991), yieldiag~= 0.4.

Drag coefficient

Before fitting the saturated flux data we need to fix the dradficant C,. In gen-

eral, C; is a function of Re. Using for the characteristic velocity the relative vetgci
ut/+/2a resulting from the momentum balance in Eq. (1.33), the desgficient is given
by (Jimenez and Madsen, 2003)

2
Cy = % (4+v2aB/s.), (1.44)
whereS, = £/gd(s — 1) is the fluid-sediment parametet,= 0.95 and B = 5.12 for
natural sand (Jimenez and Madsen, 2003),«isdhe grain-fluid density ratio.

Experimental verification of the saturated flux formula

Above, we obtained the parametegsandz,,(r) (Eq. (1.29) and (1.27)) from the com-
parison of the roughness length in Eq. (1.24) with expertaldashata. The remained un-
known flux parameters; and« can be then estimated by fitting the saturated flux in
Eq. (1.38) with the Iversen and Rasmussen flux data for éiftegrain sizes (lversen and
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Figure 1.9: Dimensionless saturated fligx= ¢,(u.)/(¢:U?) as a function of the shear
velocity u, for different grain diameters, using the data of lversenRasmussen (1999).
The lines represent the saturated flux (Eq. (1.38)), witHdhal point assumption = 1

(full lines) and without it- = 0 (dashed lines). In all cases the best fit was achieved when
a focal point is assumed.

Rasmussen, 1999), plotted in Fig. 1.9. For the fitting we wsecharacteristic values of
r, namely 0 and 1.

From the fit we found that; ~ 3.5 mm does not depend on the grain diameter, which
is the characteristic length of the sand transport, henskatld be written in terms of
another lengthscalg. By using the particle Reynolds numb&r = u..d/v with the
threshold shear velocity,, = A+/dg(s — 1), the lengthscalé, can be defined from
R, = (d/1,)%? as

2 1/3
lh=———— . 1.45
(o1 (49
The typical value ot, is about100 ¢ m, therefore
21 = 351,. (1.46)

The definition ofl, is dimensionally equivalent to the lengthscélé/g)'/? defined by
Andreotti (Andreotti, 2004) using the air viscosity This lengthscale, together with the
timescale, in Eq. (1.27), are introduced for two reasons. First, tasfathe dimensional
analysis. Second, to give some insight to the dependenagseity, and the air viscosity
and density, that cannot be checked by direct measurententhat are central for other
planetary physical conditions.

Figure 1.10 shows the best fit valuesoofor different grain diameters, and also includes
the linear fita = 1700m~! d, which can be expressed in terms of the lengthsgads

a = 0.17d/1,, (1.47)

which givesa = 0.42 for d = 250 m, a very similar value to that estimated for rebound
grains in Eq. (1.43).
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Figure 1.10: The values of estimated from the flux data (Iversen and Rasmussen, 1999).
Solid line shows the linear regression.

Surprisingly, both parameters anda seem to be independent on the ratiee z/z,,,
whose main effect is to change the scaling exponent in theatain fluxgs(u.) at large
u,. In fact, the value of this exponent depends on the relateiwéen the two character-
istic heights of the modet; andz. Whenz = z; thenay = 0 in EqQ. (1.40 andj, scales
asu?, as in the Ungar and Half model (Ungar and Haff, 1987; Aimeitial., 2006). On
the other hand, foE < 2, thenay < 0 andg, increases faster thart, as in the other
models (Owen, 1964; Sauermann et al., 2001). Finallyzfor z;, ¢, increases slower
thanu?, as in the Iversen and Rasmussen data (Ilversen and Rasmi886j with an
exponent between8 and2.0 (figure 1.9: full lines).
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1.3 Modeling of sand dunes: the DUNE model

In this section we describe the full model for sand duneguding previous achivement
(Sauermann et al., 2001; Kroy et al., 2002; Schwammle andéann, 2005a) and the
new sand transport model presented in the previous section.

The modeling of dunes involves three main stages: (i) a tation of the wind con-
sidering the influence of the topography, (ii) a calculatodrthe sand flux carry by the
perturbed wind, and finally (iii) the evolution of the sandfage due to sand erosion,
deposition and avalanches. Once the wind starts to blosvdiefiormed by the surface to-
pography experiencing a speedup on positives slopes aneve@hn on negatives ones.
This spatial perturbation of the wind velocity leads to @mmogeneous sand flux. There-
fore, based on erosion and deposition processes driverebgthease or decrease of the
sand flux in the transport direction, the sand surface claniges topographic change in
turn induces a new perturbation on the wind field and the wbypdte repeats again.

The coupling sand surface evolution and aeolian sand toanhspolves two different
time scales related, on one hand, to erosion and depositamegses that change the
surface, and, on the other hand, to sand transport and wiwd fosignificant change
in sand surface can happen within some hours or even daysntrast, the time scale
of wind flow changes and saltation process is much fasteheobtder of seconds. This
separation of time scales leads to an enormous simplifitétrause it decouples the
different processes. Therefore, we can use stationaryi@adufor the wind surface shear
velocity u, and for the resulting sand flux, and later use them for the time evolution of
the sand surfack(z, y).

1.3.1 Wind model

As was shown in the previous section, the sand transportgatetermined not by wind
velocity, which change with the height, but rather by theasheslocity which encodes
the friction forces at the surface. The surface shear Wglowt only changes with the
sediment transport via the feedback effect, but also wightéhrain topography. It is well
known that a uphill induces a wind speedup while a downhdbjprces a wind slowdown.
This change in the wind velocity is crucial for the undersiag of dune formation and
migration.

We consider a low and smooth topographic accidefit, y), like a hill or a sand dune,
which induces a small perturbation(x, y, z) in the wind velocity profile, namely

v(z,y,2) = vo(z) + ov(z,y, 2). (1.48)

wherev(z) is the unperturbed wind velocity profile.

From the Prandlt turbulent closure in Eq. (1.1) a velocitgtymation leads to a modifi-
cation of the surface shear strassover a flat bed given by

T(x,y) = To + |T0|0T (2, 9) (1.49)



Dune model and Barchan dunes 39

wheredr(z,y) is the shear stress perturbation at the surfage,y). From now on
subscript ‘0’ means values on a flat bed.

The shear stress perturbation is computed according to an analytical work describing
the influence of a low and smooth hill in the wind profile andast&ress (Jackson and
Hunt, 1975; Hunt et al., 1988; Weng et al., 1991). In the feuspace this perturbation is
given by the functions7, (k) andd7, (k) which are the Fourier-transformed components
of the shear stress perturbation in the unperturbed wirettian, defined by the direction
of the wind velocityv, on a flat bed, by definition the x-direction, and in transverse
directiony respectively,

sty = el R {—1 + (21ni, + W) o Kl(z“)},

02(1) [K| % k) Ko(20)
) _ 2h(k) ko Ky
07,(k) = 0 Ik 2V20K,(2V20), (1.50)

whereo = /i Lk, 2{,/l. Here, K, and K, are modified Bessel functions, andk, are
the components of the wave vectoin Fourier space, antd, is the Fourier transform of
the height profile. The constabt(l) = v(l)/v(h,,) is the dimensionless vertical velocity
profile at the height which is the depth of the inner layer of the flow, i.e, the lager
which the change in the shear stress significantly affeetstdan floww,. FunctionU (1)

is suitably nondimensionalized by the velocity:,,) at the middle layer heigfit,, where
the mean flow over the terrain is not affected by changes irstiear stress. Therefore,
from the logarithmic velocity profile in the boundary layer

_ In(l/%)
U(l) = TYOEN (1.51)
Here both/ andh,,, are computed from the implicit equations
IIn(l/2) = 2K°L (1.52)
hZ, In(hy,/2) = L? (1.53)

wherex is the von Karman constant, the apparent roughness length which takes into
account saltation (see Eq.(1.14) aids the typical length scale of the hill. This length is
defined as the mean wavelength of the Fourier representatitve height profile

1 Jo~ dk|h, (k)]

= (1.54)

L= Iy dkky|hy (k)|

By inserting the inverse Fourier-transform of Eq. (1.5Gpi&kq. (1.49) one obtains the
modified shear stress, which in terms of the shear velocigse

w.(z,y) = u(z,y) e-(z,y) (1.55)

where the unity vectoe, = 7/|7| defines the actual wind direction and the perturbed
shear velocity is
Us (2, y) & Uso/ 1 + 07 (2, ). (1.56)

Hereu., = /7.0 /p denotes the unperturbed shear velocity in a flat bed.
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Separation Bubble

The formalism for computing the surface wind perturbati@esinot include nonlinear
effects like flow separation and, therefore, it is only vétidsmooth surfaces. However,
in sand dunes the brink line not only divides the face wheetaaches occurs from the
rest of the dune, but also, since the repose angle of sartil{) represents the highest
slope in the dune surface, it establishes a limit at whichwihed streamlines separate
from the surface (see Fig. 1.3). Therefore the above modwiatebe used for mature
sand dunes with slip faces. One solution for this problenwas suggested by (Zeman
and Jensen, 1988) and fully developed by Sauermann et atieff®ann, 2001), is to
calculate the wind perturbation (Eq. (1.50)) over an ideabasth surface:,(z,y) that
comprise the profilé&(z, y) of the dune and the so callséparation bubble(z, y).

dune surface separation bubble

Figure 1.11: Sketch of the central slice of a barchan dunegahath its separation bubble.
In the ideal case the flow separation generates a rotatiavalifl the region inside the
bubble with a negible sand transport.

The separation bubble is defined as the surface that lingteetiion of recirculating flow
after the brink that results from flow separation (see Figj1)l.In this region the flow is
strongly depressed and thus sand transport can be negiediresti approximation.

Following the Sauermann approach (Sauermann et al., 2@@h)sdice of the surface of
the bubble should resembles the separating streamline stmapis modelled by a third-
order polynomial so that in the case of a barchan the regibmdaa the horns is inside
the bubble (Fig. 1.12). The coefficients of this polynomefr®m the continuity of both
surfaces at the brink link(z,(y)) = hy(y), wherez,(y) is the x-position of the brink for
each slicey (see Fig. 1.11)s(x(y),y) = hy(y), the continuity of the first derivatives at
the brink, s'(x,(y),y) = h'(zp(y)) = hj(y), and the smooth conditioris (x,.(y)) = 0
and”(x.(y)) = 0 at the re-attachment line.(y), where flow re-attach to the surface
again. Therefore, the separation bubble is given by

s(z,y) = as(y) (x —2o(y))’ + az(y) (x — zo(y))* + hy(y) (x — 2 (y)) + ho(y)
as(y) = (2h(y) + hy(y) 1(y))/1(y)’
as(y) = —(Bhs(y) + 2k, (y) l(y))/1(y)* (1.57)

Here, the reattachmentlendtly) = x..(y) —z,(y) for each slicey (Fig. 1.11), is obtained
from the assumption that the separation surface has a maxstopec, thus

I(y) ~ 3hy(y) (1 L)y (My) (1.58)

2c 4c 4e
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Figure 1.12: Simulated barchan dune (a) and its separatibhl® (b). The normalized
wind shear velocityt, /u.o (EQ. 1.55) over a barchan dune including the separationleubb
(b), is plotted in (c). Note that, is proportional to the wind velocity field at a fixed height.
Both component.., andu,,, are included in (d) and (e) for comparison.

Figure 1.12a and 1.12b show a simulated barchan dune widnaitwith the separa-
tion bubble, respectively. The resultant surfacér, y) = max(h(z,y), s(x,y)) is then
used to calculate the wind shear velocity perturbation omr@han dune according to
Egs. (1.55) and (1.50), as depicted in Fig. 1.12c. The dupegt@phy induces two kind
of variations on the wind shear. First a variation in therggth: at the dune’s foot, wind
experiences a slowdown, followed by a speedup at the wirdigigie and later again a
slowdown at dune’s horns (see theweomponent of the wind, Fig. 1.12d). And, second, a
variation in wind direction since wind is forced to surrouthd dune, as shows Fig. 1.12e.

Finally, based on the flow separation at the brink, we setllearsvelocity to zero below
the separation bubble, i.e,.(x,y) = 0for h(x,y) < hs(z,y).

The corresponding new shear velocity(x, y) is used afterwards to calculate the sand
transport on the surfadgz, y).
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1.3.2 Three dimensional sand transport model

In this section we extend the sand transport model deriveddtion 1.2 for two dimmen-
sions, suitable when sand transport takes place on a flatd#aee dimmensions, which
is the case when sand transport occurs over a dune surfacgauity force is taken into
account.

Characteristic velocity of sand grains

From the shear velocity, the modification of the air flow du¢hi® presence of saltating
grains is accounted for. From the section 1.2 we know thdtiwthe saltation layer the
feedback effect of sand transport results in an effectivewielocity driving the grains.
This effective wind velocity,; is given by the wind velocity (x, y, z;) (EQ. (1.22)) at a
reference height;, namely

o= 21 225) (5(2) 5 (2))] o

whereE;(z) accounts for the exponential integral Eq. (1.20). We assasfirst approx-
imation no focal pointf = 0), yieldingr = 0 andu = 1. Therefore, taking into account
the range of the characteristic height of the saltationrlaye~ 20 mm (Eq. (1.27)), the
grain based roughness length~ 10« m (Eq. (1.29)) and the reference height~ 3
mm, the effective wind velocity can be approximated as

V(T y) ~ u: (ln 2 + cL (M — 1)) , (1.60)

20 Zm Ut

The collective motion of sand grains in the saltation laygecharacterized by their hor-
izontal velocityu, at the reference height, which for simplicity is called sand grain
velocity however it is referred to the total grain horizdnteotion and not to individual
grains. In the saturated state this velocity is determinech the momentum balance be-
tween the drag force acting on the grains, the loss of momentoen they splash on the
ground, and the downhill gravity force (Sauermann et al012&roy et al., 2002)

(Ver — Ug) | Verr — U] ug

~Vh=0, (1.61)

u?  2aluy]

wherev,; = vse, anduy is the grain settling velocity defined by Eq. (1.36). Notettha
this equation reduces to Eq. (1.33) for a flat surface wkign= 0.

For step surfaces Eq. (1.61) must be solve numerically. Meweince dunes has not
slopes exceeding the repose angle of saad4°), the sand transport directian, /|u,|

in the friction term can be approximated by the wind diretig. In this case the sand
grains velocity is given by

Uy V2auy
o~ vy — - Vh 1.62
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Figure 1.13: (a) Vector diagram of the normalized chargstiersand grains velocity
u,/uso (EQ. (1.62)) over a barchan dune. The two components aréeglat (b), z-
component, and (c), y-component. Inside the separatiobléuthe region after the brink
and between the horng, = 0 and there is no sand motion. The normalization constant
is defined asiso = us(u.) and represents the sand velocity on a flat bed.

whereA = |e, + 2a'Vh|. From this equation, the sand velocity in the saturatee stat
has two terms. The first one points toward the wind directind eepresents a small
correction of Eq. (1.34), while the second one is directed@the surface gradient. Both
terms account for the competing effects of wind blown andigyan the motion of sand
grains. Figure 1.13 shows the characteristic horizontldowy of sand grains over a
barchan dune. Note the strong deviation of the sand flux atuhe’s base and the ‘trap’
effect of the slip face due to flow separation at the brink. Tapped grains accumulate
on the top of the slip face before falling down in avalanches.

Saltation flux

From Eqg. (1.37) and (1.61) we obtain the saturated sandqflover an irregular sand
surfaceh(z,y), as an extention of Eq. (1.37), which gives the saturated #axr ¢, over
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a flat bed. However, how the sand flux reach the saturatedfstatea given initial or
boundary value?

From the first section we know that in one hand the saltatiowl $lax over a sand bed
can increase due to the cascade of splashed grains thatcetiterflow, while in the other
hand, it cannot unlimited grow due to the feedback effechefgrain motion on the wind
shear. Therefore, Sauermann et al. proposed a transpati@gthat describes the spatial
evolution of the saltation sand flux= |q| (Sauermann et al., 2001)

q q O(h) q<qs
V.og=21(1_4 : 1.63
4 ls< qs) {1 q s (163

whereg; = |q,| is the saturated sand flux ahds the characteristic length for saturation
and thus is called ‘saturation length’. From Eq. (1.63) thatisl change of sand flux for
small values of; is driven by the exponential growth tergii,, with the characteristic
lengthl,, while for values of; close to the maximum,, the second ternh — ¢/q, leads

to a saturated state. Symi#®(z) represents the Heaviside function, and guarantees that
if there is no sand availablé  0) an undersaturated sand flyx ¢, cannot increase.

Figure 1.14: Normalized saltation sand flyxQ over a barchan dune due to the wind
field depicted if Fig. 1.12. Wind blown from left to right cging a normalized influx
equal to 0.1.

Both, the saturated sand flux and the saturation length aea gy

2

() = —L 2 —u2)u, (1.64)
9 psand
2 2 1

L(w) = 220 (1.65)

Y9 (/) =1

wherea is the effective restitution coefficient given by Eq. (1.4nd~ is a model pa-
rameter accounting for the splash process (Sauermann).2Bgdm now on we denote
the saturated flux over a flat bed@s= ¢, (u.o).
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Figure 1.14 depicts the normalized saltation sand 4l over a barchan dune that re-
sults from solving Eq.(1.63) with an imposed boundary ctadi In this case we impose

a small influxg;, = 0.1 Q. In the figure, the barchan dune is surrounded by a flat rocky
surface. Therefore, the sand flux remains constant ungbithes the sand surface. Af-
terwards, flux increases following the trend of the wind shwedocity u, (see Fig. 1.12)

i.e. the flux increases in the windward side of the dune andcedses in the dune’s horns,
while in the region covered by the separation bubble (thpefatie and between the horns)
there is no sand motion and thus no sand flux.

1.3.3 The time evolution of the surface

The spatial change of the sand flux showed in Fig. 1.14 andibeddy the logistic sand
transport Eq. (1.63) defines the temporal change of the sarfitep:(x, y). According to
the mass conservation

oh

5 = ~V-a (1.66)

_ _g(l_g> O(h) q<gs
ls qs 1 QZQS

Therefore, wherever sand flux is undersaturated<( ¢,), erosion takes place and by
definition (0h/0t) < 0, since wind can still increase the amount of sand it can carry
Otherwise, in the oversaturation ¢ ¢,), the amount of sand wind carry is beyond its
limits and deposition occurgdh/ot) < 0).

Figure 1.15: Sand erosion (+) and deposition (-) patternterehan dune. Note that sand
is eroded from the dune’s windward side while it is trappedh®yslip face or deposited
on the horns.
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Figure 1.15 shows the sand erosion-deposition patternaksarchan dune. This pattern
clearly divides the dune into two parts, the windward sidessgherosion takes place
and the dune’s lee side, comprising the slip face and thesharhere sand is deposited.
Furthermore, through erosion-deposition process giveidpy(1.66) the dunes are by
definition not static but dynamics objects. They are esaliytculpted by the wind on the
surface, which takes sand from one place to other followargain rules. This explains
how a milimeter scaled process like sand transport by gattatin produce structures like
dunes. It is not the transport mechanisms but the wind fieltsimterdependence with
the surface shape, which drives to dunes formation and geolu

Figure 1.16: A sand cube (yellow) that contains a rocky gansmside (red) relax
through avalanches toward a conical surface.

1.3.4 Avalanches

The evolution of a sand surface is determined, as was prayi@nown, by the aeo-
lian erosion-deposition process, as a consequence of hbenimgeneity of the sand flux
over the surface. However, in the slip face below the sejparaubble there is no sand
transport, therefore, sand grains accumulate there, @fesing the brink (this sand ac-
cumulation at the brink is shown by the red line in Fig. 1.1B)}his region a non-aeolian
mechanisms of sand transport takes place, namely, sangnabias. In modeling the
surface relaxing by avalanches we follow the simple appgraddiersen et al.(Hersen,
2004), instead of the model used by Bouchaud and co-worBerschaud et al., 1994;
Bouchaud, 1998).

Taking into account that the characteristic time of aval@scevents is orders of mag-
nitude smaller than the characteristic time involved in Wiele surface evolution, we
consider an effective model that instantaneously relaxgtiaglient of the sand surface
toward the sand repose angle. If the slope of the sand surfae®ds the static angle of
repose, sand is redistributed according to the sand flux

Vh
VA
Afterwards, using this flux, the surface is repeatedly cledngccording to Eq. (1.66),

until the maximum slope lies below the dynamic angle of repdg,. We include the
hyperbolic tangent function to improve convergence.

Qava = E (tanh |Vh| — tanh(tan fgyn) (1.67)
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Figure 1.16 shows a extreme example of the avalanches mibegvolution of a sand
cube due to avalanches.

1.3.5 Model parameters
Wind model

Our wind model, Egs. (1.50), (1.55) and (1.56), has only tamameters, the apparent
roughness lengthy, (Eq. (1.14)) and the shear velocity, over a flat bed. The first one
is fixed to the valuej, = 1 mm, which coincides with the peak value of the roughness
length curve in Fig. 1.7 for the characteristic grain diaené sand duneg =~ 0.25 mm
(Fig. 1.4). The unperturbed shear velocity, is defined by the initial condition (see
below).

Separation bubble model

The model for the separation bubble, Egs. (1.57) and (1d#y,has one parameter, the
maximum slope: allowed for the separation surfagér, y), which is fixed to the value
¢ = 0.2, smaller than the value assigned by Sauermana ().25) corresponding to an
maximum angle of4° (Sauermann, 2001). We select 0.2 after perform calculations
of wind profiles over real Maroccan dunes.

Sand transport model

The sand transport model, Egs. (1.60), (1.61), (1.63) atd];Lhas five parameters. Four
of them,zy, z,, 21 anda, are given in section 1.2 in terms of the grain dengjty= 2650
kg/m?, grain diameted ~ (.25 mm, air densityp ~ 1.225 kg/m?, air kinematic viscosity
v ~ 1.5107° m?/s, gravity acceleratiop ~ 9.8 m/s* and drag coefficient’;, and thus
they are not free parameters. The last one4s0.2 (Sauermann et al., 2001).

Avalanches model

The only free parameter in the model for avalanches Eq. Y1s6% which has dimmen-
sion of flux. After some test of convergence we select theevalu= 0.9 kg/ms. Of
course, since the avalanches are modelled just as a slagatieh, the value of' has no
physical meaning. The other two parameters are the $tatie: 34° and dynamic angle
of repos&lyyn ~ 33° for sand.
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1.4 Barchan dune simulations

In this section we study barchan dunes through numericallations and present some
scaling relations between the barchan volume, velocityfamxdbalance with their size.
Comparing these scaling laws with measured data we valith@teredictions of the
DUNE model including the new sand transport model and theesponding parameters.

Figure 1.17: Formation of a 6 m high barchan dune from anainsiand pile after 1
year of constant wind blow.

90 20 30 40 50 60 70 80 20 40 60 80 100
x (m) x (m)

Figure 1.18: Comparison between a 6 m high simulated bar@)sand a measured one
(b). In (c) and (d) are shown the longitudinal (c) and tramsak(d) central slides of
both, the simulated and the measured dune. Dashed-lices shrrespond to a measured
barchan, whereas the full lines to a simulated one. Bothslbaee the same scale.

Barchans are isolated sand dunes that emerge when wind-araational and sand is
sparce (see Fig. 1.3). Under these conditions the barclague shpresents the equilibrium
shape toward which any initial sand surface over a non-bledubstract evolves. They
arise from the numerically integration of the equation$%).. (1.63) and (1.66) for a
given initial surface, an unperturbed shear velocity, oriented along the x-direction,
and a constant influy;,, at the input boundary = 0. Sinceu,, univocally defines the
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Figure 1.19: Height/ and widthw relationship of the measured dunes in Morocco by

Sauermann (white circles) and of the simulated dunes (ldacles) with the linear re-
gressionw = 12 H + 5 m.

maximum sand flux) over a flat bed, we can use eithey, or Q to characterize the
unperturbed wind.

Therefore, for simulations one uses only two free pararagtiee sand supply, encoded in
gin, @and the wind strength, encodedum or Q(u.g).

Figure 1.17 depicts the evolution of the proftiér, y) of a sand pile towards a barchan
dune, while Fig. 1.18 compares the 3-dimensional chatiatiteiC’ shape of a simulated
and a measured Maroccan barchan (Sauermann et al., 20@0)d@@es are very similar
except at the horns. This typical simulation was performs&dgizero influxg;,, = 0 and

a flat bed shear velocity., = 0.4 m/s, a realistic value for dune fields (Sauermann et al.,
2003).

Morphologic relationships

The morphology of a barchan dune is characterized by welvkninear scalings be-
tween the dune’s widthl/, total lengthL, windwards side lengtlh,,, mean horns length
L, and the dune’s height’ (Finkel, 1959; Hastenrath, 1967; Hastenrath, 1987; Lettau
and Lettau, 1969; Sauermann et al., 2000; Sauermann ed@l; 3chwammle and Herr-
mann, 2005a).

Figure 1.19 shows one of these scalings, the width-heidgtiosaship, which follows the
general equation = a,,H +b,, (Sauermann, 2001). Therefore, the barchan shape is only
scale invariant for large sizes, i.e. the raligw = H/(a,, H + b,,) tends to the constant
1/a at largeH. However, for small sizesl/ < 5b,/a, ~ 2 m, the barchan shape is
size dependent. This rupture of the scale invariance at simak is a consequence of the
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saturation length, given in Eq. (1.64) (Kroy et al., 2002; Andreotti et al., 2002 The
saturation length also determines the minimal size fortmra@unes (Parteli et al., 2006).

Velocity

Since the pioneer work of Bagnold (Bagnold, 1941) it is algtl Wnown that the barchan
velocity v scales with the inverse of its size and is proportional testitarated flux) on a
flat bed. However, although the relationship betweeavith () is well stablished, there is
still a debate about which size one should use. Bagnold sth{Bagnold, 1941), through
a simple mass conservation analysis, thatales with the inverse of the dune’s height,
namelyv o« 1/H. Alternatively, other authors propose a scaling with thaedsilength
(Sauermann, 2001; Schwammle and Herrmann, 2005a), orecoorplex relation of the
typev « 1/(H + H,) to fit dune measurements (Andreotti et al., 2002b; Herseh,et a
2004; Elbelrhiti et al., 2005).

The idea of Bagnold's scaling arises from the travel wavetsmh /. (x—vt, y) of a barchan
dune. In fact, by substituting this solution into the masssawvation Eq. (1.66), the dune
profile h(z, y) satisfies the travel equation

vw =V - q(z,y). (1.68)

Considering Eq. (1.68) at the central slice of a barchan,ehaiat i.(x, 0), the barchan
shows specular symmetrj((z, y) = h(z, —y)) and assuming thalg, /0y < 0q,/0x,
one arrives to the simple balance equation

Oh(z,0)  0g.(x,0)
Tor oz
which implies, after integration, that thecomponent of the sand flux obeksi.e. ¢ =

¢in + v h. Therefore, at dune’s crest & H) it follows thatq,, = ¢;,, + v H, from which
is obtained the dune velocity scaling

(1.69)

M — Qin
= = " 1.70
v H ( )
Q
— 1.71
X H ( )

where one considers that the flgscales with)).

Using simulated barchans we find that the velogiscales with the inverse of their width
w, as shown in Fig. 1.20. Therefore, we consider

v aQ/w (1.72)

with the constantv ~ 50 in very good agreement with previous studies (Hersen and
Douady, 2005). Taking into account the morphological reteghip of barchans, both, its
length L and widthw scale with the height/ as H + H,, whereH,, is different in both
cases. Therefore, in a certain way all these scalings aresteyot.
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Figure 1.20: Barchan dune velocity as a function of the r@tia.

The propagation velocity given in Eq. (1.72) defines the ati@ristic time of the barchan
motion, called the turnover time, which is defined as the time taken by the dune to travel

its own size:
2

v
v aQ
The turnover time; is also the typical period of the cycle of motion of a singlaigr

since it is captured by the slip face until it reappears afadloé of the windward side. In
real conditiong; ~ 2 years for the 6 m high barchan showed in Fig. 1.18.

t, (1.73)

1.4.1 Stability

From the dynamical point of view the stability of barchan dsiins a particular important

guestion. Based on previous simulations it has been peztlittat barchan dunes are
intrinsically unstable (Sauermann, 2001; Hersen et aQ42Here, we describe how this
instability arise for barchans simulated with the DUNE mode

Flux balance in a barchan dune

In order to illustrate the dune size instability we analylze tlux balance equation. A
barchan dune can be seen as an object that captures somet afrgamd from the wind-
ward side and releases another amount from the horns wagpitrg a fraction at the slip
face (Fig. 1.21). Therefore, the flux balance in a dune isrgbsethe difference between
the net influx@;, and the net outflux),,;. Since both scale with the produet®, the
volume conservation reads

V = Qm - Qout = ’(UQ <% - qgt) (174)
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Figure 1.21: Top: color diagram of the normalized sand fluer@/sand dung/. The
normalized influx isg;, /@ = 0.1. The sand flux increases at the windward side until it
reaches its maximum at the brink/(? ~ 4). All this sand is trapped at the slip face where
there is no flux;/@Q) = 0. Note that the flux scale is not linear. Bottom: dune outfled(r
line) and influx (black line) as function of the transversabinatey. Although the
barchan receives an homogeneous influx, its outflux is stydagalized at the horns.

whereg;,, andg,,; are the dune influx and outflux per unit length, respectiveaig V" is
the volume of the dune.

Measurements on single simulated barchans with a consttmn ishow that for small
widthsw < w, the outflux is saturated which means that the dune does netdtigdace
anymore, i.e. it becomes a dome. For higher width howeventhflux relax ag /w? to a

constant value that scales linearly with the influx with gpslemaller that one (Fig. 1.22),
namely

Gout Gin We 2
- _aQ+b+<w) , (1.75)
wherea ~ 0.45, b ~ 0.1 andw, are fit parameters. Therefore, there is two different
regimes, fory;,, < 0.18 @ the outflux is higher that the influx and the dune shrinks, &nhil
for ¢;, > 0.18 Q) the influx overcomes the outflux and the dune grows (Fig. 1.Zkg
dimensionless barchan outflyy,, /@) is proportional to the total horns width fraction
2wy, /w, wherew), denotes the width of one horn (Fig. 1.21). Thus, the flux h=daon a



Dune model and Barchan dunes 53

barchan dune is determined by its morphology.
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Figure 1.22: Relation between the dune outflux and the dudéwi. The solid line
represent the scaling with/w? given in the text. Inset: the dune outflux is a linear
function of the dune influx (solid line) with a slope smalleat one (dashed line).

The deviation from the scale invariance in the dune outfliyxis expressed by the last
term of Eq. (1.75), which is a consequence of the non-scabgiance for small dunes.

However, since the critical width. ~ 10 m is of the order of the minimal dune width,

the nonlinear term is very small and can be neglected. Toexefve can consider in first

approximation dune horns as scale invariant, in agreemiémtmeasurements on barchan
dunes in south Morocco and in the Arequipa region, Peru (gliteand Claudin, 2006).

In this case, the mass balance becomes

’ Qin dc
V=wQ(l—-0a)|—=—-= 1.76
Qu-a (- %) (1.76)
whereg. = bQ/(1—a) =~ 0.18 () denotes the equilibrium influx at which the dune volume
does not change. However, this equilibrium is unstableesihere is no mechanisms by
which barchan dunes can change their outflux to adjust it teengnflux.

Volume

Simulations for different wind strength and influx show ttia barchan volum¥& scales
asw?® independently of both, the sand flux over a flat ednd the influxg,,, (Sauermann,
2001) following the equation

V=cuw? (1.77)

wherec =~ 0.017 is obtained from the fit in (Fig. 1.23). This simple scalingswaso
recently found in field measurements (Hersen et al., 200zel8Hiti and Claudin, 2006).
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Figure 1.23: Cubic scaling of the volume of simulated banathanes with their width.

Time evolution of the dune size

Substituting Eq.(1.77), the mass balance becomes,
A
W= Q— (1.78)
3cw
whereA = (1 — a)(¢in — ¢.)/Q = (1 — a)gin/Q — b. This equation gives the time
evolution of the dune size. After integration,
t)? —wp = 2t 1.79
w(t)” — wg 50 b ( )
wherew, is the initial size at = 0. The dune size evolves in such a way that the dune
aread o w? increases linearly with time, and consequently the térmetermines if it
increasesq;, > q.) or decreasesyf, < q.).

The characteristic time, of the dune size change, defined as the period of time for the
dune to triple its areau((t,)* = 3w?), is given by

2
3¢ w;

ts = ——. 1.80
N, (189
This timet, scales with the dune’s turnover timedefined in Eq. (1.73), namely
e
ty = W t; (1.81)

whereC = 3ca =~ 2.5. In the case of no influx the dune size significantly changesdu
a period of time ok 20 ¢,. To give an example, the 6 m high barchan~{ 80 m) shown
in Fig. 1.18, under the Moroccan wind regime wih~ 80 m?/yr (Elbelrhiti et al., 2005)
and without sand influy;,, = 0, will disappear after a characteristic timg?2 of the order
of 20 years. Although the zero influx is an extreme case, igiarahat within periods of
time of the order of hundreds of years this instability skiduhve a huge impact on the
dynamics of barchan dune fields.
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1.5 Conclusions

A new sand flux model was derived, giving a tentative expiandor the different scal-
ings withu,, found in previous works. The model leads to a simple lingaia¢ion for the
sand flux that contains the main features of previous exmariahand numerical findings.
It also fits well the wind tunnel data of Rasmussen and Ivefs@msen and Rasmussen,
1999; Rasmussen and Rautahemio, 1996). Using some scelaigns introduced by
Andreotti (Andreotti, 2004), we calculated the dependerfcthe model parameters on
the fluid properties such as density, gravity, viscosity andhe diameter of sand grains.
It should be adressed that these dependences are crudia¢ imodeling of dunes in dif-
ferent physical conditions, like in the Mars atmospherside water or simply to study
the effect of the grain diameter on the dune morphology éHat al., 2006).

Furthermore, we have presented the DUNE model includingnthwe sand transport
model. We also used the DUNE model to simulate barchan durge®aobtain the scal-
ing relations that characterize their morphology and dyinamFinally, we studied the
stability of barchan dunes showing that they are intrinkiaanstables, a result that is in
deep contradiction with the widespread existence of barchees all around the world
(Hersen et al., 2004; Elbelrhiti et al., 2005). This probleith be treated in details in the
next chapter.
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1.1.5 Conclusions




Chapter 2

Barchan dune fields

Barchan dunes don’t appear isolated, instead, they betosgyveral kilometers long dune
fields forming corridor structures oriented along the wiireéction (Fig.2.1). Inside these
corridors the dunes show a rather well selected sizes aaddone spacing. However,
barchans are intrinsically unstable and thus they consityagrowth or shrink until diss-
appear. This contradiction suggests that, at the stati$tieel, the behavior and evolution
of single dunes result from their interaction with a larget patheir entire surroundings,
which are typically composed of several thousands duness@neet al., 2004; Elbelrhiti
et al., 2005).

Figure 2.1: Example of a barchan dune field in Morocco, Webkta&a The dune field is
divided into corridors along a the wind direction, where dluge size is roughly uniform.

In this chapter we present different approaches to modehtrea@lune field based on the
laws extracted from the simulation with the much complex BJNodel in the previous
chapter. The aim is to highlight the underlying process libads to a size selection into
a dune field. In Section 2.1 we present size distributionsiated-dune spacing distri-
butions measured in different dune corridors in the Moradesert by analysing satellite

57
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images. We show that dune fields not only present a charstitedine size but it is log-
normal distributed. Simulation approach starts in Sei@where we perform a simula-
tion of a whole dune field using the DUNE model. Although themalitatively reproduce
a real dune field, the number of dunes is too small to be statilstrelevant. In Section
2.3, simulations are carried out to understand what hapwbes two dunes collide with
each other. The three different final situations of coalesegsolitary wave behavior and
breeding (Duran et al., 2005) provide another mechanismdm aontinuous growth of
the dunes in a dune field. From dune collisions with laterdt ale extract a general rule
and make a fit of the resulting volumes and positions. Thegerakes and a simplified
representation of the sand influx and outflux of a dune, etddaitom DUNE analysing
of single barchans, form the basis to model a large dune figgepted in Section 2.4.
In Section 2.5 these laws are used to construct an analyiean-field’ approach which
provides a size distribution similar to the measured lograone. Finally, in Section 2.6
we resume our findings with some scaling relations betweerspiatial distribution, the
size distribution and the boundary conditions.

2.1 Barchan dune field measurements

The Morocco desert in Western Sahara presents the longestaoadune field on the
Earth. There, barchan dunes develop under a strong urgtidinal wind in tens of kilo-
meters long corridors with a characteristic dune size arahadgeneous dune distribution
(Fig. 2.1). In order to get insight into the statistical pedyes of the field we measure the
dune size and the inter-dune spacing.

Figure 2.2: The four measured dune field corridors (a), hritd (d) localized in western
Sahara. Right: sketch of a barchan dune showing the ‘wid#j,la line between the two
points that define its width.

From chapter 1 we know that widtl represents the best characterization of barchan
dunes since it fully describes the area, volume and veladithe barchan. Therefore,
we perform digital measurements of the width of more thantfiaeisand dunes in four
corridors between Tarfaya and Laayoune using one meteripelr nesolution satellite
images (Fig. 2.2). Figures 2.3 and 2.4 show the four measiued fields downwind
oriented, where each barchan is represented by its ‘wid#i defined in Fig. 2.2. The
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dune widthw against its downwind distanag also depicted in the figures, show no clear
trend in the spatial distribution at this scale.
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Figure 2.3: Top: measured barchan dunes in corridors (a)@ndepicted in Fig. 2.2.
Dunes are represented by their ‘width line’. Thaxis is oriented along the wind direction
which is also the direction of dune movement. The bottom wmth both figures shows
the width against the-position of the dune.
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Figure 2.4. Top: measured barchan dunes in corridors (cX@ndepicted in Fig. 2.2.
Bottom: dune width against its downwind distance

2.1.1 Dune size distribution

We start by studying the distribution of dune sizes in thd deme fields. Figure 2.5
shows the dune size distribution for the four dune fields shiovFig. 2.2. In all cases the
measured distributions (symbols) are well fitted by lograirdistributions (solid lines)

defined as ,
P(w) = ;exp (—M), (2.1)

2mo w 202

from which the mean widt{w) = exp (1 + 0?/2) and the standard deviatio$¥ =
(w)?(exp o? — 1) are determined.

Although the size distribution can be fully described bytihie parameters of the lognor-
mal fit, their physical origin is unknown. Furthermore, tloghormality in the size dis-
tribution implies an underlying multiplicative processtire evolution of the dune sizes.
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Figure 2.5: Snap shots of four dune field corridors (a), @)atd (d) localized in western
Sahara along with their dune width distribution (dots) amellognormal fit (full line).

This process and the factors that determine the charédatetime size and the standard
deviation of its distribution, will be the central questsdior the rest of this chapter.
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Figure 2.6: Dune field planar network. The neighborhood afr@edof widthw is defined
by its nearest neighbors in each of the four diagonal dwestplaced at a distandg,
Lo, L3z and L, respectively.

2.1.2 Inter-dune spacing

Besides the size distribution, the spatial distributiodafies is another important property
of dune fields. It gives information about the sand distidoutlong the field and thus,
about the total amount of sand transported by it.

We characterize the spatial distribution of dunes by theridtine spacind (w), defined
as the characteristic distance between a dune of widdind its neighbors. The spacing
L(w) is given by

L(w) = 4/ Af(w) (2.2)

whereA(w) is the sand free area surrounding the duneThe free areal(w) in turn

is given by the areal,(w) of the polygon formed by the neighbors of a given dune after
substracting the fraction of their own area inside it. Inesrtb define the neighborhood
around a dune and calculate the afgawe construct a planar dune network as sketched
in Fig. 2.6. In the simplest approach, after selecting a dunge look for its nearest
neighbor in each of the four quadrants defined by the cartesiardinates system cen-
tered at the dune, i.¢+x, +y), (—z, +y), (+z, —y) and(—z, —y). These four dunes are
then linked to the central one in an iterative process that leads to a planar network of
connectivity four. Within this approach, the first neighbbood aread, (w) of a dune of
width w is determined by the first four neighbors and their respedtistances., L., L
andL, (Fig. 2.6).

Figure 2.7 shows a histogram of the spacing lengttv) around a dune of widtlv for
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Figure 2.7: Scaling of the inter-dune spacing. Plot of therhdlune spacing as a func-
tion of the dune widthu for each measured dune field. Blue indicates the daird.)
occurring with highest frequencies, where a well-defihezhn be ascribed independently
of w.

each of the four measured fields (Fig 2.5). In agreement wéhipus statements (Hersen
et al., 2004), we found that the spacing between dunes taglkse@lected values within
the same field. Indeed, the inter-dune spadinglthough scattered, shows no clear trend
as a function of dune size and its mean valuis nearly constant for the whole size range
depending only on the selected dune field.

The independence between dune size and dune spacing is Igcd eonsequence of
the uniformity of the spatial distribution of dunes but alsspecial feature of barchan
dune fields deeply rooted in the dynamics behind the dunessieetion and their spatial
distribution. For instance, in static dune fields (e.g. itudjnal or star dune fields) larger
dunes are surrounded by larger empty space. Thus, theduiberspacing scales with the
dune size. This linear scaling is a consequence of the way isaredistributed among
the dunes. In static dune fields, since the annual averades aktative motion between
dunes is almost zero, they change their size only by the ballaetween the influx and the
outflux. Therefore, based on mass conservation, a dune atai@® sand and grows only
if its neighboring dunes loose sand and shrink. On the othedhin barchan dune fields
dunes are mobile and they can collide with each other. As Weseg, in such a scenario
small dunes are continuously emerging from larger ones dwmlisions, destroying
any simple correlation between dune size and inter-durtardie and leading to a spatial
uniformity.
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2.2 DUNE simulation of a dune field

In this section we start looking for the answers to the follayyproblem. Since an iso-
lated barchan dune is unstable, which mechanism accounits fetabilization at dune
field scale? Is it the same mechanism behind the lognormealdigtribution? Which
factors determine the mean size and standard deviationcbf aulistribution? Is there
any relation between the dune size distribution and the-ohiee spacing in a given dune
field?

Our search starts with numerical simulations of an entineediield using the DUNE
program introduced in the Chapter 1.

Birth of barchan dune fields: Open boundary conditions

It is already known that most of the barchan dune fields ar@® the accumulated sand
in the sea shores. Therefore, we select the open boundaigiiabconditions to mimic
a beach. Since the sea provides a net sand income, we setdheffiex to the maximum
value @, which is the saturated flux in a flat bed. Furthermore, takmg account the
characteristic sand hill limiting sandy coats, we introgl@as initial surface a very small
sand gaussian hill upwind the field that acts as a terraimgetion.

Figure 2.8 shows a barchan dune field emerging from a beachheAbeginning only
appears the small sand perturbation upwind (Fig. 2.8a).erLais the incoming sand
accumulates in the lee side, the initi@l m long hill expands unti200 m, when it be-
comes unstable and small sand bumps are ejected (Fig. Zi@b)ransversal instability,
transversal because it occurs along the wind directiomdakey mechanism underlying
the emergence of sand dunes. It was originally obtained ftataand surface using a
simplified version of the DUNE model equations (Andreottakt 2002a). The same ex-
planation accounts for the instability in our case, sineerttaximum slope of the hill is
~ 0.6° and it can be considered as a flat plane.

Further in the evolution, the hill becomes broader and gjsahd strips instead of bumps
(Fig. 2.8c). These transversal sand strips are in turn blesédong the longitudinal direc-
tion, perpendicular to the wind direction, and they splibibarchan dunes (Fig. 2.8c and
d). This longitudinal instability is key to the emergencdafchan dunes from transversal
ones. It was first obtained in our simulations and an anally$tudy is under progress.

Both instabilities, the transversal and longitudinal caegount for the emergence of a
barchan dune field from a near flat bed in conditions of ureational wind and scarce
sand supply as shown in Fig. 2.9 under real conditions.

The simulations using open boundary conditions, althougthaén the birth of barchan

dune fields, are not adequate (due to the scale) to studystiagistical properties. There-
fore, we focus on dune field simulations using periodic b@amaonditions, by which

the dune field reaches a stationary state with a well definad dize distribution.
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Figure 2.8: Snap shots of the birth and evolution of a barchare field from a beach.
Wind blows from left to right. The small sand perturbatiomipd the field (a), is unstable
and ejects first some small bumps (b) and later transvensdlstaps that become barchan
dunes, (c) and (d). Gray represents the rocky ground whilersoepresent the sand
height, blue~ 1 m high, and red- 3 m high.

Figure 2.9: Real example of a rising dune field in Egypt. Witalis from left to right.
Both instabilities occur, first the transversal one thaaksghe plane surface in transversal
strips, and later the longitudinal one that breaks the Wrenssl symmetry of the strips in
bumps that evolve to barchan dunes.



66 2.2.2 DUNE simulation of a dune field

Figure 2.10: Snap shots of the dune field evolution from aaunifsand bed under peri-
odic boundary conditions. Wind blows from left to right.
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Figure 2.11: Snap shot of a simulated barchan dune field alithgts dune width distri-
bution function (dots) and the lognormal fit (line).

Birth of barchan dune fields: Periodic boundary conditions

We perform periodic boundary condition simulations staytwith an uniform sand bed
over a non-erodible surface in the center of the field, astilied in Fig. 2.10a.

After wind starts to blow, transversal instabilities appe®er the sand bed propagating
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downwind until the whole bed is fragmented into transvedsales (Fig. 2.10b). Once the
sand between the dunes is completely eroded and the rockiratgexposed, transversal
dunes become unstable and split into two rows of barchanstthiagafter leaving the field
re-emerge at the beginning due to the periodic boundarigs 2FL0c). This feedback
leads to collisions between barchan dunes which besiddkithexchange between them
acts as a size selection mechanism that leads to an appqtglitireum size distribution
(Fig. 2.10d).

Figure 2.11 shows a snap shot of the simulated dune field @nadithe width distribution
averaged over different time realizations along with a trgmal fit. The simulated field is
quite realistic and qualitatively reproduce the main fezgof a real one (see for example
Fig. 2.2) like the clusters of colliding dunes and the ak¢erocalizations of consecutive
barchans. Furthermore, the size distribution has the ciomend for high sizes although
it fails at small and middle sizes. There is an over reprediemt of small sizes in the
field due to the small simulated field scale with orly30 dunes at each time realization,
instead of~ 1500 dunes in the real ones. Although this hypothesis can bedtesiag

a larger field, it requires prohivitive CPU time in order ta gestatistic as good as the
measured one.
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2.3 Binary collisions

To understand physically the dune size distribution onettake into account the dynam-
ical processes that govern the growth of single dunes. Tthasit instability of barchan
dunes under an incoming sand flux leads to an increase ofipestadunes in the field
whereas the smaller ones shrink until disappear [(Hersah, &004; Hersen and Douady,
2005)]. Hence, the mean size of the dunes grows with theraisttrom the beginning
of a field. Nevertheless, in many dune fields the sizes satuiB#o0 mechanisms have
been proposed to avoid unlimited dune growth: instabilittacge dunes due to changing
wind directions (Elbelrhiti et al., 2005) and collisionstlwveen dunes (Schwammle and
Herrmann, 2003; Duran et al., 2005; Hersen and Douady, 2005)

Figure 2.12: Collisions between barchan dunes are ubmuggiitoa dune field. Here are
some examples of collisions in a Maroccan dune field.

The spontaneous fragmentation of a dune when wind velocityuates in strength and
direction involves a higher degree of complexity in numa&rgimulations. Therefore, in
this section we concentrate only on the dynamics of collisioetween two dunes.

Collisions are ubiquitous in dune fields (see Fig. 2.12) duthé relatively broad range
of different velocities which obey in general~ 1/w for single dunes (Hersen, 2005).
Due to the dependence of their velocity on their size, theedhat collides onto a second
one must be smaller than the latter. This process has beerveldsseveral times (Besler,
1997; Besler, 2002) but was not understood until the lastsy@de large temporal scales
of such a process makes it difficult to observe the final stie such a collision. Sim-
ulations using DUNE model are carried out to understand vaagpens if two dunes
collide with each other and different results are obtainegethding on the relative vol-
ume difference between the interacting dunes (Duran eR@05). The three different
final situations of coalescence, solitary wave behaviortaedding provide mechanisms
to redistribute the dune sizes and thus to avoid continuocusty of the dunes in a dune
field.
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Through the simulations of dune collisions with laterafsive extract a general rule and
make a fit of the resulting volumes. These new rules are imghted into a model for
the evolution of a simplified dune field where dunes only dellwith each other. From
this model we found that collisions as a mechanism of radigion of sand is capable
of selecting a characteristic dune size. In fact, dune sizesich a scenario follow a
Gaussian distribution.

Figure 2.13: Examples of the breeding process in two baréleéds, Namibia (a) and
Peru (b), (c), and in numerical simulations (d).

2.3.1 Collision dynamics

Up to now modeling mainly focused on single dunes or duneepagtwithout regarding
the mechanisms of dune interactions. Recently, Beslerdfsumall barchans at the down-
wind side of big ones and concluded that barchan dunes ceblaMe like solitons (Besler,
1997; Besler, 2002). This means that they would behave dikgisns of non-linear equa-
tions, for example those describing waves in shallow watkich propagate through each
other without changing their shape (Lamb, 1980). As an exasge Fig. 2.13. In (a) and
(b) a small barchan is apparently ejected from the main duhereas, in (c) small dunes
emerge from the horns. Note the similarity with the snapsbba collision simulation de-
picted in (Fig. 2.13b). Similar occurrences can be foundpeements with sub-aqueous
barchans (Endo and Taniguchi, 2004). Nevertheless, mesarehers believe that if a
small barchan hits a bigger one, it will be completely abedrbrT his is motivated by the
fact that a sand formation cannot cross the slip face of a duti®ut being destroyed.
Therefore, the description of barchan dunes as solitonfohasl very little support up to
now, until Schwammle et al. found that dunes can behavelaargavaves under certain
conditions (Schwammle and Herrmann, 2003). They show thegt to mass exchange, a
big barchan colliding with a smaller one placed behind, magrelase its height until it
becomes smaller, and therefore, faster, than the previmeisamd leaves. Meanwhile the
initially smaller dune increases its height, becoming bigand slower, in such a way that
it looks as if the smaller dune crosses the big one. Thistsnuavas referred by analogy
as solitary wave behavior despite the big differences vat water waves (Livingstone
et al., 2005; Schwammle and Herrmann, 2005b). Katsuki €Kaltsuki et al., 2005) have
also obtained solitary wave behavior for coaxial and offsdlisions of two sub-aqueous
barchans.
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Figure 2.14: Snap shots of the time evolution (from left gght) of different situations
during the collision of two barchans for zero lateral offaetl volume ratiosr; = 0.06,
0.08, 0.12, 0.17 and0.3. The volume ratio increases from top to bottom. Depending on
the volume ratio, coalescence (c), breeding (b), buddiny &hd solitary wave behavior
(s) take place. Wind blows from left to right. The time (t) msyiears, taking into account
that wind blows continuously during all the year.

Simulations of the DUNE model are carried out to obtain theeouoe of collisions be-
tween two dunes for different initial lateral offsetsand volume ratios; keeping the
volume of the larger barchan constant at 6000 M/e define the relative lateral offset
between two dunes @s= % whereY andy are the coordinates of the geographic cen-
ter of the large and the small dune in the lateral directiandverse to their movement,
respectively. Besides, the volume ratio is defined asy;, wherel’ is the volume of the
large barchan and the one of the small one. The strength of the wind blowing th&
system is fixed to a shear velocity of 0.5 m/s. Open boundargliions are used with an
influx of 20 n¥ /yr, equal to the big barchan equilibrium outflux.

In order to take into account the lack of scale invariancean€bans, we repeat the simula-
tions for a different size of the big barchan, with initialume 1V = 70 000 m3. The same
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general picture was observed. Figures 2.14, 2.15, 2.16ilus%ate different temporal

stages of the collision process for different volume ratind increasing offsets, starting
from zero.
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Figure 2.15: Snap shots of the time evolution of differetdations during the collision
of two barchans. In top window collisions with = 0.1 are depicted, while the bottom
window represents collisions wit) = 0.2. The volume ratio in both figures increases

from top to bottom and are the same as depicted in Fig. 2.liflerlseand colors distinguish
the different results after collision.

The smaller barchan at some point bumps onto the larger dngléads to a hybrid state
where the two dunes melt into a complex pattern. Dependihgamthe initial relative
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Figure 2.16: Snap shots of the time evolution of differetutaions during the collision of
two barchans. Top window shows collisions with= 0.4 while bottom window shows
collisions withé; = 0.6 where only breeding (b) and solitary wave behavior (s) appea

sizesr; and lateral offset; of the two dunes, four different situations can emerge after
collision: coalescence (Fig. 2.14 c) where only one dunenmes, breeding (Fig. 2.14

b) and budding (Fig. 2.14 bu) where two dunes leave the layger and solitary wave
behavior (Fig. 2.14 s) where the number of dunes remains ti@othe collision.

The evolution of the hybrid state can be understood as tlut iifsa competition between
two processes. The first one is the overlapping of both duhéseabeginning of the
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Figure 2.17: Snap shots of the time evolution of differetdations during the collision
of two barchans. Collisions with offsét = 0.8 and#; = 1.0 are shown at top and bottom
respectively. In both cases only solitary wave behavioo¢srs.

collision that can eventually lead to coalescence (Fig8,2ipper part). The second one
is the effective mass exchange between the dunes due togdhgeshinduced in the wind

shear stress due to the approaching of both dunes. In thilisgate the wind shear stress
over the windward side of the bigger dune is reduced and tnast erosion is enhanced.
Besides, the wind shear stress over the lee side of the srdalte is also reduced but
enhancing crest deposition. Thus, the smaller dune mayegangh sand to become
bigger than the one in front and therefore also becomes sldwéhis way, the previous
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Figure 2.18: Time evolution of the central slice of the ‘ldigwy’ collision represented in
the figure 2.14Db, top. Initially the small dune climbing oe thigger one, and finally their
mass exchange leading to their separation. The time (t)nwointh.

bigger dune can actually become the smaller one and itsityetdficiently large to leave
the hybrid state. In this case the dunes separate agair2(ERy.bottom).

The collision process is crucially affected by the separdbubble, i.e. the region after the
brink and between the horns at which flow separation occuiter e separation at the
brink, the flow streamlines reattach smoothly near the legrent whose end points are
the horns. There, sand transport continues again. Howiegate the separation bubble
the flow is strongly reduced and, for simplicity, we set the& tluzero. Hence, the upwind
dune will absorb that part of the downwind dune inside itsasafpon bubble (Fig. 2.14b,
2.14bu and 2.14s).

The morphological phase diagram of binary collisions iseseétically showed in Figure
2.19 in terms of the final volume ratio as a function of thei@iolume ratio and lateral
offset. In order to include breeding and budding cases wimene than one dune leaves
the hybrid state the final volume ratio is defined as ratio betwthe volume of the total
outgoing dunes and that of the remaining one.

For small relative volume and lateral offset both duneseszd to a single one. In this
case the relative velocity is high and hence the overlapitigster than their mass ex-
change. Small dunes have a short slip face which disappdslesciimbing up the bigger
one. This reduces the mass exchange and leads to a comdetptain of very small
barchans (red zone in Fig. 2.19 and Fig. 2.14c).

For a largerr; and 6; the slip face survives for longer time, mass exchange besome
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Figure 2.19: Sketch of the morphological phase diagram ifmarly collisions. The vol-
ume ratior after the collision is plotted as a function of the initiafs#td; and the initial
volume ratior;. Dots represent simulation results.

relevant, and a small barchan is ejected from the centrabptire dune between horns in
what we call solitary wave behavior (lower green zone in Ei@9 and upper green zone
(s) in Figs. 2.15, 2.16 and 2.17). For a given range of thedatdfset, the perturbation
of the big dune shape, due to the overlapping of the small tehéend, also propagates
over the horns since there is no slip face. At the end of onetir borns, depending on
the offset, a small dune is ejected. This phenomenon of éogjettion, the ejection of
one main dune from the center and another one from the horcaléreeding’ (blue
zone in Fig. 2.19 and Figs. 2.14(b), 2.15(b) and 2.16(b))lisTans in this regime shows
a qualitative similarity with the barchan field shown in Fig2.13.

As the initial volume ratio increases, a smaller relativiogity favors the mass exchange
and reduces the overlapping process, leading to the coengpdgiaration of both dunes.
Nevertheless, the leaving dune lacks the central part okislward side and cannot
reach the stable barchan shape. Therefore, it splits imionew dunes, a phenomenon
we call ‘budding’ (pink zone in Fig. 2.19 and Figs. 2.14(bmda2.15(bu) and top of

Fig. 2.16(bu)). A similar phenomena was reported in expenits with sub-aqueous
barchans (Endo and Taniguchi, 2004).

For a larger volume ratio and small lateral offset, the ibsitst of the dune in front dis-
appears and both dunes develop into barchans. Then, wevelmgain solitary wave
behavior as is shown in Fig. 2.14(s) and the lower (s) in Fig5 Zupper green zone in
Fig. 2.19). In that case the dunes move with similar veloaitg the mass exchange is
the main process of the evolution of the hybrid state. Thelapping of both dunes is
very small now and the emerging dune looses merely a smatidraof its tail. Effec-
tively, during both regimes of solitary wave behavior, apided in green in Fig. 2.19,
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it looks as if the smaller dune just crosses the bigger ondewhireality due to mass
exchange the two heaps barely touch each other. The diffesemith real solitary waves
was pointed by Livingstone et al. (Livingstone et al., 2085%) discussed by Schwammle
et al. (Schwammle and Herrmann, 2005b). The analogy isdbasehe initial and final
state of the colliding dunes, and not on the specific mechaoisinteraction, which is
very different from the real solitary waves as shown in Fegirl8.
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Figure 2.20: Volume ratio, after the collision as a function of the initial offsgtand the
initial volume ratior;. Dots show the measured values obtained from the simufation

The volume ratio; after a collision can be approximately expressed by the @ineno-
logical equation,

(0, 1mi) = (1 — exp (—A(Gi)(ri — TO(HZ-))4/3)) (2.3)

valid for r; > ry. This condition takes into account that there is a minimeabming dune
of relative sizer, below which no dune comes out, i.e a coalescence occurs @redia
Fig. 2.19). The coalescence threshgjds a function of the initial lateral offsét, and is
given by,

70(0;) =~ 0.12 exp(—(6;/0.4)%) — 0.05 (2.4)

This equation also defines a maximum offget- 0.4 above which no coalescence occurs.

On the other hand, the terdy#;) represents the sensibility of the final volume ratjdo

the initial offsetd;,
A(0;) ~ 10 exp(—(6;/0.36)"2) (2.5)

Figure 2.20 illustrates the shapeof(r;, ;) compared to the measurements (dots) ob-
tained from the simulations with DUNE. We analyzed simwliasi with different offsets
0, for seven different values of.
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Additionally, the lateral positions of both dunes chanderahe collision. No simple rule
could be found and thus we do not consider the final offset.

Figure 2.21: Volume ratio; after the collision as a function of the initial offsétand
the initial volume ratior;. The plane-; = r; is also plotted in order to show the regions
of phase space where the total sand volume is redistribiggielen both dunes after
collision (- > r;) or is accumulated by the bigger ong « r;).

The morphological phase diagram crucially influences tr@uton of the number of
dunes in a barchan field. In the coalescence region the nurhtdanes decreases by one,
whereas two dunes in the ‘breeding-budding’ region appead, the number of dunes
increases by one. Finally, in the solitary waves region allstiige seems to cross the
bigger one and the number of them remains constant.

The collision process also changes the volume distributidhne dunes in a barchan field.
Figure 2.20 shows the volume ratio after the collision asration of the initial volume
ratio and lateral offset, along with a plot of the plane = r,. Since their sizes are
not constant in time, due to the permanent exchange of sameée the dunes and its
intrinsic instability (Hersen et al., 2004), we use the wo&s of the dunes immediately
before and after they leave the hybrid state. As a result @fitteraction, the relative
volume strongly increases for offsets less than about Gd8nawst of the initial volume
ratios,r; > r;. In this case the collision process redistributes thedhitiass making both
dunes more similar, giving rise to a size selection mechamsbarchan fields (Hersen
et al., 2004). Whereas for offsets higher than 0.8 and< r;, the bigger dune before
collision increases its size further taking mass from thallendune.
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2.3.2 Dune size distribution driven by the collision dynamts

We consider now the simplest approach to a dune field modatglyaa system that
consists of a large number of dunes, characterized only &y width, which interact
exclusively through collisions between them. We study thalgion of the dune size
distribution N (w) in the entire field in order to check if the macroscopic bebawef the
system approaches an absorbent state.

We use two kinds of initializations for the system. In thetfihe size of the initial dunes
(their width) is uniformely distributed between 0 and somg,,.. The second one gener-
ates all dunes with sizes differing only slightly from somreypously chosen widthy,,,,.
(strongly peaked distribution). The initial number of dang 1000 in our simulations.
Other sufficiently large numbers provide the same macrasdmghavior of the system.
During a simulation very small dunes are removed from theedieid. In order to sim-
ulate an entire dune field, we consider annealed interac@omong the dunes. A new
mutual lateral distance (offset) is tossed before eaclsamil.

— 1000000 ite
-~ 2000000 ite
.~ 5000000 itel

Figure 2.22: Histogram of the size distribution at diffdarémes. The field is initialized
with a distribution strongly peaked around,,,. = 10,20, 50, 100 (from the left to the
right). The figure shows that the final state is reached vesty(&dter about 100 collisions
per dune) and a Gaussian size distribution is obtained.

For each collision two dunes are taken randomly from the feetwbllide. This is repeated
every iteration as many times as the number of dunes in thee fiethe second dune is
larger than the first one, no interaction takes place. No naves are generated but the
ones with sizev < 1 are removed.

The outcome of a collision between the larger dune (witithand the smaller one (width
w) is, for simplicity, assumed to depend only on the relativguml lateral distance, the
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(wmezx = 10,20, 50,100). At the beginning the deviation follows an exponential aec
with a characteristic ‘time’ of about 12 collisions per dutiee).
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random offset; and the volume ratie; = w®/W?3. The new volume ratioy, is cast,
according to the measurements presented above, througR.B)j.and the conservation
of the total volume of the two dunes;,; = c¢(w?® + W?3). As already mentioned above,
Eq. (2.3) includes only solitary wave behavior and coalesee We neglect here the
creation of new small dunes by breeding. We choose the ditdateen the two dunes to
be a random number distributed uniformly in the interiaD.8] at each collision. The
limit of the maximum offset 0f).8 is due to the fact that the size of dunes colliding with
an offset larger than the distance to the horns of the langeigenerally is not altered.

The histograms in Fig. 2.22 show that dune sizes convergartban absorbent state with
a stable Gaussian—like distribution which peak around serdth w. The total mass of
all dunes is conserved with the exception of a negligible amadue to the small dunes
removed from the field. The convergence from the initialribsttion to the Gaussian one
is found to be a relaxation process with a characteristie tim- 10 collisions per dune
which arises from the evolution of the standard deviatiothefactual size distribution
showed in Fig. 2.24.

The average volumE is a crucial quantity that determines the absorbent stateecgim-
ulations independent from the initial distribution of sz&igure 2.23 shows a reciprocal
cubic increase of versusV. The distributions also become broader for largeas ob-
served in both figures. We calculate the root mean squaratitavi in the corresponding
histograms. This deviation follows the same simple lawsagersusV. Therefore, the
size distributionV (w) only depends on the average volume of the fig|chamely

1
V2t o

wheres = a, w, w ~ (V /c)'/? anda, ~ 0.24 results from the fit.

N(w) = exp —(w — w)?/(20?). (2.6)

We found that dune collisions could play a crucial role iresghg a characteristic size
and in stabilizing the size distribution of a barchan dunld & mentioned in (Hersen and
Douady, 2005). The simple model presented here certairdg dot resamble real dune
behavior. Especially the fact of neglecting the sand fluxthedabsence of a dependence
of the dune interaction on geographic dune coordinateshimsifrom providing a general
picture of a dune field.
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2.4 Effective model

Calculations of very large dune fields are still difficult bese of high computational
costs. The DUNE model reproduces the dune evolution at thle ¢ sand motion and
thus is extremely expensive in terms of running time for éadyine field simulations.
One way out would be to consider a simplified ‘coarse-graimi@ model (where sand
dunes instead of sand grains are the basic objects) aniedfenddel containing the main
features of dune movement and interaction. For that purp@sase the collision rules
obtained in the previous section on a larger scale togetfiartiae rules for the motion
and evolution of barchan dunes developed in Chapter 1 baseékeoflux balance and
mass conservation on a dune.

We consider a barchan dune field with constant unidirectiirad. The model describes

a dune field of length (wind direction),,., * = [0, Znaz), @nd Widthy,a., ¥ = [0, Ymaz)s

fed by small barchans entering into the field (consider alibgadng rise to small dunes
as shown in Fig. 2.8). The widtly, of the incoming dunes is constant and they enter
into the field at a rate, equal to the number of incoming dunes per time step. Their
position is randomly distributed. We summarize the simokaparameters of the model
in the table 2.1.

Each dune is characterized by its widthand its coordinates in the field, andy. In
each iteration the dunes change their size and positionalsartd flux and collisions.
New dunes are generated and others disappear. A detailedpdies of the algorithms
working on the dunes during each iteration is provided below

Sand flux:  First the dunes of the field are arranged in the order of irstmear-
positions. Then, the influx of the field is set @cand thus yields the input of the first
dune counted in the above described order. The dune outftexndi@es the volume al-

Table 2.1: Parameters of the simplified dune field model
dune parameters
proportionality constant of the dune outflux-influx relaship: « = 0.45

offset of linear relation between outflux and influx: b=0.1
relation between volume and width: c =~ 0.017
dune velocity constant: a ~ 50

fixed model parameters

time step: At =0.001 yr
Maximum number of iterations: T =10% = 103 yrs
field width: Ymaz = 5 KM
field length: Tmaz = 20 Km
saturated flux: Q = 300 m?/yr
dune field influx: q4s,in =0
model parameters

incoming dune’s rate v

size of incoming dunes wo




82 2.2.4 Effective model

teration and thus the dune’s new width. The flow field is updlaethe corresponding
position of the dune. The normalized outflgy, /@) of the dune, given by (Eg. (1.75)),
determines the width of its hornsy, = (1/2)w qou/ Q.

The horns define the part of the dune at which the sand leavksearly the intensity of
the saturated flux). The remaining part of the dune is dominated by the dungidatie
where almost no sand leaves. In this simplified picture timel $lux out of a dune i)
through the horns and zero in between. In the limit cage> w/2 we setw;, = w/2.

The dune width evolves in time according to Eq. (1.78), ngmel

2Q0A
3¢

w(t + At) = w?(t) + At. (2.7)
Meanwhile, the dune moves forward a distadcethat results from the integration of the
dune velocity-width relationship given by Eq: (1.72), yiielg

sca

Ax = A

(w(t+ At) — w(t)), (2.8)
whereA = ¢;,/Q — ot/ Q = (1 — a)g;n/Q — b giving the flux balance on the dune for
a given normalized influy;,, / Q.

The updated flux field corresponds to the influx of the next dilihés dune again updates
the flux field by changing the flux at the correspondingosition by the outflux through
the horns while simultaneously changing its size or beingiehted from the field.

In order to resume the entire algorithm of the computatiothefflux and corresponding
dune size and dune position changes see Fig. 2.25.

Interactions
'
N
|Co||ision | |Coa|escence |
s

| Update width and y |

'

| Create new dunes |

Field influx

I

Outflux

N
e

saunp Jje 104

|Eliminate | |Change width_|

For all dunes

i

X—position

Figure 2.25: lllustration of the set of operations on thealfiald executed in each time
step.
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Collisions:  After updating all dunes according to the actual sand fluxheffteld at
their position, we look if their new positions and sizes l¢adollisions or coalescence.
First, we check if a dune overtook another one and if theytauddilly overlap in their
lateral extension. In this case, the collision rule, detiue section 2.13, is applied. In
order to avoid an accumulation of several dunes of same Bizsiailar position which
correspond in reality to one, they are merged into one (soalece) under the following
conditions: they did not collide, their sizes do not diffeomathan one meter, their mutual
distance in wind direction falls below the distance they mav an iteration and their
lateral overlap exceeds 90%.
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Figure 2.26: Top, three characteristic stages of the eoolwif a dune field. Dunes move
from left to right and are represented by the ‘width line. ia line centered in center of
mass of the dune and with a width equal to the dune width. Bgtdune widthw as
function of its distance downwind.

Results

We perform simulations for different dune input ratesand sizesw,. Since the in-
coming dunes are randomly distributed along the input bapnd = 0 we use the
density py of the incoming dunes instead of the input rate From the definitiony:
dunes of widthw, uniformly distributed in an ared = v,,..,AX has a surface density
po = (NW3)/ (YmarAX) Wherey,, .. is the field width andAX = v At is the distance
covered by the dunes of velocity= aQ /wy (EqQ. (1.72)) during a time intervalt equal
to one time step. Since by definition the input rate i&\t, the dune density becomes

3
Wy

=V—
QYmaz
where the unknowns are given in table 2.1.

Po (2.9)
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Figure 2.26 (top window) shows the evolution of a typical ddield with a high density
(po = 0.42) of about 2 m high incoming dunesy{ = 20 m). The dune field invades
the whole simulated area and finally reaches a stationatyaspane distribution. In
general, along the downwind propagation of the dune fiekel sfhatial distribution is not
uniform, dunes become progressively sparce, and at thets@méhe dune size increases
(Fig. 2.26, bottom). This ‘coarsening’ process is a directsequence of the flux balance
and apparently contradicts the measurements of real duds.fielowever, at the scale
where measured fields are clearly uniform, i.e. less than 4skmulated dune fields are
also uniform.
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Figure 2.27: Dune width distribution of two simulated duredds together with a snap
shot of the field in the stationary state (top left) and the mleuad dune size distribution
(bottom left). In the distribution function, dots are measlipoints and the line is the
lognormal fit. The boundary conditions are: {&) = 10 m, p, = 0.18, and (b)w, = 20
m, po = 0.42.

Furthermore, the dune width distribution of the simulatetti are also well described by
lognormal distributions (Fig. 2.27) whose mean size anddzted deviation only depend
on the boundary conditions. The lognormality precludes agedying multiplicative
process in the selection of dune sizes. We already know diligions act as an additive
process that leads to a gaussian size distribution. Eveey/tivo dunes are in contact we
select a random lateral offset between them and apply thisioal rule independent of
the previous condition. However, now, besides collisibe, ftux balance on a dune is an
important player. Since the outflux of one dune becomes thexiof the next one, and
both the outflux and the influx are proportional to each othhehange, for instance due to
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collisions, in one dune influences through the flux, the sizdl@unes placed downwind
it. Therefore, dune collision and the flux balance togetloéaa a multiplicative process
behind the lognormal size distribution. In the next sectnwill continue developing

this with an analytical approach.

Finally, a detailed comparison between the spatial distidgin of simulated and real dune
fields is beyond the simplicity of the model we use since reakdields experience fluc-
tuating winds, they propagate over an inhomogeneous termad dune collision under
real conditions are far more complex than ours. Nevertegktsa statistical level dune
field properties are apparentely determined by the basiesiés introduced here.
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2.5 Analytical ‘Mean-field’ approach

In section 2.4 we established that the size distributiondnre field is determined by the
competition between the sand flux balance and collision® firkt one leads to a sand
accumulation and thus to an increase of size, while colisioetween dunes induce, in
most of cases but not in all of them, a redistribution of samd therefore a decrease of
size.

In this section we introduce this competition into an ariegftformulation describing the
evolution of the dune size distribution function.

Main equation

From an analogy with the classical Boltzmann equation, assital description of a
dune system can be made in terms of dune width distributiootion p(w, ¢) such that
p(w, t)dwdt is the number of dunes at timevith width betweenv andw + dw.

We consider a dune field in which dunes interchange sanddhrthe wind and assume
initially that no collisions take place between them. Ingint the dune widthw will
change tav + dw. Thus, following dunes conservation, the number of dyniest)dwdt
is equal to the number of dungé&w + dw, t + dt)dwdt, that is to say,
dp . Op
it - _ 2.1
9 + W 0 (2.10)
If, however, collisions do occur between dunes there wilhlmeet difference between the
dunes numbep(w + dw, t + dt)dwdt andp(w, t)dwdt. This can be written aQ(p)dwdt
where()(p) is the collision operator. This gives the following equatidescribing the
evolution of the dune’s volume distribution function
dp . 0p
a5 + wg = Qp) (2.11)
The rate of width change due to the flux balance on the dune, was deduced in the
previous chapter (Eg. (1.78)) and reads

QA

w_
3cw’

(2.12)

whereA = (1 — a)¢;,,/Q — b contains the information of the flux balance. A positive
leads to the dune growth which shrinks otherwise.

Collision term

In the simplest approach, the collision term is substitigthe phenomenological term
that arises from the analysis of binary collision dynamics
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wheret. is the characteristic relaxation time gffw) towards the equilibrium distribution
p.(w) when only collisions are considered (i.e. whén= 0). Taking into account only
dunes collisions, we already found that the dune width isradistributed with meamw
and standard deviation = a,w, wherea, ~ 0.24.

Final equation

Based on the diffusion of the inter-dune sand flux we assuateftle dune influx is com-
mon for all dunes. Thus, the flux balance term simply becofdés= (1 —a)(gin/Q) —b,
where(g;,/Q) is the average interdune flux. In the following, we assumettimaverage
flux balance in the dune field is positive i\) > 0 and therefore(g;,/Q) > (1—a)/b ~
0.18.

Substituting the rate of width changé (Eq. (2.12)), the collision distributiom,
(Eg. (2.6)) and the collision operator (Eg. (2.13)), into. E211), we obtain the equa-
tion for the evolution of the dune width distribution furati

dp  Q(A)op 1 1 ) o
ot " Bcw ow  to \Vamad ¥ (w/w —1)*/(2a2) = p (2.14)
or, using dimensionless variables
I 10p [ 1
or  wow t. (masw exp—(w—1)°/(2a;) — p (2.15)

wherew = w/w andr = t/t, are the dimensionless width and time respectively. The
dimensionless widthv is defined using the characteristic widthintroduced by the col-
lision dynamics. This characteristic widthalso defines the characteristic timeof size
change due to the flux balance, namely

e w?
(A) Q7
already introduced in Chapter 1 (Eq. (1.80)).

ty = (2.16)

2.5.1 Stationary dune’s width distribution

We are interested in the stationary solutions of Eq. (2.14¢kwsatisfy the equation

2y (S e 12 - ple)) (2.17)

where the parameter= ¢/t is the ratio of the two characteristic times of the problem.

Equation (2.17) represents a balance between the two magtegses that determine the
changes in dune size, the sand flux balance and collisioris.cbmpetition is encoded
in the ratiop. When collisions dominate in the selection of dunes sizesg t, and
consequently the distribution convergesptdw). When the opposite occurs, the sand
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p (W)

w(m)

Figure 2.28: Analytical distributiop(w) for different values op. Inset: dimensionless
mean({w) and deviatiorr as function ofp.

flux balance is the relevant process ad) deviates from the gaussian distributjgiiw)
converging toward an uniform distribution for largecompared ta

Equation (2.17) with the boundary conditipf0) = 0 has the solution

o = sl 5 2] (o ) s (52)
(e[ ] e

whereA = 1 — pa? ander f(z) is the error function defined as

erf(x) E/ dz’ exp —a".
0

(2.19)

In order to simplify the solution we assume that- 1, i.e. p < a;? ~ 20. In this case
EqQ. (2.18) reduces to,

p(w)~2ﬁ,exp {-%(&-1)] (erf(\/_as) erf(\/_%)) (2.20)

which once normalized becomes

plw) = VP

srev 30 (0 (5) - ((5) e
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where the normalization constahf is equal to

M= g /OOO duw exp [—g(uﬂ _ 1)] (erf (ﬁ) —erf (%)) (2.22)

Figure 2.28 depicts the analytical size distributjofor different values of, while the
inset shows the first two moments of the distribution: theeafigionless meafw) and the
dimensionless standard deviationas functions op. As was already shown above, for
high values of, collisions are predominant and the distribution convertgea gaussian
with dimensionless meafw) = 1 and dimensionless standard deviatios= a,. While
the distribution is increasingly uniform for smallalues when flux balance is the relevant
mechanism for size change.

In the range < 10, the dimensionless mean of the distribution is approxiipateen by
(W)~ 0.8/\/p+0.7 (2.23)

while the dimesionless deviation is given by
o~ 0.5/\p+0.013p"% =~ 0.5/\/p (2.24)

where the second approximation is valid fox 5.

2.5.2 Comparisons

We use a dimensional versiaifw) of the analytical distribution given by 2.21 to fit the
measurements in the dune field of Morocco, i.e.

o fgen [ 45 (o () - (552 e

Figure 2.29 shows the fit of the measurement data or, equieye to the lognormal
distribution, using the analytical distribution Eq. (2)28ith two parametersp andw.
Based on it, we can conclude that the analytical solutien) in the selected range of
andw can be well approximated by the lognormal distribution tisrt(Eq. (2.1)) having
the first two moments fully determined by the ratie= ¢, /t. and the characteristic width
w through Egs. (2.23) and (2.24). In a dimensional from, bbérhoments, the standard
deviationS and the mearjw), are given by

s~ 3 i_ (2.26)
(wy ~ 1.6S+0.7w (2.27)

within the range. > 0.2¢,.

In other words,S? is a measure of the strength of sand flux balance in compawigbn
collision mechanism for the dune size selection. Theretbreugh the analytical model
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Figure 2.29: Comparison between the measured dune widtibdison (dots), the log-
normal fit (dashed line) and the analytical distributiorl(fime). The labels indicate the
measured dune fields as presented in Fig. 2.5.

for the dune size distribution we arrive to a physical intetation of the distribution
parameters.

It is important to remark that, although the obtained distiion is not a lognormal func-
tion, it can be used, based on the similarities between beth 2.29), to uncover the
physical origin of the lognormal parameters in real dune sistributions, one of our
main questions in this chapter.
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2.6 Scaling relations on a barchan dune field

While entire dune fields have been recently studied (Hersah,e2004; Elbelrhiti and
Claudin, 2006), a global theoretical picture relating diismeously dune field properties,
features of local neighborhoods of single dunes and boyratarditions is still an open
question, as recently mentioned in Ref. (Elbelrhiti andu@la, 2006).

In this section we will present the main results from theetiéht theoretical approaches
developed in this Chapter.

From the analytical approach there is a new physical coiorebetween the standard
deviation of the lognormal dune size distribution and therg, /¢. of the characteristic
timet, of size change due to the flux balance and the relaxationtirmdee to collisions
(EQ. (2.27)). The time, is defined in Eq. (2.16) while, from section 2.33~ n 7. where
n ~ 10 andr. is the mean collision time between two neighboring duneswélder, by
definition, 7. is the mean time that one dune takes to reach the dune in fndrthas, to
cover a distance equal to the inter-dune spading

.= L/{v,) (2.28)

where(v,) is the average relative velocity between any two dunes. Bygube lognor-
mal size distribution(v,.) is found to be proportional to the relative lognormal deiat
S/{w), w S
v

(vy) N (2.29)
for a smallo-parameter of the lognormal, defined by Eq. (2.1), e 0.5. This range
covers the experimental values arising from the fit. Besides = aQ(1/w) is the
average dune velocity in the field. Using again the lognordustribution in the first
approximation yields to

(v) = aQ/(w). (2.30)

Substituting into Eq. (2.28), the relaxation time which characterizes the relevance of
collisions in the size selection process, is given by

; _V/Tn L{w)®
‘T aQ S

To get an idea of the time scales we are dealing with, undécosalitions in Morocco,
t. ~ 350 yrs.

(2.31)

Therefore, collisions are important whenever dunes arsecla.e. small, or the range

of sizes is wider, i.e. large relative deviatiSfi(w), because in this case the relative dune
velocity is also large. When dunes sizes are similar, thexdeav collisions and they are
not as relevant in size selection as the flux balance. Howemris case, from Eq. (2.27),
the deviation increases and the allowed size range is bigaid.aT his feedback leads to
an equilibrium between both processes and a selection da@vesdeviation expressed

by the equation \ )
S L
— | = A— .
(1) =4 (2.32)
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Figure 2.30:(a) Dune density as a function of the relative inter-dune spacingw). In

(b) one sees the dependence betwsemd L (w)? as a power law:'/3. From this fit one
obtains the constant of proportionality= 0.03. For both cases one plots results of the
real dune fields in Fig. 2.5, of simulated dune fieldsJ and the fit when both are taken
into account (solid lines). The deviation of three simulledene fields in (b) is related to
high density profiles (see text).

which arises after the substitution of Egs. (2.16) and (Riid Eq. (2.27). The constant
A, defined as
A= VEA) (2.33)
12 ca
contains the main parameters of barchan dune field, whichllagiren except the average

inter-dune balance terf\).

From Eq. (2.32), the relative broadness, K&(w) depends exclusively on the relative
inter-dune spacind./(w). Through collisions, the dunes size distribution is redatie
their spatial distribution. Figure 2.30b illustrates thighic scaling using real and simu-
lated dune fields. Here, there are three simulated pointslévéate from the constitutive
relation because of their large density that results inuesd superposition of dunes,
which should be considered as a single dune. This leads then tinderestimation of
the average width and free-space distance which naturgtiiaims why such points are
deviated to the left in Fig. 2.30b.

Using Eq. (2.32) to fit real and simulated data (Fig. 2.30l fiossible to calculate the
average inter-dune balance tefrh) from Eq. (2.33), which give§A) ~ 0.017. Based on
the definition(A) = (1 — a){(g;»/Q) — b and the values af ~ 0.45 andb ~ 0.1, one can
then estimate the average normalized influx inside a duretd®&|q;,,/Q) ~ 1.17¢./Q.
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Therefore, the average influx is not only apparently congtarthe analyzed dune fields
but also very close to the equilibrium influx/@ ~ 0.18 at which dune outflux equals
dune influx. Using this average influx and under Moroccan & the characteristic

time for size change due to flux balance.s- 400 yrs, in the same range of the collision
relaxation time,..

The relative inter-dune spacing also determines the dulted@nsityy. From the defini-
tion of densityp ~ N (w)?/(N(w)? + Ar) with N symbolizing the number of dunes and
Ay, being the free total area between dunes, and taking intauattiatA; scales with
L?, independently on the width, one writes

1
T @)

wherey ~ 0.6 is a constant determined from Fig. 2.30a.

(2.34)

An important consequence from the combination of Eqgs. (2aB#8 (2.34) is that the sta-

tistical standard deviatiof of the size distribution increases with the density, whigh i
a spatial property characterizing the dune field. This cotioe between dunes density
and the relative broadness of the size distribution will es/vmportant in order to deter-

mine it from the general conditions at which a dune field igectito, i.e. the boundary

conditions.

2.6.1 Effects of the boundary conditions

Having a first picture of how the field properties relate wislcle other, we finally address
the open question of why different dune fields have diffedsrtsities and characteristic
dune sizes. From the analysis of the simulated fields in @e&i4, we found that the
density and average width are, in fact, attached to the ynmbnditions, namely the
input densityp, of dunes and the corresponding widtk, determining the input of dunes
into the field.

For the simulated dune fields, Fig. 2.31a shows that the geevalth follows the relation
(w) = (Wpowo)'"*, (2.35)

wherelW ~ 225 m is a threshold length determining whether the mean dureisithe
field is lower or higher than the size of incoming dunes. Initheal case without any
interactions, the dunes entering into the field remain egndithe mean size is just their
sizew,. Hewever, due to interactions, the incoming dunes chargjeglze during their
evolution through the dune field, and thus modifying the nehame size in the field.

In this context, when incoming dunes are smaller than theumlV p,, their density
is high enough to enhance the sand exchange through fluxdeatard they will grow,
increasing the mean dune size. Otherwise, if the incomingslare larger thai p,, then
their density is too small compared to their size and therotsenough sand exchange
between them. In this case they will shrink further inside dune field, decreasing the
mean dune size.
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Figure 2.31(a) The average widtkw) as a function of the product between the boundary
incoming dune density, and the widthw, of the incoming dunes at the boundafip)
The final stationary density of the dune field as function of the initial densjiy at the
boundary. Note that beloyy. (black circle) no dune field formation can be attained.

Simultaneously, the dune densityn the field, plotted in Fig. 2.31b, scales with the initial
densityp, as
P = po— Pe, (2.36)

wherep, ~ 0.12 is a critical density below which the incoming dunes canntain
a growing process and are destroyed. Equation (2.36) carbalsinderstood from the
volume conservation: since the amount of sand blown intdiéh&, encoded iy, has
to be shared between the sand of the dunes, described dnyd the sand in the aerial
layer, one expects that< p, with the corresponding differenge denoting the density
associated to the aerial sand flux.

Finally, through Egs. (2.35), (2.36), (2.34) and (2.32¢ loundary conditiong, andp,
determine the main properties of dune fields, namely, the diemsityp, the inter-dune
spacinglL, the mean sizéw) and its standard deviatiof
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2.7 Conclusions

We have presented measures of dune size distributions &rddimne spacing in four
real dune fields in Morocco, finding that the size distribati®lognormal and the spatial
distribution is uniform in all of them. The lognormality ofze distribution precludes
an underlying multiplicative process in the dune size sela¢cwhile the uniformity of
spatial dune distribution gives strong evidence of dundistohs as a very important
dynamical process.

In order to reproduce the morphology of dune fields we peréafisimulations using the

DUNE model, by which we obtained quite realistic resultswidweer, poor statistic pre-

vents a better comparison with real dune fields, an impodibstiacle being the computa-
tional cost of large simulations. Nevertheless, these Isitiuns confirmed the relevance
of dune collisions in the whole field evolution.

The analysis of collisions of barchan dunes with laterasetffusing the DUNE model
showed that some regularity exists in the resulting sizees #ie collisions. Some simple
laws could be fit to resamble the outcome of such an intemradigiween two dunes.
The resulting volumes can be understood to depend only omitied offset and volume
ratio. We applied these phenomenological rules to a simmdainwhich investigates
the effects of collisions on a dune field without considetimg sand flux between them.
The interesting point is that the distribution shows a Gemsdike shape with respect
to the one—dimensional extensions of the dunes, i.e. heigtth and length, and not
with respect to the volume as could have been expected. fOherdune collisions are
statistically an additive random process that leads to adeéhed dune size.

A better approximation was obtained by including, besideany collisions, flux ex-
change between dunes and their spatial evolution, intdectafe’ model for dune fields
that treats dunes as single elements and therefore is byofar efficient than DUNE sim-
ulations. Dune field simulations using the ‘effective’ mbslgow the measured lognormal
size distribution and presents the competition betwee doflisions and flux exchange
as the multiplicative process behind it.

This competition was modelled following an analytical ‘médgld’ approach using a
master equation for the evolution of the dune size distidibutunction. The resulting
analytical distribution, although not a lognormal, can le#approximated by it and gives
a physical origin for the two lognormal parameters encodetthé first two moments of
the distribution: the mean value and the standard deviation

As a consequence, the standard deviation of the lognoraeldsstribution results from
the balance between dune collision and flux exchange as dgalgmocesses that change
the dune size. Since collisions are related to the spatiaé dlistribution, we found
an equation relating the three main statistical and topotdgjuantities of dune fields,
namely the mean and standard deviation of the dune sizébdistn and also the char-
acteristic spacé separating neighboring dunes. Furthermore, using thétse€som the
‘effective’ model, we found that the condition at the dunédfimput boundary, namely
the size of incoming dunes and their density, determinestalistical properties of the
dune field.
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In summary, although it has been assumed (Hersen et al.) 2084 has rather well
selected values within a dune field, here we gave clear ev@émat it is a common
feature in dune fields and additionally showed that the dipize distribution of dune
fields is log-normal. By deriving also the relationship oésle quantities with respect to
the physical properties, namely density and collision tiarel the density and width of
dunes at the boundaries, we were able to provide a constdate of an entire dune
field through a closed set of equations.



Chapter 3

Vegetation on dunes

Since pharaonic times mobile sand has been stabilizedghrplantations while con-
versely fields and woodland have been devastated by windrdgrosion and coverage
of sand (Fig. 3.1). This ancient fight between vegetatiomtjitand aeolian surface mo-
bility has evidently enormous impact on the economy of sarn-regions, on coastal
management and on global ecosystems. While empirical iigebs have been systemat-
ically improved since dune fields in Aquitaine were fixed dgrthe reign of Louis XIV
and an entire specialty has developed in agronomy (Giladl,e2@04; von Hardenberg
et al., 2001; Tsoar, 1990), most approaches are just bastband error and there is
still an astonishing lack of mathematical description ahduantitative predictability.

Figure 3.1: lllustration of the invasion of dunes onto fertioils, showing the threat posed
by dunes taken from the coastal area in northeastern Brasil.

In is this chapter we propose for the first time a set of difitied equations of motion
describing the aeolian transport on vegetated granuléaas including the growth and
destruction of the plants. Vegetation hinders sand mghlitt also becomes its victim
through erosion of the roots and coverage by sand. We st&#dtion 3.1 by introduc-
ing the parabolic dune and presenting measurements on getati®n cover on some
parabolic dunes in the Brazil coast. In Section 3.2 we pitesenmodel and use the
new equations to calculate the morphological transitiamwben barchans and parabolic

97
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dunes. Furthermore, we introduce an index that determhesdndition under which
dune inactivation occurs. Finally we apply the model for astal system like a beach to
study qualitatively the transition from a sandy to a vegetdandscape.

3.1 Parabolic dunes

Parabolic dunes are vegetated dunes that, when activeate@ong the prevailing wind
direction. They arise under uni-directional wind and ingala partially covered by plants
and have a typicdl shape with the ‘nose’ pointing downwind and the two arms o
upwind, contrary to barchan dunes where the horns point domeh(Fig. 3.2). Vegetation
covers most of the arms of parabolic dunes and a fractionedf tlose which depends on
the activation degree of the dune, i.e. how much the dune sano&e active parabolic
dune has a sandy nose (Fig. 3.2) while an inactive one is abotadly covered by plants
(Fig. 3.3). Plants are typically placed along the lee sizéhefdune, which is protected
from wind erosion. On the contrary, the interior side expo®ethe wind is devoid from
vegetation. There, erosion is strong enough to preventagge growth.

Figure 3.2: Active parabolic dunes (delineated in red) ioédP@ along the Brasilean coast.
These dunes are predominantely covered by grass (in dafg.afrow in the top left
represents wind direction.

The migrating velocity of parabolic dunes is several timesker than that of barchan
dunes, and in general, they represent an intermediate wlogb state between fully
active crescent dunes, like barchans, and fully inactivalpaic dunes. The activation
degree of the parabolic dune is characterized by the vegetaiver pattern over it, which
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Figure 3.3: Noses of marginally active parabolic dunes imafme along the Brasilean
coast. These dunes are very old and can reach up to 50 m highvegletation that cover
them consist mainly in trees and shrubs. Wind blows formtrigteft.

also gives information from the sand erosion and deposjtaitern responsible from the
motion of the dune.

3.1.1 Measurements and experimental method

Along the coast from Fortaleza to Canoa Quebrada, sand @duedstal or partially sta-
bilized by vegetation. The climate change of the regiormfisemi-arid-sub-humid state
to a wetter climate, amplifies the vegetation role as anaetjjent in the sandy landscape
evolution.

In order to obtain information from the distribution of vegion in real conditions, we
went to Fortaleza during the rain season to measure the stisggoene parabolic dunes
and the vegetation over them. We measured the shape of saraopc dunes and some
characteristic features of the vegetation that cover theég 8.4). These dunes are located
in Iguape and Aquiraz, in the east of Fortaleza, and Peceiba Band Paracuru, in the
west.

By using satellite Landsat images and a topographic map we al#e to select parabolic
dunes with different degrees of inactivation and vegetetmver density. The top window
in Fig. 3.4 shows three of the measured parabolic dunes ir&gulhe bottom window

of Fig. 3.4 shows the other four dunes in order of activationgeneral, the most active
ones were located in Aquiraz and Taiba (showed in Fig. 3.4ap@nd bottom (d), re-

spectively), while those in Paracuru (Fig. 3.4 bottom (o) &) were among the most
inactive ones.
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Figure 3.4:Top: three measured parabolic dunes in Aquiraz in order of aaivafrom
the less active (a) to the most active (c). In (d) a view of tlister from by these dunes.
Bottom: the other four parabolic dunes from Taiba (a), Pecem (c) anaid@ru (c) and (d)
in order of activation, the most active being (a) and the ée$tve (d). Red dots indicate
the location where vegetation was measured on each dunEi(s&:6).
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For all parabolic dunes we measure the geographical caiefirand height of the crest
line, which includes the higher point, using a GPS devisé wiinternal barometer to
measure height differences. We also measure some ch@aci@ngles to compare with
the sand repose angle and thus to define the avalanche fipcags)).

The vegetation cover over a dune is defined by the basal ansétyle,, while the dynam-
ical effect exerted by them on the wind, which is characestilzy the drag force acting on
plants, is determined by the frontal area densitoth densitiesp, and\, are indirectly
estimated from the number, basal area,; and frontal area; of each speciéof plants
over a characteristic aretiof the dune:

A 1
Pv = A = Zzi:nia'bi (3.1)

_ Ay 1
A o= I:ZZ:niaﬁ (3.2)

whereA, and A, are respectively the total basal and frontal plant area thneareaA.

In these dunes mainly covered by grass we select five to tertiguaiong the longitudinal
and transversal main axes of the parabolic dune to measuvegietation basal and frontal
area density, inside a selected area of one square metelofseth Fig. 3.4). To do so we
identify the species of plant present in the dune counting the number of timethey
appear in the study ared = 1 m? and measure their characteristic length, height and
total leaf area (Fig. 3.5, left). The geographical coortisaf all points are recorded with

a GPS and inserted in the digital dune map. Some species ¢fgdloal vegetation we
found are shown in the right side of Fig. 3.5.

Figure 3.5: Left: example of the methodology used to measure the vegetatier.co
Right: four typical species of plants found in the region where raesments were per-
formed: cyperus maritimus (a), chamaecrista hispidulah@jotropium polyphyllum (c)
and sporobolus virginicus (d).

In general, we found the same pattern in the distributionegfetation in all measured
parabolic dunes (Fig. 3.6). The area between the arms if/totawered by plants, which
density reduces in the windward side where sand erosiomyst®ng and increases once
again in the lee side, where most of the sand deposition sccur
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Figure 3.6: Satellite image of a typical measured paralzhlice with a close up to the
vegetation growing in the different places over the duned Bets indicate the placed
where vegetation data was collected.

Results

By using the collected vegetation data we were able to catleuthrough Eqgs. (3.1), the
plant basal and frontal density at some particular pointtherdunes. The first interesting
result is that both densities are proportional each othigr @=7) with a proportionality
constanty ~ 1.5 with a low dispersion in spite of the different dunes and s/péveg-
etation. Therefore, the plant basal density, also callegrcdensity,p,,, can be used to
characterize the interaction between vegtation and thd siirength, and, as shown be-
low, will be very important for the modeling of the protedieffect of vegetation against
erosion.

In order to estimate the inactivation degree of the wholalpalic dune, based only on
the plant cover density, we have to extend the sparse mebsahaes ofp, to the full
dune body. The grayscale of the satellite image (with a té®wi 0.6 m/pixel) suggests
that vegetation density should strongly contributes tartege darkness. Therefore, one
crude approximation for the cover density in all the dunensois obtained by comparing
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Each point represents a measured area in the dunes placegdiraz, showed in Fig. 3.4
top, (red points) and the others dunes, Fig. 3.4 bottone(gpeints).

1 ; ! ! . 1
0.8 ] 08
0.6 r ] 0.6 r

Q Q
0.4 ] 0.4
(]

0.2+ ] 0.2 r

0 : : : : 0 : : : :

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
(o} (o}

1 ; ! ! . 1
0.8 ] 08
0.6 r ] 0.6 r

Q Q
0.4 ] 0.4
0.2t ] 0.2t ®
(] ° L]
[ ]
0 : : : 0 : : : :
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
(o} (o}

Figure 3.8: Relation between the vegetation cover depsiiyd the normalized grayscale
valueC' in the satellite image. Each point represents a measurachacedifferent plots
correspond to different images, which can contain one oerdanes.
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the density covep, and the normalized image grayscale valuieThis value is defined
as e
Cmax - szn
wherec is the grayscale value of a given point afg,;, andC,,,. are defined by the
normalization conditiong, (C.,:,) = 1 andp,(Ci,..) = 0 respectively. These conditions
are obtained from the analysis of those points in the imagiedhe knows are either free
of or fully covered by plants.

C = (3.3)

Figure 3.8 shows an apparent correlation between boandC for each image. By as-
suming that the cover density decreases linearly when 1 and thaf, (C') is symmetric
respect to the main diagonal, we propose the fitting curve

1-C
pU(C)—aa+C

where the fitting parameter change for different images due to an alteration in the re-
spective grayscale.

(3.4)

Equation (3.4) lead us to estimate the density cover of th@leybarabolic dune. Figures
3.9 and 3.10 shows the resulting density cover calculated the grayscale version of the
images in Fig. 3.4. Blue represents free sand, while recesgnits total cover, and thus,
total inactivation. With the help of the color-scale oneilgagentifies the zones where

sand transport occurs. The windward side in the interiargfdhe arms is the most active
section of the dune, as consequence of the erosion thatrpsepiants to grow. On the

contrary, plants apparently can resist sand depositiortteydaccumulate clearly at the
lee side and the crest of the dune.

Figure 3.9: Vegetation cover density on the three paraloliiees in Aquiraz, depicted in
the top window of Fig. 3.4. Blue represent no copgr= 0 (C' = 1) and red total cover
p» = 1 (C = 0). The logarithmic color scale is in percentage.
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Figure 3.10: Vegetation cover density on the four studiedpalic dunes in Taiba (a),
Pecem (b) and Paracuru (c) and (d), depicted in the same iarthex bottom window of
Fig. 3.4. Blue represent no cover = 0 and red total covep, = 1. The logarithmic
color scale is in percentage.

Anotherimportant conclusion is that the degree of acthratif a dune apparently depends
on its distance to the place where it was born. The three dankguiraz (Fig. 3.9) are
deactivated according to their distance to the sea sharendst active being the nearest
to the sea (Fig. 3.9¢c). Similarly, the same occurs with tis¢ oé the studied parabolic
dunes.

In that way we can compare the empirical vegetation covea déth the result of our
simulation to validate the distribution of vegetation ottee dune. Through this we can
estimate the degree of inactivation of the dune and reaaetdtre previous dune history.
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3.2 Vegetation against dune mobility

The sandy landscape is sculpted by an erosion-depositicle dye to the interaction
between the wind flow and the sand bed. The topography mottigesind flow, which
is accelerated uphill inducing erosion, and is retardedrdolly where sand is deposited,
in a process that leads to dune formation and evolution. ,Hegetation plays a very
important role by modifying the sand erosion-depositiottgga. Since plants locally
slow down the wind, they can inhibit sand erosion, reducivgexposure of moist sand
to the process of evaporation, as well as enhancing sanetiec(Fig. 3.11). Vegetation
also traps particles of silt and clay suspended in the atheyspwhich bind the surface
sand grains and form a crust held together by cyanobactdgae and lichens (Danin,
1978; Danin, 1987). This algae crust not only becomes aniitapbsource of nutrients
but enhances the sand moisture capacity, improving sdiliieZobeck and Fryrear,
1986), and reducing the saltation transport. All this pdeg a feedback mechanism that
enhances vegetation growth (Tsoar, 1990; Tsoar, 2005).

Figure 3.11: Chamaecrista hispidula encroached over a pigsent a barrier for sand
transport. Ripples around are a sign of active saltationlewhe pyramidal smooth sur-
face after the plant represents the shelter area. Wind Wtawsleft to right.

However, plants, as well, are affected by the sand dynantiisce pure sand has no
cohesion it is severely eroded by strong winds, denudingdbts of the plants and in-
creasing the evaporation from deep layers. Although dgdarits can resist to some
degree nutrient deficiency, dryness, wind exposure, higipégatures and sand accretion,
sand erosion often kills them (Danin, 1991; Hesp, 1991; Bew#982). Thus, erosion



Vegetation on dunes 107

is the main limiting factor for vegetation growth on a sanadyl §Hesp, 1991; Bowers,
1982). Figure 3.12 shows the lateral side of a parabolic atiedead vegetation on top
of the internal side where sand transport occurs, and liveggtation outside.

The annual mean precipitation and the mean evapotranspiiie not determining fac-
tors for the development of vegetation, as occurs in finesdikié clay and silt (Tsoar,
1990; Tsoar, 2005), because, contrary to the popular behefd is an excellent medium
for plant growth. Due to its coarse texture the rain penesrat depths where it is pro-
tected from evaporation. Besides, sand does not need mueh warder to have suffi-
cient moisture to be above the wilting point (Tsoar, 19901iDal991). In areas devoid of
strong sand erosion, perennial vegetation can be foundanitiean annual rainfall of 50
mm, whereas many humid areas under high erosion rates aveladgwegetation (Tsoar,
1990). As a result, there is a coupling between the evoluifdhe sand surface and the
vegetation that grows over it, controlled by the compatitietween the reduction of sand
transport rate due to plants and their capacity to surviad saosion and accretion.

G AT o T

Figure 3.12: Crest of one arm of an active parabolic dune.héninterior side of the
arm (left) sand is active and it erosion slowly uncovers tbgetation roots, killing them
(dead plants are in dark). Outside the dune (right to thet)cvegetation survives sand
accretion.

3.2.1 Vegetation model

The complex coupling between vegetation and aeolian samdort involves two dif-
ferent time scales related, on one hand, to vegetation gramd erosion and deposition
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processes that change the surface, and, on the other haadddransport and wind flow.
A significant change in vegetation or in sand surface can ém@apgthin some hours or
even days. In contrast, the time scale of wind flow changesaltation process is of the
order of seconds, i.e. orders of magnitude faster. Thisragpa of time scales leads to
an enormous simplification because it decouples the diffggecesses. Hence, we can
use stationary solutions for the wind surface shear stres®d for the resulting sand flux
q, Separately.

However, the evolution of the sand surface and the veget#tet grows over it remains
coupled. Since plants locally slow down the wind, they cdmliit sand erosion as well as
enhance sand accretion. This local slowdown of the windrdtesss represents the main
dynamical effect of the vegetation over the wind field andseguently on the sand flux.
The vegetation acts as a roughness element that absorlo$ frertmomentum transferred
to the soil by the wind. As a result, the total surface sheasst = || can be divided
into two components, a shear stressacting on the vegetation and a shear strgsmn
the sand grains. When plants are randomly distributed ameffective shelter area for
one plant is assumed to be proportional to its frontal ateaabsorbed shear stress
is proportional to the vegetation frontal area densityimes the undisturbed sheay
(Raupach, 1992; Raupach et al., 1993). Therefore, thadract of total stress acting on
sand grains is reduced to

Ts =

-
(1 —mp,)(1+mpA)’
wherep, is the vegetation cover densityjs the ratio of plant to surface drag coefficients,
A = p,/o (see section 3.1) andthe ratio of plant basal to frontal area. The tefim—
mp,) arises from the relation between the sandy and the total atteaconstantn is a
model parameter that accounts for the non-uniformity oftivéace shear stress (Raupach
et al., 1993; Wyatt and Nickling, 1997). If the plant fronséaea density is zero there is
no shear stress reduction. Otherwise, the reduction depanthe frontal area and on the
plant drag coefficient encoded ih

(3.5)

The time evolution of the sand surface heighis calculated using the conservation of
mass,
Oh/ot = =V - q(15) , (3.6)

defining the erosion rat@h /0t in terms of the sand flug resulting from a wind surface
shear stress, that includes the vegetation feedback.

In a simplified picture of vegetation growth, plants growheitit changing shape, their
effective height being proportional to their effective widIn that case, as was shown in
section 3.1, their effective height, is a suitable property to characterize their geometry
and their influence on sand transport singes related with the vegetation cover density
by p, = (h./H,)? (see Eq. 3.5).

Furthermore, in the absence of erosion or deposition, pleem grow until they reach a
maximum heightH,, during a characteristic growth tintg. Thus, the vegetation growth
ratedh, /dt is modelled by a simplified version of the Richards functiBicbards, 1959)
with an absolute growth raté, = H,/t, that does not depend on the plant size and a
logistic saturation termdh, /dt =V, (1 — h,/H,). The characteristic growth raté is
determined by climatic or local conditions, such as wabdetdevel and salinity, mean
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annual precipitation, nutrient availability and soil estjanspiration among others, that
can enhance or inhibit the growth process (Danin, 1991; H&38p1; Bowers, 1982).
However, under small erosion or deposition, the sand seichanges and the vegetation
needs time to adapt to it. This influence is modelled as a delte vegetation growth.
Thus, the vegetation growth rate must include an addititarad, yielding

dh,/dt =V, (1 — h,/H,) — |0h /0| (3.7)

where the first term on the right hand side represents thethrmate of the plant over
a static surface, and the second term is the temporal chdrige eand surfacé. The
relative strength of these two terms defines the ability ahfd to survive surface changes.

This model for the interaction between plants and movinglsarclosed by using the
DUNE model described in detail in Chapter 1. Analytical cédtions of the flow over a
gentle hill yield an analytical expression for the topodmaplly induced perturbatiodr
of the surface shear stresg on a flat bed (Weng et al., 1991), namely

7(h) = 1o + 1007 (h), (3.8)
with 7, = ||, whereas the stationary sand flyxs given by the logistic equation

V-a=q(1—q/qs)/ls, (3.9

with ¢ = |q|, ¢s = |q,| andq,(7) being the saturated sand flux, i.e. the maximum sand
flux carried by the wind with a surface shegrandi,(7) is the characteristic length of
saturation transients, called saturation length.

Given an initial sand surface, a surface shear strtees a flat bed and a sand influx, the
time evolution of the complete system is determined by timseoutive integration of the
equations forr(h), 75, q, h andh,,.

3.2.2 Deactivation of barchan dunes

Migrating crescent dunes occupy about half of the total desm®d coastal area under
uni-modal wind condition (Wasson and Hyde, 1983), and thegteither as isolated

barchan dunes in places with sparse sand or forming barithadges where sand is
abundant (Fig. 3.13, top left). These migrating dunes catebetivated by the invasion of
vegetation, as seenin Fig. 3.13 (top), provided that tleesecertain amount of rainfall and
weak human interference (Tsoar, 1990; Tsoar, 2005). Wherdbetation cover grows,
barchans apparentely undergo a transformation into phcadumes with arms pointing

upwind and partly colonized by plants (Fig. 3.13, top cenignt), a metamorphosis that
has been seen as the first step of dune inactivation (Hacl, ¥9¢thonsen et al., 1996;

Muckersie and Shepherd, 1995; Tsoar and Blumberg, 2002).

In the bottom of Fig. 3.13 one see the effect of growing veg@iaon the mobility of

a barchan that evolves under a constant uni-directionad \(fing. 3.13a). Simulations
where preformed using open boundary conditions with zeftaxnsince saltation does
not occur on a totally vegetated ground. For the modelingegktation we use a ratio of
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Figure 3.13: Deactivation of migrating dunes under the erite of vegetation. On top,
a dune field in White Sand, New Mexico, that shows barchandges on the left, where

vegetation is absent, developing towards a mixture of @@nd inactive parabolic dunes
on the right (wind blows from left to right). Dark green reg®indicate abundance of
vegetation. This suggests a transition between both typdares when the vegetation
cover increases. This transition is illustrated with vasaune types found in the White
Sand dune field (pictures in the middle), reinforcing theaidétheir common evolution

from a crescent dune. Satellite images taken from GoogleEBelow, same transition

obtained by the numerical solution of a model that accoumtgife coupling between

sand transport and vegetation, with fixation index= 0.22. The vegetation cover is

represented in green.

plant to surface drag coefficients = 200, which is an established value for a creosote
community (Wyatt and Nickling, 1997), a maximum vegetatlwight H, = 1 m, a
ratio of plant basal to frontal area= 1.5, obtained from our Brazil data for grass, and
m = 0.16, also from the creosote community (Wyatt and Nickling, 1997

From Eq. 3.7 one concludes that plants will grow wheré¥er- |0h/0t| even if under
erosion conditionsdh/0t < 0) they cannot germinate due to the mobile sand surface.
Therefore, we introduce an heterogeneous seeding by alijpplants to germinate only
where no erosion occurs, establishing a competition foir twevival with the mobile
sand. Such a scenario could for instance be the consequetite @essation of human
activity (Tsoar and Blumberg, 2002), an increase of the ahpnecipitation or a reduction

of the wind strength in a dune field (Anthonsen et al., 199@&rRlL D., 1994), all of them
stimulating conditions for vegetation growth.

Plants first invade locations with small enough erosion qgodéion, like the horns, the
crest and the surroundings of the dune. This vegetatiorcesdihne strength of the wind
and traps the sand which accumulates mainly where sand flive isighest, i.e. at the
crest. Consequently, the sand cannot reach the lee sideoamyamd deposits on the crest
(Fig. 3.13b). This deposition kills the vegetation agaihu3 the erosion/deposition rate
at the crest is again lowered. This provides a cyclic mecmarior the vegetation growth
on the crest.
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As a result, the central part of the dune moves forward andnmhaminal ridges are left
behind at the horns (Fig. 3.13c) in a process that leads tsttb&ching of the windward
side and the formation of a parabolic dune (Fig. 3.13d). Iingegetation overcomes
sand erosion even in the central part and the migration iglot the parabolic dune
dramatically drops about 80% indicating its inactivatiéig( 3.13e). This process agrees
well with a recent conceptual model based on field obsemat{®@soar and Blumberg,
2002).

The transformation of barchans into parabolic dunes israeted by the initial barchan
volumeV, the undisturbed saturated sand fli)x= |q,(7)|, which encodes the wind
strength in the flat bed, and the vegetation growth vatén fact, the stabilization process
depends on the competition between sand transport andaviegegrowth expressed by
Eq.(3.7). This competition can be quantified by a dimensissicontrol parameté,
which we call fixation index, defined as the ratio between th@racteristic erosion rate
on the initial barchan dune, which scalegat the volume defined characteristic length
V1/3 ratio (Eq. 3.6), and the vegetation growth rate,

0=Q/(VY3V,). (3.10)

After performing simulations for differenit, ¢Q andV,, we find a common fixation index
0. ~ 0.5 beyond which vegetation fails to complete the inversionhaf barchan dune
already described in Fig. 3.13. As longéas 6. barchan dunes remain mobile, otherwise
they are deactivated by plants.

This morphologic transition &, is typified by the evolution of the normalized veloc-
ity v/v, of vegetated dunes for different initial conditions withas the initial barchan
velocity (illustrative examples are shown in Fig. 3.14)eyheveal a general pattern char-
acterized for medium and high fixation indexes by a speedepaeding a sharp decrease
of the dune velocity at = ¢, when inactivation occurs. The explicit condition for inact
vation reads) /vy < 0.2. Att < t, the barchan evolves toward an active parabolic dune
(Fig. 3.13a-d) that becomes inactive for larger times-(¢,) (Fig. 3.13e). However, for
fixation index larger thaf, barchans remain mobile and thysliverges.

Since the dune velocity is proportional to the inverse of its height (Bagnold, 194k
sharp speedup in Fig. 3.14 is a consequence of the heighgadecdue to the redistri-
bution of sand in the elongated dune. This redistributiaocess is enhanced at high
when vegetation is progressively weaker against sandagrogit small fixation indexes
however, vegetation overcomes sand deposition and dunement is determined by the
vegetation dying rate on the crest which results in a slowaednotion. In this regime the
dune velocity oscillates due to the cyclic mechanism thatrods the vegetation growth
on the crest. The same mechanism is responsable for therghotivation of the inactive
parabolic dune represented by the occasional second péad dune velocity fot > ¢,
(Fig. 3.14).

From the analysis of the inactivation timgas function ofl’, Q andV,,, we find thatt,
scales with a characteristic dune migration titpe= V%/3 /@) and obeys a power law in
0 (Fig. 3.14, inset(a))

ts =~ 0.17t,/(0.—0), (3.11)
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Figure 3.14: Evolution of the normalized dune velocity«,) for simulations with initial
condition given by the parameteVs (x10° m?), @ (m?/yr) andV, (m/yr): (1) 200, 286
and 78,(2) 200, 286 and 263) 44, 529 and 52, ang@) 200, 529 and 26. They represent
fixation indexes) = 0.06, 0.19, 0.30 and 0.35, respectively. Inset (a): the abrzed
dune inactivation time, /t,, diverges wher — 6. (solid line). Inset (b): the normalized
final parabolic dune length/V'/3 is proportional ta, /t,,,. Symbols indicate simulation
results.

which discloses a transition between an inactive paralohiite and a barchan dune re-
maining active.

The normalized final length of the parabolic dubgV'/3 also diverges near the transi-
tion point. The parabolic length depends linearly on themadized inactivation time,
L/VY3 =~ at,/t, — r, (Fig. 3.14, inset (b)) where ~ 24.5 andr ~ 6.2, and thus
scales ad./V'/? ~ (f, — 6)~'. Note that in the limi#) = 0, the inactivation time is still
proportional tot,, (¢, ~ 0.34t,,) and the dune moves a distantex 21'/3. This is a
consequence of the heterogeneous seeding assumed befme pAnts cannot grow in
the dune windward side where erosion occurs, all this sasthislized only after cross-

ing the crest. Thus, the dune moves a distance equivaletd teindward side length
~2V1/3,

Figure 3.15 shows some examples of thalependence of. For smallf, barchan
dunes are quickly deactivated (Eq.3.11) and short pa@bloines emerge (Fig. 3.15a).
At large # the amount of sand trapped by plants in the dune arms, whightecales as
V3L ~ V13 (0, — 0), is reduced. This leads to longer parabolic dunes whos&4ios
can experience successive splits before being finally tedet (Fig. 3.15b and 3.15c).
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The dependence of on the properties of the initial barchan througjandi,, leads us
to characterize the mobility or activity of a vegetated donéy based on general field
conditions. In particular, the conditigh< 6. for a migrating barchan to become inactive
explicitely reads

Q<Q.=0.V,V'3 (3.12)

which represents a size dependent upper limitfdrelow which inactivation takes place,
and thus stresses the leading role of the wind strength im#wgivation process. It also
defines a minimum vegetation growth velocify. = 6-'Q/V''/3, also a function on dune
size, and a minimum dune volunié = (6-'Q/V,)? above which barchan dunes are
stabilized. Furthermore, the dune inactivation time asdt@t function of V achieves a

(c) (ﬁ
J

&

Figure 3.15: Examples of parabolic dune shapes at fixatidexess: (a) 0.16, (b) 0.22
and (c) 0.27. (d) is an example of an intermediate stafe-at0.38 where the dune still
is barchan-like, in sharp contrast to the rest. Each figucemspared with real examples
from White Sand, New Mexico. Note the similarities in the tm lines market in red.
Satellite images taken from GoogleEarth.
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Figure 3.16: The fraction of available sand surfdce (p,), where(p,) is the mean
vegetation cover density, shows an exponential decay glting evolution of a vegetated
barchan dune for smallwhen time is normalized by,,. Inset: proportionality between
the mean sand fluf;), normalized by the saturated upwind vatyeand the fraction of
active sand surface.

minimum for a dune volumé&;, = (3/2)3 V.. Therefore, dunes with" < V. will remain
mobile, while dunes with volumég, > V. will be the first to be stabilized. Large dunes
however, will remain mobile for a time that scales withoc V2/3.

The dynamics of dune stabilization is also characterizedhleyevolution of the mean
vegetation cover densitlp,) (Fig. 3.16) and, in a minor way, by the mean sand flux
over the dune, which we find to be proportional to the fracbbavailable sand surface
1 — (p,) (Fig. 3.16, inset). For smafl the evolution follows the same trend, e.g. a rising
vegetation cover and the resulting reduction of the mead #iar (Lancaster and Baas,
1998), witht,, as the characteristic time. For larggrthe vegetation cover reaches a
plateau that extends until the dune stabilizesatt,, after which vegetation cover rises
again due to the inactivation of the dune. This plateau elderdefinitely at = 6., when

t, diverges, as a sign of actual sand mobility.
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3.2.3 Coastal systems

In chapter 2 we showed how barchan dunes fields can arise findy $eaches. In fact,
the sand deposited by the sea in beaches is one of the magesafisand dunes, which
explain the abundance of stabilization attempts in coagttbm all around the world.

In order to study, at least qualitatively, the emergencenargation of a dune field from

the coast in presence of vegetation, we perform numeri¢elilegion on a plane surface
where a constant sand influx was imposed. Concerning vegegtowth, we select a
homogeneous seeding in the whole field except a small regoamd the input boundary,
to mimic the absent of plants nearby the sea coats due towxtsalty water.

Figure 3.17 shows snapshots of the simulation results flardnt vegetation growth rate
V., under a constant sand fldx. Initially, plants grow forming a barrier in front of the
beach, represented by the input boundaty 0, where incoming sand accumulates. Once
vegetation start to grow over the sand surface accumulatelleobarrier, plants become
susceptible of being eroded by the wind and die. Therefened ®vercomes the plants
barrier and penetrates into inland (Fig. 3.17, first snapsliois at the inland where the
competition between plants and sand mobility really stAftken vegetation growth rate
is large enough, as in Fig. 3.17a and 3.17b, sand is not aapafdrming sand dunes and
just accumulates over the plants to be stabilized again &y thn this case a vegetated
sand front slowly penetrates into inland.

For small vegetation growth rate, sand is not immediatefctieated and remains mobile.

Figure 3.17: Different time evolutions of a sandy coast assalt of the competition
between sand mobility and vegetation growth Green represents vegetation.
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In this case, a transversal front of crescent dune, alseccathnsversal dunes, is formed
where vegetation is placed on top and in the basins inbet(fegr3.17 c, third snapshot).

Afterwards, the transversal front becomes unstable dubdo/é¢getation cover, and it

is splitted into barchanoids from which marginal activegtenlic dunes clearly emerge
(Fig. 3.17 c, last snapshots).

WhenV, is even smaller, the transversal front is almost vegetdtemand remains sta-
ble, although vegetation is still growing in the basins. histcase, sand dunes are not
deactivated and remain mobile.
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3.3 Conclusions

In this Chapter, we proposed a set of differential equatadmaotion describing the ae-

olian transport on vegetated granular surfaces includieggrowth and destruction of
plants. Through them we calculated the morphological ttiammsbetween active barchans
and inactive parabolic dunes characterized by the divemehthe dune inactivation time
ts and its scaling with the barchan migration time We found that the fixation indek

a dimensionless combination of barchan dune size, windgtineand vegetation growth
velocity, determines from the very beginning the final ounteoof the competition be-

tween vegetation growth and aeolian surface mobility. €h@edictions can be directly
tested in the field and have implications on the economy of-s&ith regions on coastal

management and on global ecosystems.

We have also presented measurements on real parabolic oluttes coast of Brasil,

concerning their shape and the vegetation cover on them.vé@getation cover over a
dune was estimated indirectly by the number and size of plané characteristic area
of the dune. To do so we identify the species of plant presetite dune and counting
the number of times they appear in the study area and med&ireharacteristic length,
height and total leaf area. By using the vegetation data we ®algle to calculate the plant
cover density at the particular points on the dunes and cmmipwith the grayscale of

the satellite image. Doing so we found a correlation betwssth the vegetation cover
density and the image grayscale which lead us to estimaidethgty cover to the whole
parabolic dune. In that way we now can compare the empiregétation cover data with
the result of our simulations to validate the distributidivegetation over the dune.

Through the procedure here described one can now estingatiegree of inactivation of
a vegetated dune and reconstruct the previous dune history.
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Conclusions

The results presented in this thesis, as well as the maingmsbaddressed in it, can be
divided into three parts: the results at the grain scalesdtai the dune field scale and,
finally, those comprising the inactivation of sand dunesairiby vegetation.

Atthe grain scale, we proposed a new equation for the saturated sand flux asiaciof
wind shear velocity. This is done by introducing a wind peothat includes the feedback
effect of grain saltation and an expression for the roughtergyth including the saltation
layer. The sand flux equation was validated using wind tudaé&h and also includes,
as particular cases, other transport equations dependitigearelation between the two
characteristic lengths of the model: the focal height ofgbgurbed wind profile and the
height at which the wind drag replaces the momentum lost @gthins in bed collisions
(Duran and Herrmann, 2006a).

Further, for the first time, the phenomenological paransedéthe sand transport model
were determined using scaling relations with the fluid dgrend viscosity, the gravity
acceleration and the grain diameter, some of which werelat@d using wind tunnel
measurements (Duran and Herrmann, 2006a). As was poiniteith the Introduction,
these dependences are crucial for modeling of dunes inreiff@hysical conditions, like
in the Mars atmosphere, or inside water or simply to studyeffext of the grain diameter
on the dune morphology. For instance, we successfully egptiis model to the scaling
problem of Marcian dunes (Parteli et al., 2006).

As a consequence of the linear scaling between their outfidirdlux, the barchan dunes
are intrinsically unstable and increase or decrease innweldepending only on their
influx. Therefore, it is concluded that the dynamics at theedfield scale is central for
the evolution of a single barchan dune.

At dune field scale by measuring dune sizes and inter-dune spacings in realfoelds,
we found that dune sizes follow lognormal distribution amgi-dune spacing is uniform
along the field. The lognormality in the size distributionpines an underlying multi-
plicative process in the evolution of the dune sizes, wiigeuniform dune spacing gives
insight into the spatial distribution of that process. latfdor other dune fields, like static
dune fields (e.g. longitudinal or star dune fields) largereduare surrounded by larger
empty space, and thus, the inter-dune spacing scales veittiuthe size. The difference
of the inter-dune spacing observed in these fields and irhbarones is a consequence
of the way sand is redistributed among the dunes. In statie dields, since the dunes
are on the average static, they change their size only by #ilanbe. Therefore, from
mass conservation, a dune grows only if its neighboring swheink. In barchan dune
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fields, where dunes are mobile, the uniform inter-dune sgisi a clear sign of a richer
internal dynamics where collisions play an important r&ensequently, small dunes are
continuously emerging from larger ones, destroying any&morrelation between dune
size and inter-dune distance, leading to a spatial unitgrfaurthermore, dune collisions
are also important in the dune size selection. Statisyiciley act over dune sizes as an
additive random process that leads to gaussian size distniis (Duran et al., 2006a).
When collisions are complemented with the flux balance inedield, a competition
between these two processes arises, because the firstpredesributes sand while the
second accumulates it. This interaction acts as a mukiiphie process in the evolution of
barchan dune sizes accounting for the lognormal size loligions.

Through the competition between collisions and flux balame&@lso uncovered a crucial
relation between the parameters of the size and the spaiabdtion of the dunes. Fol-
lowing the dynamics of dune collisions in an analytical ‘mdeeld’ approach, we found
that the relative inter-dune spacing, i.e., the inter-dgeecing divided by the dune mean
size, increases with the cube of the relative standard tieniaf the lognormal distribu-
tion. Since the relative inter-dune spacing also detersithe dune density in the field,
the relative deviation of the size distribution in barchamel fields is fully determined by
the dune density, explaining why a sparse dune field also hesaal size distribution.

We also answered the question about the physical originefriban and deviation of
the size distribution, as well as the inter-dune spacingnfour dune field simulations
with a ‘coarse-grain’ model, we found that the statisticqalgerties of the dune field only
depend on the conditions at the incoming field boundarythedensity and the size of the
incoming dunes. The density of dunes in the field increastéstive density of incoming
dunes, showing a critical density that the incoming dunestrauercome to generate a
dune field. When the incoming dunes are very sparse theyugillje dispersed by the
wind and no dune field will emerge. In turn, the mean dune sizke field is determined
by both, the size and the density of the incoming dunes. heeelso found a threshold
size that is proportional to the density of the incoming duaad determines how the
mean dune size relates to the incoming dune size. When tbeing dunes have a size
below this threshold, they will increase in average theie gluring the evolution of the
field, and when the incoming dune size is above this threstmdunes entering into the
field will in average shrink (Duran et al., 2006b).

Concerning the role ofegetation growth against sand mobility we have proposed a set
of differential equations of motion describing the aeoli@nsport on vegetated granular
surfaces including the growth and destruction of plantgoligh them we calculated the
morphological transition between active barchans andiveparabolic dunes, a process
that describes the dune inactivation. The model is furtladidated by comparing the
simulated parabolic dunes with the real ones on the coasta#ilBfinding crucial simi-
larities in the morphology of the dune, the places where tetigs grows and the spatial
distribution of the available sand surface.

The inactivation of barchan dunes is characterized by aerqgrdrameter named fixation
index#. It is a dimensionless combination of the barchan dune #ieewind strength
and the vegetation growth velocity. Further, we showed, ti&ien the fixation index
approaches a critical valug, the duration of dune inactivation diverges(@s — 6)~'.
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Therefore, for a fixation index less than the critical vaketjve dunes will be deactivated
by vegetation growth within a finite time. Otherwise, theylwiercome the vegetation
cover by remaining active. The fixation indéxonly depends on the general conditions
at which vegetated dunes evolve and not on the time evoluself. Therefore it deter-
mines the final outcome of the competition between vegetgtiowth and aeolian surface
mobility (Duran and Herrmann, 2006b).

We also found that the distance travelled by the dune duhagdractivation period also

diverges with the fixation index. This distance can be unidetsas a penetration depth
into the coast for coastal dunes and thus can provide a gtiatbti®n of the area affected

by dune motion during the inactivation process.

Figure 3.18: Examples of different simulated sand duneehaqeluding the wind arrows.

Outlook

In this thesis we improved upon an existing dune model to goihe the study of isolated
barchan dunes to the complex cooperative dynamics in duids ad their interaction
with vegetation. However, as always in science, new answaess new questions, pushing
our knowledge further.

For instance, we have explained the dune size and spacewjiselmechanisms in dune
fields in terms of the incoming dunes at the boundary, but tbhegsses that govern the
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conditions at the boundary are still unknown. It is impottamote that the barchan dune
fields only account for less than 20 % of total sand seas. Tdteare mainly transversal

dune, longitudinal dune and star dune fields. Although theNBUmodel used gives

a fairly realistic description of the main dune types (Fidl8, there exists no model
for their behavior in dune fields and, more important, dethinodel for the complex

superposition of different dune patterns commonly foundei situations also has not
been developed so far.

The general conditions under which a typical dune patterergas depends on the wind
velocity which fluctuates both in direction and strengthwidwger, a complete description
bridging dune patterns and wind regimes is still lacking. delnwhich conditions are
these patterns stable? Is there a sort of competition batdiferent dune patterns in the
selection process? Recently these questions were put metieral framework of non-
linear dynamics (Baas, 2002). Sand surface under wind giegpmes a self-organized
system where selected dune patterns emerge at differées schis raises more questions
concerning the phase space of such systems and the undeatiynamical transitions.

Further questions arise in coastal geomorphology, whéséitown that vegetation plays
a very important role as an agent that controls dune morglyolM/e already uncovered
the detailed mechanism by which vegetation reshapes adradime landscape. How-
ever, an experimental verification of the predictions of madel, as well as a test for the
reliability of the fixation index introduced are importamichneeds to be done. The model
also needs to be generalized to include more complex sinslike the influence of new
kind of plants, the water table, and the seasonal changdseamihd blow and vegetation
growth rates.

The ultimate goal in coastal management concerns the longpesdictions of coastal
geomorphology. How can we estimate the degree of inacdwaif a coastal dune and
reconstruct the previous and future dune history? Our wookiges a new direction and
methodology to address these important issues and willrengprther research in this
important field.
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