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Résumé

Emergence des dunes sous des régimes de vents multidirectionnels

Les dunes éoliennes résultent de I’entrainement et du dépdt des grains de sable trans-
portés par le vent. Cet écoulement s’adapte & son tour & la forme du lit sédimentaire. Ce
couplage entre topographie, hydrodynamique et transport controle la taille, orientation et
morphologie des dunes, et ce particuliérement durant la phase initiale de leur croissance.
Dans cette thése, nous mettons en évidence l'influence de certains paramétres environne-
mentaux, tel que le régime de vents, la disponibilité en sable et les conditions aux limites du
champ de dunes sur la formation des dunes. Pour cela, nous utilisons une approche théo-
rique, couplée & des expériences de laboratoire, des simulations numériques et des études
de terrain.

Tout d’abord, nous validons la description de ’émergence des dunes dans les zones
de fortes disponibilités sédimentaire sous forme d’instabilité linéaire. Ces dunes prennent
la forme d’ondes de surface, dont 'amplitude augmente temporellement ou spatialement,
suivant si elles se forment au milieu du lit sédimentaire, ou sur sa bordure amont. Leur
orientation, longueur d’onde et taux de croissance spatial/temporel sont alors principale-
ment controlés par la distribution angulaire des flux de sables.

Sur un sol non-érodable, les dunes se développent & partir de diverses source de sédi-
ments (autres dunes, dépots fluviaux, lacustres, etc ..). Sous des régimes de vents spéci-
fiques, elles s’allongent pour former de longues crétes linéaires. Nous montrons que 'orga-
nisation spatiale de ces dunes est contrélée par la répartition des sources sédimentaires, et
non par une échelle de longueur intrinséque au mécanisme d’élongation. Ainsi, elles forment
des champs de dunes périodiques sur les bordures aval des lits de sédiments, ou des struc-
tures isolés dans des zones de dépot plus localisées. Dans ce dernier cas, elles peuvent
atteindre un état d’équilibre stable, dont la morphologie est controlée par la période de
réorientation des vents.

Enfin, nous effectuons une analyse & grande échelle du désert du Namib en nous ap-
puyant sur le cadre théorique du transport sédimentaire et de la morphodynamique dunaire,
couplé & des données de vent issues de réanalyses climatiques. Nous comparons alors des
observations de terrain a nos prédictions sur les flux de sable et sur les dunes (orientations,
morphologies, taux de croissance). Ces résultats permettent ainsi de discuter la formation
et I’évolution des mers de sable sur des échelles de temps couvrant plusieurs cycles clima-
tiques. Plus généralement, cette méthodologie permet aussi d’inférer certaines informations
sur les vents ou le matériel sédimentaire lorsque celles-ci ne sont pas directement mesu-
rables, ainsi que d’avoir un apercu de 1’évolution et de la résilience des systémes dunaires

soumis a des changements climatiques ou anthropiques.



Mots-clés : dune, transport sédimentaire, instabilités, géomorphologie des zones arides



Abstract

Dune emergence in multidirectional wind regimes

Aeolian dunes result from the erosion and deposition of sand grains transported by
the wind. In turn, the flow adapts to the shape of the sedimentary bed. This coupling
between topography, hydrodynamics and transport controls the dune size, orientation and
morphology, particularly during the early stage of their growth. In this thesis, we highlight
the influence of certain environmental parameters, such as wind regime, sand availability,
and dune field boundary conditions on dune emergence. For this, we use a theoretical
approach, coupled with laboratory experiments, numerical simulations and field studies.

First, we validate the description of dune emergence in areas of high sediment availabi-
lity as a linear instability. These dunes form as surface waves, whose amplitude increases
temporally or spatially, depending on whether they form in the middle of the sedimentary
bed, or on its upstream edge. Their orientation, wavelength and spatial /temporal growth
rate are then mainly controlled by the angular distribution of sand fluxes.

On a non-erodible ground, dunes develop from various sources of sediments (other
dunes, river and lakes deposits, etc.). Under specific wind regimes, they elongate to form
linear ridges. We show that the spatial organization of these dunes is then controlled by the
distribution of sedimentary sources, and not by a length scale intrinsic to the elongation
mechanism. Thus, they form periodic dune fields at the downstream edge of sediment beds,
or remain isolated structures in zones of localized deposition. In the latter case, they can
reach a stable equilibrium state, whose morphology is controlled by the wind reorientation
period.

Finally, we carry out a large-scale analysis of the Namib Sand Sea based on the theo-
retical framework of sediment transport and dune morphodynamics, coupled to wind data
from climate reanalyses. We then compare field observations with our predictions on sand
fluxes and dunes (orientations, morphologies, growth rates). These results allow us to dis-
cuss the formation and evolution of sand seas on time scales covering several climatic cycles.
More generally, this methodology also makes it possible to infer information on winds or
sedimentary material when these are not directly measurable, as well as to gain insight into

the evolution and resilience of dune systems subject to climate or anthropogenic changes.

Keywords : dune, sediment transport, instabilities, arid zone geomorphology
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Introduction générale

Les dunes sont des amas sédimentaires formés par 1’écoulement d’un fluide, air ou
eau, sur un lit composé de grains. Lorsqu’il est assez fort, il permet I'entrainement, le
transport et la déposition de ces derniers, amenant a la formation d’une large variété
de structures dont la diversité refléte les nombreux environnements dans lesquels elles
peuvent se former (Andreotti et al. 2012b). Dans les riviéres, les mers et les océans, le
courant et les vagues générent des dunes sous-marines, en partie visibles sous ’eau au bord
des plages. Dans les zones enneigées, des dunes de glace ou de neige sont formées par le
vent transportant les flocons. Dans cette thése, nous nous concentrons plutdt sur les dunes
de sables issues de l'action du vent, dont la taille varie de quelques métres a plusieurs
kilométres. Elles se trouvent en grande majorité sur les cotes et dans les déserts, tout en
interagissant avec les espaces urbains.

L’évolution constante des dunes de sable, a travers leur croissance et leur migration,
présente ainsi des enjeux de gestion du territoire, pouvant nécessiter une intervention hu-
maine (Provoost et al. 2011). La dune du Pilat, et de maniére plus générale toute la cote
des Landes, située entre Biarritz et Arcachon, en sont de bons exemples. Au XIX™€ siécle,
la forét des Landes est envahie de marécages et de dunes cotiéres mobiles, dont ’avance-
ment menace les villages environnements. Sous I'impulsion de Napoléon 111, les marécages
sont asséchés afin de permettre une exploitation efficace de la forét de pins. Afin de protéger
cette derniére, les dunes sont quant a elles stabilisées a ’aide de végétation ; une méthode
efficace ... sauf & ’endroit ou se situe la Dune du Pilat. Cette derniére, se déplagant de
1 & 5 m par an, menace ainsi toujours l'intérieur des terres tout en constituant une des
attractions touristiques principales de la région. L’utilisation de végétation dans le but de
stabiliser les dunes reste une méthode fortement employée, par exemple par la Chine dans
son combat contre la désertification (Duran & Herrmann 2006). Afin de savoir ou, quand
et comment gérer la naissance et I’évolution des dunes, il faut tout d’abord comprendre les
mécanismes qui controlent la dynamique de ces derniéres.

D’un point de vue géologique, les dunes agissent aussi comme marqueurs du passé.
Les zones désertiques, séches, sont de bonnes conservatrices de la matiére organiques, et
les vestiges archéologiques enfouis dans les dunes y sont alors souvent trés bien préservés.

A Tintérieur de ces derniéres, I'organisation des couches sédimentaires permet de retracer

11



12 Table des matiéres

une partie de leur histoire, contraignant dans une certaine mesure les hypothéses sur les
climats antérieurs a notre époque. De maniére analogue, les images satellites des motifs
dunaires permettent aussi d’obtenir des informations sur les propriétés des sédiments ou
du vent dans les endroits ou les mesures ne sont ni disponibles, ni faisables, comme sur
Mars, Vénus, ou Titan, un des satellites de Saturne (Fenton et al. 2014a;b, Runyon et al.
2017, Fernandez-Cascales et al. 2018).

Les dunes et leur évolution, en tant que systéme naturel, sont régies par un grand
nombre de paramétres extérieurs, tels que le climat et les précipitations, la végétation, la
topographie et le contexte géologique, I'apport en sédiments, etc.. (Ewing et al. 2006).
Obtenir des prédictions fiables nécessite alors I’étude et la quantification de 'impact de
chacun de ces paramétres. Bien que difficile & mettre en place en conditions naturelles,
ceci est alors réalisable grace a 'utilisation de modéles théoriques, numériques ou d’ex-
périences de laboratoire reproduisant I’évolution des champs de dunes, dans lesquels ces
paramétres peuvent étre variés indépendamment les uns des autres (Narteau et al. 2009,
Reffet et al. 2010, Courrech du Pont et al. 2014). Dans cette thése, nous employons cette
approche mixte afin de comprendre certains des mécanismes controlant les différents motifs
apparaissant lors des premiers stades de la croissance des dunes.

Dans le premier chapitre, nous présentons une synthése des connaissances sur la mor-
phodynamique dunaire. Nous commencons par détailler les mécanismes a l'origine du trans-
port du sable par le vent, puis nous lions ces derniers & la sélection en taille des dunes
naissantes. Finalement, nous présentons les différents motifs de dunes matures, et les lois

qui les gouvernent.



Chapitre 1

Etat de I’art

Sediment transport over a sand dune, Namibia - Paul van Schalkwyk
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FIGURE 1.1 — Localisation des principales mers de sable (ellipses rouges) sur Terre (projec-
tion de Mollweide, planisphére provenant de Wikipédia). La plupart des dunes en Australie
ne sont plus actives, stabilisées par la végétation. Le schéma de gauche représente la cir-
culation atmosphérique dans la troposphére. Figure inspirée de Courrech du Pont (2015).

1.1 Introduction

En laissant de coté les dunes cotiéres, les dunes de sable se forment principalement
dans des systémes grandes échelles, appelées mers de sable ou encore ergs. Ces derniers
couvrent prés de 6% de la surface du globe terrestre, et se trouvent sur tous les continents
a l'exception de I’Antarctique. La plupart d’entre eux se regroupent autour des latitudes
dites des chevaur, aux alentours de 30° de part et d’autre de I’équateur (Figure 1.1).
Les anticyclones semi-permanents qui y sont présents impliquent la présence de vents
relativement faibles soufflant dans des directions trés différentes. Se situant a la jonction
des cellules de Ferrer et Hadley, le climat y est majoritairement controlé par l'air sec qui
y descend en se réchauffant. A partir de ces deux ceintures subtropicales, les vents sont
dirigés soit vers les poles (vents d’est et d’ouest), soit vers I’équateur (alizés), tout en étant
déviés par l'effet de Coriolis. Les chemins le long desquels le sable est transporté a travers
les continents reflétent alors la répartition de ces vents, tout en étant localement influencés
par la topographie.

Les dunes éoliennes sont formées de grains de sable composés principalement de quartz
et de feldspath, bien que du gypse, du calcaire ou des cendres volcaniques puissent éga-
lement étre présents (Pye & Tsoar 1990). Lorsque ces grains sont mis en mouvement par
le vent, des motifs apparaissent a différentes échelles. A I’échelle centimétrique, les rides
éoliennes, issues du bombardement du sol par les grains en mouvement, générent un motif
périodique de crétes (Seppéld & Lindé 1978, Anderson 1987, Csahok et al. 2000, Andreotti
et al. 2006; 2012b, Duran et al. 2014). A 1’échelle du métre, les dunes émergent & travers
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F1GURE 1.2 — Différents motifs dunaires, et régime de vents associés. (a) Barkhanes dans le
désert du Rub’ Al Khali, Qatar, 24°50'N, 51°18'E. (b) Dunes transverses sur la péninsule
de Basse-California, Mexique, 27°58'N, 114°09'W. (c¢) Dune linéaire isolée dans le sud du
désert du Taklamacan, Chine, 37°42'N, 82°33'E. (d) Dunes linéaires dans le désert du Rub’
Al Khali, Arabie Saoudite, 17°27'N, 46°32'E. (e) Dunes en réseau dans le sud du désert du
Taklamacan, Chine, 37°44'N, 82°37'E. (f) Dunes étoiles au sud du désert du Rub’ Al Khali,
Oman, 18°30'N, 53°10’E. En haut a droite de chaque image, la rose des vents (avec pour
convention de direction celle ou va le vent) montre les données de vents & 10 m issues du
modéle de réanalyse climatique Era5 (Hersbach et al. 2020). Images satellites : Google™,
Maxar Technologies, INEGI, CNES/Airbus.

les interactions entre le vent, les mécanismes du transport sédimentaire et la forme du lit
de grains (Sauermann et al. 2001, Andreotti et al. 2002b). Enfin, a 1’échelle kilométrique,
les dunes géantes résultent de la coalescence des dunes de plus petites tailles (Coleman &

Melville 1994; 1996, Kocurek et al. 2010, Gao et al. 2015a).

En plus de ces différentes tailles, un grande variété de formes est observée (voir fi-
gure 1.2). Sous un vent unidirectionnel, la surface d’un lit sable se déforme en une série de
dunes linéaires appelées dunes transverses, dont les crétes réguliérement espacées sont per-
pendiculaires a la direction du vent (Mainguet 1984, Livingstone & Warren 1996, Lancaster

2013). Dans des conditions de vent similaires, mais avec une faible disponibilité sédimen-
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FI1GURE 1.3 — Une classification spéculative des dunes venant de Livingstone & Warren
(1996).

! une dune isolée migrant sur un sol non-érodable prend la forme caractéristique

taire
en croissant d’une barkhane (Andreotti et al. 2002a, Hersen 2004b). Ces deux types de
dunes présentent un profil d’élévation asymétrique, avec une faible pente en amont, et une
forte pente du coté aval. Dans les zones exposées a des régimes de vents de directions trés
variables au cours du temps, pour lesquels le transport de sable résultant est nul, on ob-
serve des dunes étoiles, possédant plusieurs crétes d’orientations variables et dont les bras
s’allongent dans différentes directions (Lancaster 1989, Zhang et al. 2012). Néanmoins,
compte-tenu de la variabilité climatique issue du cycle saisonnier terrestre, la plupart des
mers de sable sont modelées par un vent possédant deux directions dominantes. Cela donne

lieu & des champs de dunes linéaires au profil symétrique, dont les longues crétes paralléles

définissent une orientation marquée (Lancaster 1982).

Ces motifs variés, de tailles et de formes différentes, paraissent de prime abord com-
pliqués, reflétant le caractére erratique et variable des nombreux paramétres naturels qui
les controlent (Kocurek & Ewing 2005, Ewing et al. 2006). Néanmoins, la volonté de
comprendre 'origine de cette diversité a donné naissance & une classification des différents
types de dunes basées sur deux paramétres dominants : la multidirectionnalité du vent,

et la disponibilité sédimentaire? (Wasson & Hyde 1983, Mainguet 1984, Livingstone &

1. quantité de sable mobile, pouvant étre transporté par le vent

2. La végétation est aussi un paramétre extrémement important de la morphodynamique dunaire.
Néanmoins, dans cette thése, nous laissons de c6té les dunes végétées pour nous concentrer sur les dunes
entiérement actives, formées de sable meuble.
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Warren 1996). Cette classification qualitative basée sur la forme, représentée en figure 1.3,
permet une premiére approche des différents motifs, montrant que ces derniers reflétent les
conditions extérieures dans lesquelles ils se forment. Les appréhender plus en profondeur né-
cessite alors une compréhension globale des mécanismes agissant dans la morphodynamique
des dunes, depuis leur naissance jusqu’a leur forme géante. Ces mécanismes proviennent
des processus élémentaires de I’hydrodynamique et du transport de sédiments, que nous

allons détailler dans la section suivante.

1.2 Transport sédimentaire éolien

Afin de comprendre la dynamique & ’échelle des champs de dunes, il est tout d’abord
nécessaire de se pencher sur les interactions a 1’échelle des grains, et sur leur couplage avec
le fluide ambiant. De maniére trés générale, les milieux granulaires forment une famille
tres diversifiée comprenant toute collection de particules de taille macroscopique (diameétre
supérieur & 100 pm). Cette définition trés vaste comprend ainsi des particules de toutes
tailles, solides ou molles, dans des environments secs ou mouillés, que ce soit du sable, de
la poudre, des brindilles transportées par un courant ou encore un éboulement rocheux.
Ces milieux, & mi-chemin entre fluide et solide, possédent des propriétés uniques donnant
lieu & des comportements rhéologiques complexes (Forterre & Pouliquen 2008, Andreotti
et al. 2012b).

Dans le cadre de cette étude, nous détaillerons seulement les propriétés des milieux
granulaires liées & 1’érosion et au transport sédimentaire dans le cadre des dunes éoliennes.
Cela concerne alors des particules solides dont la taille est sélectionnée par le mode de
transport dominant. Une fois mis en mouvement par 1’écoulement, les grains sont trans-
portés suivant différents modes de transport selon la nature des forces pouvant dominer ce
processus.

Lorsque les forces hydrodynamiques dominent, par exemple pour les particules fines,
les grains sont entrainés par 1’écoulement sans contact avec le lit sédimentaire, retenus en
suspension. Lorsque le poids des particules permet de confiner le transport dans une couche
proche de la surface, les grains transportés suivent alors différents types de trajectoires. Les
grains de taille moyenne effectuent une succession de sauts appelée saltation, tandis que les
grains plus lourds roulent et ricochent sur la surface, dans un mode appelé charriage. Enfin,
si, via les deux types de trajectoires décrites précédemment, les particules transportées au-
dessus du lit sédimentaire transmettent a ce dernier assez d’énergie via leurs chocs avec
la surface, les grains qui composent ce dernier se déplacent lentement dans un mouvement
appelé reptation.

Le transport éolien est largement dominé par la saltation et le charriage (Andreotti

2004, Duran et al. 2011), ce qui correspond d’aprés les relevés de terrain a une taille
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moyenne des grains d’environ 250 pm (Pye & Tsoar 1990). Cette valeur est cohérente avec

les vitesses moyennes des vents des déserts terrestres (Duran 2007).

1.2.1 Ecoulement proche de la surface

Nous commengons dans cette section par décrire 1’écoulement & 1’origine du transport
sédimentaire éolien. Suivant le fluide, et les échelles de vitesse et de longueur associées au
systéme, cet écoulement peut étre dominé par les forces de dissipation visqueuse, son inertie
ou encore par la turbulence générée au contact du lit. Le rapport entre les forces visqueuses

et inertielles correspond au nombre sans dimension appelé le nombre de Reynolds :

UL
R, = f’f_7 (1.1)
n

ol 7 est la viscosité dynamique du fluide, pf sa masse volumique et U et L les échelles de
vitesse et longueur typiques de I’écoulement. L’écoulement est ainsi dit laminaire lorsque la
viscosité domine (R, < 1), et inertiel lorsque I'inertie prend le dessus (R, > 1). Néanmoins,
au fur et & mesure que 'inertie augmente, ’écoulement se déstabilise et voit apparaitre aux
petites échelles de multiple tourbillons, & I’aspect intermittent et aléatoire. Cette transition
vers la turbulence s’effectue pour des nombres de Reynolds élevés (R, ~ 2000 dans le cadre

d’un écoulement dans une conduite cylindrique), et change les propriétés de 1’écoulement.

Nature de ’écoulement a la surface de la Terre

Dans le cadre du transport éolien, les vents de surface soufflent dans la couche limite
atmosphérique, la partie la plus basse de I'atmosphére. Ils y sont fortement influencés
par les propriétés locales de la surface terrestre, que ce soit la température, I’humidité ou
encore les frottements induits par la topographie ou la végétation. La taille de cette couche
varie de quelques métres a quelques kilométres suivant les conditions locales de pression,
température et humidité, et les vents y soufflent & une vitesse de I'ordre d’une dizaine de
métres par seconde. En tenant compte de la faible valeur de la viscosité cinématique de ’air
(~107° m? s7!), le nombre de Reynolds caractéristique de la couche limite atmosphérique
est aux alentours de 10°. Les écoulements impliqués dans les processus éoliens sont alors

dominés par la turbulence.

Loi du mur

La compréhension des écoulements impliqués nécessite une vision en terme de couches
successives. Ainsi, dans la couche limite atmosphérique, I’écoulement est forcé a son sommet
par les vents géostrophiques de la couche supérieure, et s’annule & son pied dans une couche

visqueuse trés proche de la surface.
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Les fluctuations induites par la turbulence sont & l’origine de dissipation dans I’écoule-
ment, induisant un cisaillement vertical 7. Ce dernier peut étre lié de maniére générale au

gradient de vitesse vertical comme :

du
T=NMt—

- (1.2)

ol 1 est la viscosité turbulente. La viscosité du fluide, quant & elle, est totalement inefficace
a I’échelle de la couche limite turbulente, et n’agit que dans la couche proche de la surface.
Dimensionnellement, les seules échelles de longueur et de temps proviennent alors de la

distance au sol z et du gradient de vitesse. Il vient :

du

2 9

= _’ 1-3
N =K prz p (1.3)

ou k la constante de von Karman (Von Karman 1935, Prandtl 1925). En combinant les
équations (1.2) et (1.3), et en intégrant, on obtient le profil de vent logarithmique :
u(z) = ﬁln(i), (1.4)
K 20

oll ux =\/7/py est la vitesse de cisaillement, et zy la rugosité hydrodynamique (Stull 1988,
Garratt 1994).

Rugosité hydrodynamique

Par définition, la rugosité hydrodynamique est la hauteur a partir de laquelle la vitesse
du vent s’annule si ’on prolonge le profil logarithmique jusqu’au sol. L’expression dérivée
précédemment ne s’applique ainsi pas lorsque z — 0. Proche de la surface, la sous-couche
visqueuse fait le lien entre la vitesse nulle sur les grains et le profil logarithmique au-dessus.

Le cisaillement est continu & l'interface entre les deux couches, de telle sorte que :
2
T = pruy = dnuy [y, (1.5)

ol I, = 5vfu, est I'épaisseur de la couche limite visqueuse, de I'ordre de 100 pm pour
lair (Schlichting et al. 1955). Les trajectoires induites par la saltation prennent place
bien au dela de cette couche visqueuse, bien qu’elle soit non-négligeable devant le diamétre
d’un grain. Dans le cas d'une surface tres lisse, [, fixe néanmoins la valeur de la rugosité
hydrodynamique.

Dans le cas d’un lit plat de grains immobiles, la rugosité effective est fixée par la
rugosité géométrique de la surface, typiquement une fraction du diamétre des grains, de
l'ordre de d/10 - d/30 (Bagnold 1941, Schlichting et al. 1955, Kamphuis 1974, Andreotti

2004). Lors du processus de saltation, la rétroaction du transport sur 1’écoulement, que
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FIGURE 1.4 — (a) Schéma montrant l'origine du seuil de transport a 'échelle du grain.
(b) Schéma montrant 'impact de la pente sur le seuil de transport. (c¢) Variation du seuil
de transport en fonction de la pente longitudinale. Les symboles bleus correspondent au
seuil de transport statique, obtenu via des mesures subaquatiques par Fernandez Luque &
Van Beek (1976) (étoiles) et Dey (2003) (ronds). Les losanges oranges correspondent au
seuil dynamique, obtenu via des mesures en soufflerie par Hardisty & Whitehouse (1988).
La ligne noire correspond a cosd + sind/u, avec p = tand(35°) (équation (1.15)). Figure
inspirée de Duran et al. (2011).

nous détaillerons par la suite, conduit & une augmentation de la rugosité hydrodynamique
jusqu’a une fraction de la hauteur de la couche de transport, de I’ordre du millimétre au
lieu de la dizaine de micrométres.

Néanmoins, la rugosité géométrique pertinente dépend de I’échelle & laquelle le profil de
I’écoulement est étudié. Ainsi, a ’échelle kilométrique de la couche limite atmosphérique, il
est probable que la rugosité hydrodynamique soit fixée par les arbres, les batiments ou les
dunes elles-mémes. Dans cette thése, nous aurons 'occasion de travailler avec des données
de vents souvent mesurés & quelques métres au-dessus du sol. A cette échelle, la rugosité
est alors fixée par la taille des rides sableuses ou par la couche de transport, donnant

typiquement zg ~ 1 mm.

1.2.2 Entrainement et seuil de transport

Lorsque 'on regarde les galets au fond d’une riviére, la plupart d’entre eux restent
immobiles alors que la vitesse de I’écoulement est non-nulle. C’est donc qu’il existe un
seuil, une vitesse critique dépendant du poids du grain au-dessus de laquelle 1’érosion
commence. Il en est de méme pour le vent et le sable, et de maniére plus générale pour
tout fluide s’écoulant au-dessus d’un lit composé de grains. L’origine physique de ce seuil

se trouve dans le piégeage des grains par gravité.
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Seuil de transport statique

Une premiére vision du seuil de transport consiste ainsi & regarder les forces s’exergant
sur un grain (voir figure 1.4(a)). Lorsque le fluide s’écoule sur le lit granulaire, il y exerce

une force de cisaillement, tangentielle & la surface :
fr = ad’r, (1.6)

ol « est un coefficient sans dimension dépendant de la nature de ’écoulement et de la
forme du grain. Ce dernier est retenu par son poids, normal & la surface, qui s’exprime

comme :

fu=B(ps - pg)gd’, (1.7)
ol 3 est une constante géométrique dépendant de la forme des grains (8 = 7/6 pour des
sphéres). Le rapport entre ces deux forces correspond au nombre de Shields (Shields 1936) :

o O T (1.8)

afu (ps—pslgd
En négligeant tout autre interaction de contact que la friction solide, la loi de Coulomb

indique qu’au seuil d’entrainement,

ft =Msfn; (19)

ol ug est le coefficient de friction statique entre deux grains. Le nombre de Shields prend

alors sa valeur seuil :

O = éus. (1.10)
[0

Les mesures expérimentales du nombre de Shields seuil sont difficiles. Sa définition est liée
a la fraction seuil des grains qui rentrent en mouvement, et peut donc changer d’une étude
a lautre (Yalin 1972, Buffington & Montgomery 1997, Shvidchenko et al. 2001).

Des modeéles semi-empiriques permettent d’obtenir des expressions du nombre de Shields
seuil selon les différents régimes, turbulent ou laminaire (Duran et al. 2011, Andreotti
et al. 2012b). Dans le cas d’un écoulement turbulent, la force fluide s’exergant sur le grain
comporte, en plus de la composante tangentielle appelée trainée, une composante normale
appelée portance, dirigée vers le haut. La combinaison des deux induit alors un mouvement
de glissement /rotation autour du point de contact avec le grain situé directement en aval,
aidant & la mise en mouvement. Pour un écoulement turbulent et un grain sphérique, la

composante tangentielle s’écrit :
m 2772
ft = ECmpfd U s (111)

ol Cw est le coefficient de trainée a grand nombre de Reynolds, respectivement de I'ordre



24 CHAPITRE 1 : Etat de Uart

FIGURE 1.5 - (a) Ejection de grains suite a une collision trés énergétique (simulation numé-
rique) (b) Visualisation de trajectoires des grains transportés au-dessus de rides éoliennes.
Figure provenant de Duran et al. (2011)

de 1/2 et 1 pour des sphéres lisses et des grains réels. La vitesse du fluide U autour du
grain peut étre approximée en z = d/2 par le profil logarithmique caractéristique du régime
turbulent (1.4). Ainsi, en ne prenant en compte que la composante tangentielle, le nombre
de Shields seuil s’écrit (Duran et al. 2011) :

B 8pusk?
30 In%(d/(220))

O (1.12)

Le nombre de Shields est surtout utilisé en géomorphologie fluviale. Dans le cadre du

transport éolien, la vitesse seuil correspondante est utilisée :

sk Ps — Pf
3Ce In? (d/(220)) Py

gd. (1.13)

Ce modéle correspond bien aux résultats de diverses expériences sur le transport en
milieu fluvial (Andreotti et al. 2012b). En revanche, les mesures de transport en conditions
éoliennes montrent que la quantité de sable transportée par le vent tend vers zéro pour des

vitesses inférieures & ce seuil statique.
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Seuil de transport dynamique

Les expériences en soufflerie montrent qu’en conditions éoliennes, contrairement au
transport en milieu aqueux, le charriage laisse rapidement place & la saltation® (Bagnold
1941, Iversen et al. 1987, Burr et al. 2015).

Une fois le grain délogé par le cisaillement fluide, il effectue alors une série de sauts dont
la hauteur augmente au fur et & mesure. En effet, contrairement & des rebonds sur lit plat, la
surface rugueuse permet de rediriger une partie de la quantité de mouvement horizontale
vers le haut lors de chaque choc. A chaque impact avec la surface, d’autres grains sont
délogés, et ainsi de suite (figure 1.5(a)). L’ensemble de ces grains en mouvement forme
alors la couche de transport, dont I’épaisseur est controlée par la hauteur moyenne de leurs
sauts (figure 1.5(b)).

Il résulte de ce mécanisme d’impact un seuil de transport dynamique, différent du seuil
de transport statique décrit précédemment, plus faible. Une fois le processus de saltation
enclenché, des vitesses de vent inférieures a la vitesse seuil (équation (1.13)) peuvent main-
tenir le transport. Ce seuil est modifié par la pente de la méme maniére que le seuil statique,
comme le montre les symboles oranges sur la figure 1.4(c). Néanmoins, afin d’en obtenir
une formulation analytique, il est nécessaire de connaitre les propriétés des trajectoires
des grains en saltation via l'intégration des équations du mouvement suivant le type de
I'écoulement (Andreotti 2004, Claudin & Andreotti 2006, Lammel et al. 2012, Piahtz &
Duran 2018).

Le seuil dynamique étant toujours plus faible que le seuil statique dans le cas du
transport éolien (Duran et al. 2011), il en devient la grandeur pertinente. Ceci reste
néanmoins controversé dans certaines situations. Le seuil statique correspond au moment
ou le fluide peut commencer & déloger un grain, et ne prend pas en compte les chocs
d’autres particules avec le lit, qui peuvent alors aider & la mise en mouvement. Ainsi, il reste
pertinent lorsque ces collisions sont peu énergétiques devant I’écoulement, comme pour le
démarrage de la saltation ou pour le charriage, typique du transport en milieu aqueux.
Les mesures de terrain de Martin & Kok (2018) montrent que les flux issus d’épisodes
intermittents de saltation peuvent étre autant controlés par le seuil statique que le seuil
dynamique. Ils précisent néanmoins que ce dernier suffit pour prédire des flux moyennés
temporellement (~ 30 min), justifiant son utilisation dans ’étude de la dynamique des
dunes.

Dans le cas ot une mesure expérimentale est accessible, le seuil de transport pertinent
peut alors étre trouvé par extrapolation de la loi expérimentale liant le flux de sédiments au
nombre de Shields/au cisaillement basal (Duran et al. 2011, Martin & Kok 2017, Abramian

3. Il faut néanmoins noter que les conditions sur le terrain, en particulier en terme de couche limite,
sont différentes de celles en soufflerie. Cela pourrait donner lieu & des régimes de transport éolien par
charriage (Pahtz et al. 2020).
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et al. 2019a). Si cette mesure n’est pas accessible, le seuil de transport peut étre calculé

en utilisant I’expression empirique suivante :

wen o< | 2 gd, (1.14)
Pf

avec une constante de proportionnalité aux alentours de 0.1 (Iversen et al. 1976; 1987)

Pente longitudinale et cohésion

Lorsque le lit n’est plus plat mais pentu, le seuil de transport est modifié : il est plus
difficile pour le vent de mettre en mouvement les grains s’il fait face & une pente positive,
et inversement. Pour une pente 4, les forces tangentielles et normales agissant sur un grain

sont respectivement modifiées comme f; — f,, sind et f,, cosd (voir figure 1.4(b)), donnant :

sin5)

un (0) = ugn (0) (cosé + (1.15)

Cette relation est bien vérifiée, pour le seuil statique comme pour le seuil dynamique,
comme le montre la figure 1.4(c) (Fernandez Luque & Van Beek 1976, Iversen & Rasmussen
1994, Dey 2003, Duréan et al. 2011).

Enfin, le seuil de transport peut étre aussi modifié par la présence des forces de cohésion.
Dues a de faibles tailles de grains, a la présence d’humidité, ou encore a la présence de
liaisons chimiques (formation d’un ciment), elles sont responsables d’une augmentation
du seuil de transport (Claudin & Andreotti 2006, Duran et al. 2011). La présence des
forces de cohésion est controlée par le nombre sans dimension d./d, ot d,, est une longueur
capillaire correspondant & la taille du grain pour laquelle les forces de cohésion et de
gravité s’équilibrent. Elle prend alors différentes expressions suivant ’origine physique de
la cohésion (Andreotti et al. 2012b).

1.2.3 Transport par saltation et saturation du flux

Le processus d’amplification du nombre de grains en mouvement décrit précédemment,
issu des chocs successifs avec le lit, finit par saturer. En effet, chaque grain éjecté par
chaque collision & une chance de sauter assez haut pour se faire lui-méme accélérer par le
vent. L’augmentation de la densité de grains en mouvement dans la couche de transport,
couplé a ce transfert de quantité de mouvement, induit alors une diminution conséquente
de la vitesse du vent. Le transport atteint alors un état stationnaire lorsque chaque grain
n’en éjecte en moyenne qu’un seul autre, tandis que la vitesse du vent est réduite a sa
valeur seuil au sein de la couche de transport (Ungar & Haff 1987, Andreotti et al. 2002a,
Duréan et al. 2011).

A T’état stationnaire, la répartition des particules en mouvement dans la couche de
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FIGURE 1.6 — Mesure en soufflerie de profils verticaux de fraction volumique de grains en
saltation, pour différentes valeurs de vitesse de cisaillement (Creyssels et al. 2009).

transport n’est pas homogéne. Des mesures en soufflerie (White 1982, Liu & Dong 2004,
Rasmussen & Sgrensen 2008, Creyssels et al. 2009) et sur le terrain (Namikas 2003, Rot-
nicka 2013) réalisées pour différentes vitesses de vents montrent que la densité de grains
diminue exponentiellement avec la hauteur (voir figure 1.6). Ceci correspond alors & une
distribution de Maxwell des vitesses d’éjection des particules.

De plus, la distance caractéristique sur laquelle décroit cette exponentielle est indépen-
dante de la vitesse de cisaillement. Ainsi, la vitesse d’éjection la plus probable 'est aussi,
ce qui est une manifestation directe de la rétroaction du transport sur I’écoulement (Ungar

& Haff 1987, Andreotti et al. 2012b).

Flux saturé et loi de transport

En suivant approche de Bagnold (1941) et Ungar & Haff (1987), le flux de grains peut

s’écrire comme le produit de deux quantités :
Gsat < NUp, (1.16)

ot n est le nombre moyen de particules en mouvement et u, leur vitesse moyenne.

Dans cet état stationnaire et homogéne, la quantité de mouvement est conservée. Le
cisaillement fluide non perturbé, s’appliquant au-dessus de la couche loin du lit, est égal
a la somme de la contrainte basale et de la quantité de mouvement horizontale des grains

nt, (Owen 1964, Sgrensen 2004, Duran et al. 2011) :

T = Tgh + NTp. (1.17)
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FIGURE 1.7 — Flux saturé en fonction de la vitesse de cisaillement provenant de mesures
en soufflerie par Iversen & Rasmussen (1999) (orange) et de simulations numériques par

Duran et al. (2011) (bleu). Le flux est normalisé par u? afin de montrer les comportements

asymptotiques. Les courbes en traits pleins correspondent au comportement en uz - ufh,

et celle en pointillés & celui en u,u? — ufh. Figure adaptée de Duran et al. (2011)

A cause de la rétroaction du transport sur I’écoulement, les trajectoires des particules
sont indépendantes de la vitesse du vent u., réduite & sa vitesse seuil dans la couche de
transport : on obtient alors w, o< ug, et 7, o< 7y,. Le nombre de particules en mouvement

dépend alors seulement de ’écart au seuil de transport :
SpUp—— (1.18)
de méme que pour le flux saturé (Ungar & Haff 1987, Andreotti 2004) :

Gsat :Q(T_Tth)a (1.19)

ou §2 est une constante dépendant des propriétés de grains et du fluide. Les mesures des
expériences en soufflerie valident ce résultat (Iversen & Rasmussen 1999, Creyssels et al.
2009). De plus, de nombreuses simulations numériques permettent une calibration de cette
loi (Werner 1990, Andreotti 2004, Almeida et al. 2008, Kok & Renno 2009, Creyssels et al.

2009, Duran et al. 2011) :
1
Q= —5p—f\/§, (1.20)
¢ ps Vg

oll ¢ ~ 0.6 est la fraction volumique de grains dans le lit sédimentaire.

Ces simulations montrent aussi que, lorsque la vitesse du vent augmente, typiquement
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FIGURE 1.8 — (a) Flux le long d’un lit plat de sédiments avec (orange) et sans (bleu) flux
en entrée, pour d = 120 um et wu./ug, ~ 1.5. Le lit commence en x = 0, précédé d’une
zone non-érodable. Courbes en traits pleins : relaxation exponentielle proche de I'état sa-
turé. Courbe pointillée : croissance exponentielle initiale. (b) Variation des deux longueurs
caractéristiques en fonction de la distance au seuil de transport. Données provenant de
Andreotti et al. (2010). Figure adaptée de Duran et al. (2011)

de Pordre de 5 fois la vitesse seuil, le flux saturé commence & varier avec u? au lieu de u?2,
ce qui correspond a I’approche initiale de Bagnold (1941) (voir figure 1.7). Pour de grandes
vitesses de cisaillement, les trajectoires des grains les plus rapides dépassent la couche de
transport. Leur vitesse dépend alors directement de la vitesse de cisaillement u,, au lieu
de la vitesse seuil u,. Néanmoins, ce sont des conditions peu rencontrées sur Terre, ou la

vitesse du vent dépasse rarement 3 fois la vitesse seuil.

1.2.4 Longueur de saturation

Considérons maintenant une situation dans laquelle le cisaillement fluide n’est plus
homogéne, que ce soit en temps ou en espace. Le flux de sédiments ne s’adapte alors pas
instantanément a un changement local de cisaillement, et nécessite un temps Tyot et/ou
une longueur L, afin de relaxer vers sa valeur saturée (Bagnold 1941, Sauermann et al.
2001, Andreotti et al. 2002b, Charru 2006, Claudin & Andreotti 2006, Pahtz et al. 2013a).
En pratique, le flux n’est néanmoins jamais loin de sa valeur saturée, et ce processus peut
étre modélisé par une équation de relaxation de premier ordre (Andreotti et al. 2002a;b) :

9q 9q

Tsata + Lsat% = (sat — (- (121)

Ce temps de saturation, de 'ordre de 1 s dans le cas éolien, est trés faible devant les

échelles de temps géomorphologiques d’évolution de la topographie (~ 107 s). Il peut alors
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étre négligé, tandis que ’hydrodynamique et le transport de sédiments peuvent étre étudiés
en considérant la topographie comme fixe (Fourriére et al. 2010, Duran et al. 2011, Charru

et al. 2013).

Mesure expérimentale

Ce phénoméne de saturation est observé expérimentalement, ce qui permet une mesure
directe la longueur associée. Considérons cette fois un lit plat de sédiments, précédé en
amont d’un lit non-érodable, mais de rugosité géométrique similaire. Lorsque le vent souflle,
le flux de sable associé est nul sur cette partie amont, et atteint sa valeur saturée un peu
plus loin en aval.

Sur la figure 1.8(a), les profils de flux mesurés par Andreotti et al. (2010) montrent
que, au voisinage de la saturation, le flux relaxe exponentiellement vers sa valeur saturée,
en accord avec (1.21). Il s’agit néanmoins de distinguer la longueur de saturation de la
longueur Ly4, nécessaire a I’établissement de la saltation. Par conséquence, au tout début
du lit érodable, le flux augmente exponentiellement avec la distance, alors qu’il se charge
progressivement en particules, chaque grain en éjectant plusieurs autres par choc avec le
lit. Cette augmentation exponentielle n’est plus présente sur le profil avec flux d’entrée, la
saltation y étant déja établie (figure 1.8(a)).

De plus, la longueur L4 associée au début de la saltation diminue fortement avec u.,
traduisant 'augmentation de lefficacité des chocs a éjecter un plus grand nombre de par-
ticules (voir figure 1.8(b)). En revanche, le voisinage de la relaxation vers la valeur saturée
semble remarquablement indépendant de la vitesse du vent, bien qu’une dépendance en
cette derniére soit prédite par Péhtz et al. (2013a).

La relaxation du flux est alors limitée dans un premier temps par 1’érosion, puis ra-
pidement par I'inertie des grains. En supposant que les grains sont accélérés a la vitesse
du vent par une force de trainée turbulente, la longueur de saturation dépend alors de la

longueur d’inertie correspondante :

Ps
Lgat ~ d, 1.22
sat Cooﬂf ( )

avec un préfacteur de l'ordre de 2 (Andreotti et al. 2002b, Andreotti 2004).

1.3 Instabilité et émergence des dunes

Les dunes, et de maniére plus générale les motifs sédimentaires, sont omniprésents sur
Terre dés lors que des sédiments sont transportés par un écoulement. Des ondulations
typiques apparaissent alors & la surface du lit de sédiments, dont les crétes transverses

a 'écoulement définissent une longueur d’onde bien caractéristique (figure 1.9(a)). Forte-
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Distance along profile [m)]

FIGURE 1.9 — (a) Oscillation de sable sur la corne d’une barkhane. La ligne orange corres-
pond au profil des mesures de topographie (b) et de flux (¢). La modulation du flux dq est
calculée via le taux d’érosion en utilisant la conservation de la masse. Figure modifiée de
Elbelrhiti et al. (2005).
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ment étudiées, ces ondes de surface sont maintenant interprétées comme provenant d’une
instabilité linéaire, que ce soit en milieu aquatique laminaire (Charru & Hinch 2000, Lagrée
2003, Valance & Langlois 2005, Charru 2006, Devauchelle et al. 2010), turbulent (Kennedy
1963, Richards 1980, Colombini 2004, Fourriére et al. 2010, Colombini & Stocchino 2011,
Andreotti et al. 2012a), ou en milieu éolien (Andreotti et al. 2002b, Elbelrhiti et al. 2005,
Kouakou & Lagrée 2005, Claudin & Andreotti 2006, Duran et al. 2019).

Autour d’'une bosse de sable de faible amplitude, le cisaillement ainsi que le flux de
sable ne sont plus constants (figure 1.9(b)). Le fluide accélére le long du coté amont, le flux
de sable augmentant en conséquence, et inversement en aval. La position du maximum du
flux de sable, séparant la zone d’érosion en amont de la zone de dépo6t en aval, permet alors
de déterminer si cette bosse croit ou décroit (Kennedy 1963).

De maniére générale, comme le montre le schéma en figure 1.10, le maximum de flux de
sable n’est pas situé juste au niveau de la créte, mais légérement en amont. Ce décalage est
issu de deux contributions distinctes (Andreotti et al. 2002a, Kroy et al. 2002a, Fourriére
et al. 2010, Claudin et al. 2013). Tout d’abord, un mécanisme hydrodynamique déstabili-
sant améne le maximum du cisaillement en amont de la créte, provenant du couplage entre
inertie de ’écoulement et dissipation turbulente (Sykes 1980, Hunt et al. 1988b, Kroy et al.

2002b). Ensuite, la distance nécessaire au flux de sable pour s’adapter & un changement

de cisaillement (voir section 1.2.4) implique un décalage stabilisant de son maximum, en
aval de celui du cisaillement. L’équilibre entre ces deux mécanismes est alors & ’origine de
la sélection en longueur d’onde des dunes naissantes.

Afin de pouvoir quantifier cet équilibre, il est tout d’abord nécessaire de caractériser

plus en détail I’écoulement au-dessus d’une topographie de faible amplitude.

1.3.1 Ecoulement au-dessus d’une faible topographie

Dans la section 1.2.1, nous avons détaillé les propriétés d’un écoulement turbulent sur
un fond rugueux, plat et immobile. Dans des conditions naturelles, le fond n’est jamais
parfaitement plat, ce qui donne lieu & d’importantes modifications (Pye & Tsoar 1990).

Dans les modélisations théoriques correspondantes, I’écoulement est alors divisé en plu-
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FIGURE 1.11 — Schéma représentant I’écoulement au-dessus d’une bosse de faible amplitude.

sieurs couches (Taylor & Gent 1974, Jackson & Hunt 1975, Hunt & Snyder 1980, Smedman
& Bergstrom 1984, Zeman & Jensen 1987, Taylor et al. 1987, Hunt et al. 1988b;a). Comme
sur un lit plat (section 1.2.1), il est forcé a son sommet par les vents géostrophiques de
la couche supérieure, et s’annule a son pied dans une couche visqueuse trés proche de la
surface. Au milieu, il est perturbé par la présence de la topographie, et peut étre divisé en
deux : une couche externe, inertielle et contrebalancée par le gradient de pression, et une
couche interne, dominée par la dissipation turbulente issue de sa proximité avec la surface

rugueuse (figure 1.11).

Influence du gradient de pression sur le profil logarithmique

Dans la couche externe, suivant le théoréme de Bernoulli, les lignes de courant se
resserrent en haut de la bosse, traduisant une augmentation de la vitesse du fluide en
phase avec la topographie (figure 1.11). Cette rétroaction de la topographie sur I’écoulement
diminue ensuite verticalement comme 'exponentielle de la largeur de la bosse (voir aussi
le calcul en appendice B.1).

Cette variation de vitesse et de pression le long de la bosse est transmise a la couche
inférieure, dans laquelle le vent est alors controlé par deux mécanismes. Tout d’abord, la
vitesse est contrainte de tendre vers 0 au voisinage de la surface, donnant lieu au pro-
fil logarithmique décrit en section 1.2.1. La variation de ce profil reste en phase avec la
topographie, avec un cisaillement maximum au niveau du sommet de la bosse.

Ensuite, ce profil logarithmique est modifié par la présence du gradient longitudinal
de pression hérité de la couche supérieure. Ce gradient, en quadrature de phase avec la

topographie, est nul a la créte et maximum au milieu de la pente. Il déforme le profil
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logarithmique en conséquence (figure 1.11), décalant ainsi le maximum du cisaillement

légérement en amont de la créte de la bosse* (voir figure 1.12(a)).

Cette théorie a été testée et validée par des simulations numériques, ainsi que des me-
sures de terrain (Sykes 1980, Britter et al. 1981, Mason & King 1985, Finnigan et al.
1990, Kim et al. 2000, Athanassiadou & Castro 2001, Cao et al. 2012, He et al. 2014).
Elle a aussi été étendue pour des écoulements au-dessus de topographies en trois dimen-
sions (Mason & Sykes 1979, Walmsley et al. 1982).

Mesures et modélisation

Dans la limite d’une topographie de faible amplitude, la cisaillement turbulent total
peut alors s’écrire comme la somme du cisaillement constant sur lit plat 7y, et d’une

modulation issue de la topographie s’écrivant dans ’espace de Fourier :
# =10 (A+iB) kh, (1.23)

ol - dénote la transformée de Fourier, k£ le nombre d’onde. Ici, A et B sont respectivement
les composantes en phase et en quadrature de phase du cisaillement par rapport a la
topographie.

La mesure et la modélisation des deux coefficients hydrodynamiques A et B ont fait
l'objet de nombreuses études (Zilker et al. 1977, Frederick & Hanratty 1988, Finnigan
et al. 1990, Poggi et al. 2007, Kroy et al. 2002b, Fourriére et al. 2010). Ils montrent
notamment une dépendance de A et B dans la longueur d’onde du mode de Fourier cor-
respondant (voir figure 1.12). Cette dépendance reste faible (logarithmique) dans le cas
éolien, ce qui permet de les considérer comme constants. La seule mesure de terrain de ces
coefficients, en présence de transport, a été réalisée par Claudin et al. (2013), et coincide
raisonnablement bien avec les mesures expérimentales et les prédictions issues des différents

modeéles théoriques, aboutissant & A~ 3.5 et B ~ 2.

1.3.2 Analyse de stabilité linéaire

Ainsi, d’'un coté, la position du maximum de cisaillement, situé en amont du maximum
local de topographie (B > 0 dans (1.23)), tend a faire croitre les perturbations en déplagant
les zones de dépdt sur les crétes. De 'autre, le processus de relaxation du flux vers sa valeur
saturée agit de maniére stabilisante en déplacant la position de ces zones en aval, d’une

distance égale a longueur de saturation Lgu¢.

4. Ce mécanisme est trés semblable & celui du décollement d’une couche limite, visqueuse ou turbulente,
amenant a la formation des boucles de recirculation.
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FIGURE 1.12 — (a) Mesure de cisaillement basal sur un lit ondulé lisse, pour 2h/A = 0.0125
(red squares) et 0.05 (blue squares), par Zilker et al. (1977). Adaptée de Charru et al.
(2013). (b) Variation des coefficients hydrodynamiques A et B en fonction de kzp. Lignes :
calculs issus de Fourriére et al. (2010), avec une fermeture turbulente rugueuse. Ronds :
mesures de Claudin et al. (2013) au-dessus d’une dune de faible amplitude et de 40 m de
long. Zone verte : domaine concerné par les dunes éoliennes.
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Relation de dispersion

Afin de formaliser cette discussion, nous réalisons dans un premier temps ’analyse de
stabilité d’un lit plat infini de sédiments, & 'ordre linéaire. Le vent souffle au-dessus de
maniére homogéne selon e,, induisant un cisaillement turbulent constant 7y = pfuz ainsi
qu’un flux constant de sédiments.

Dans la réalité, le lit n’est jamais parfaitement plat, et la surface est composée d’une
multitudes d’irrégularités de faibles amplitudes, conduisant & de faibles perturbations de
I’écoulement et du flux. Le systéme sort alors de 1’équilibre précédemment décrit, et son

évolution est décrite par les équations liant :

e le cisaillement & la topographie (modulation du cisaillement (1.23)),
e le flux de sable saturé au cisaillement (loi de transport (1.19)),

e le flux de sable a sa valeur saturée (relaxation du flux (1.21)).

Ce systéme est clos par le lien entre 1’évolution de la topographie et le flux de sable, donné

par I'équation de conservation de la masse® :

oh 0
A (1.24)
ot ox

Ces perturbations peuvent se décomposer en une multitude de sinusoides de longueurs
d’ondes ), se propageant chacune & une vitesse c()\) tout en croissant & un taux o(\). A

I’ordre linéaire, elles n’interagissent pas entre elles, et nous pouvons alors étudier séparé-

ment ’évolution de chaque mode :
h = hoet(Fe=wt), (1.25)

ol k =27/X est le nombre d’onde, et w la pulsation telle que ¢ = Re(w) et o = Im(w). On
en déduit la relation de dispersion suivante (Andreotti et al. 2002b, Elbelrhiti et al. 2005,
Fourriére et al. 2010) :

_ Q (k'Lsat)2 .
YT L2 1+ (kL )2 (A+iBy). (1.26)

ou @ = N1y est un flux de sable caractéristique, et

2
BM:B_i(@:h) . (1.27)

Apparaissent ainsi dans ’équation (1.26) un temps et une longueur caractéristique,

respectivement L2, /Q et Lgu;, que nous utilisons dés maintenant pour rendre nos équations

5. Dans ce contexte, cette équation est aussi appelée équation d’Exner.
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FI1GURE 1.13 — Taux de croissance et vitesse de propagation sans dimension correspondant
a l’équation (1.29), pour A =3.5, B=2 et = tan(35°). Le mode le plus instable se trouve
en kmax = 0.207, ce qui correspond pour Lgy; ~ 0.7 m & A ~ 20 m.

sans dimension. Le taux de croissance et la vitesse du mode k s’écrivent alors :

k‘2
o=Im(w) = Iy (B, - Ak), (1.28)
c¢=Re(w) = I fk:Q (A+B,k). (1.29)

Mode émergent

Ces deux quantités sont tracées en figure 1.13. Les valeurs de k pour lesquelles le taux
de croissance est négatif sont les modes stables du systéme ; les valeurs positives, quant a
elles, sont les modes instables pouvant croitre au cours du temps. Le mode marginal k.,
pour lequel o = 0, délimite alors le domaine de stabilité. Il correspond & la taille minimale
des dunes, en dessous de laquelle une bosse de sable est vouée a disparaitre (Hersen et al.
2002, Parteli et al. 2007).

A D'intérieur de cette bande des modes instables, le taux de croissance posséde un unique
maximum correspondant au mode le plus instable k.. En négligeant la dépendance des
coefficients A et B dans la longueur d’onde, on obtient dans la limite oi k& < 1 (toujours

vérifiée dans le cas de I’émergence des dunes éoliennes) kmax ~ (2/3)k., avec k. = B,/ A. La
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longueur d’onde la plus instable s’écrit alors sous forme dimensionnelle comme :

3t A
B_g(uthf
Ko\ Us

Elle correspond a celle des dunes émergentes, de 'ordre de 15 — 20 m pour des grains de

Leat. (1.30)

Ama.x ~

diamétre d ~ 200 pm. Les coefficients A et B étant ici supposés constants, elle dépend
principalement de la longueur de saturation, et donc des propriétés des grains et du fluide.
Cette loi d’échelle est bien vérifiée a travers les différents environnements dans lesquels
peut se développer cette instabilité, comme les dunes de neige, sous ’eau ou sur d’autres
planétes (Claudin & Andreotti 2006). Enfin, cette longueur d’onde dépend aussi de la
distance au seuil de transport, et augmente lorsque 'on se rapproche de celui-ci. Nous
vérifierons expérimentalement cette propriété en section 3.4. De la méme maniére, le taux

de croissance et la vitesse du mode le plus instable s’écrivent :

Qsat 27 Lgat
Amax) ~ A : 1.31
C( ) Lsat )\max ( )
Qsat A (27TLsat )3
Amax) ~ —— — . 1.32
o (Amax) 222 e (1.32)

La vérification directe de cette théorie reste difficile. La longueur de saturation comme les
coefficients hydrodynamiques ont été mesurés de maniére indépendante (Andreotti et al.

2010, Claudin et al. 2013, Selmani et al. 2018). En revanche, il est compliqué de suivre
de maniére continue I’évolution de topographies de faibles amplitudes sur le temps carac-
téristique du régime linéaire, de I'ordre de quelques mois. Ainsi, seule ’étude de Elbelrhiti
et al. (2005) propose une validation en conditions éoliennes des prédictions de ’analyse

de stabilité linaire, et seulement pour la longueur d’onde et la vitesse de migration.

1.3.3 Fin du régime linéaire

Le régime linéaire de la croissance dunaire, caractérisé par une croissance exponentielle
a longueur d’onde constante, ne reste présent que tant que le rapport d’aspect reste assez
faible (kmaxh << 1). Lorsque ce dernier atteint environ 1/13, I'hydrodynamique commence
a répondre non-linéairement a la perturbation (carrés bleus sur la figure 1.12(a)), avec
la formation d’une boucle de recirculation en aval de la créte (Fourriére et al. 2010).
Le cisaillement y diminue drastiquement, devenant inférieur & la valeur seuil. Le transport
s’arréte, alors qu’il continue en amont, conduisant progressivement & I’apparition d’un profil
dunaire asymétrique. Le rapport d’aspect en aval de la dune augmente, jusqu’a ’apparition
d’une face d’avalanche.

Parallélement & la formation de la face d’avalanche, ’apparition de la boucle de recir-

culation impacte aussi directement la croissance de la dune. Elle entraine une diminution
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FIGURE 1.14 — Schéma d’une barkhane inspiré de Hersen (2004b) et Courrech du Pont
(2015).

progressive du coefficient hydrodynamique B, responsable du décalage en amont du maxi-
mum de cisaillement, impliquant une diminution du taux de croissance. L’amplitude croit
alors linéairement en fonction du temps (Fourriere et al. 2010, Courrech du Pont et al.
2014, Ping et al. 2014). Elle finit néanmoins par saturer lorsque le déphasage entre la créte
de la dune et le maximum du flux devient nul, tandis que la dune atteint sa forme d’équi-
libre caractérisée par un rapport d’aspect d’environ 1/12 (Baddock et al. 2007, Parteli
et al. 2006).

1.4 Evolution sous un vent unidirectionnel

La description sous forme d’instabilité de la morphodynamique dunaire n’est valable
que pour ’émergence des dunes & partir d’un lit de sable. Elle ne convient ainsi pas a
la description de dunes matures, dont I’évolution repose sur de nombreux processus non-
linéaires. Dans cette section, nous présentons les processus gouvernant la dynamique des
deux motifs apparaissant sous un régime de vent unidirectionnel, les barkhanes et les dunes

transverses.

1.4.1 Barkhanes

Les barkhanes sont les dunes les plus étudiées (Howard et al. 1978, Hersen et al. 2002,
Andreotti et al. 2002a, Momiji et al. 2002, Sauermann et al. 2003, Hersen 2004b, Hersen
& Douady 2005, Schwiammle & Herrmann 2005, Katsuki et al. 2005, Franklin & Charru
2011, Alvarez & Franklin 2019, Khosronejad & Sotiropoulos 2017). Se formant sous un
vent unidirectionnel dans des conditions de faible disponibilité sédimentaire, elles migrent

sur un sol non-érodable en prenant la forme caractéristique d’un croissant (Hersen 2004b).
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Comme le montre la figure 1.14, vues de dessus, elles possédent une face amont convexe de
faible pente, suivie aprés la créte par une phase d’avalanche. De part et d’autre de cette
derniére, deux cornes pointent vers ’aval. Leur section centrale est alors asymétrique. Elles
sont issues de patchs de sable se trouvant sur un sol non-érodable, pourvu que ce dernier
soit plus grand que la taille minimale des dunes, sans quoi il est voué a disparaitre (Hersen
et al. 2002, Andreotti et al. 2002b, Parteli et al. 2007). Ces patchs peuvent étre issus
de accumulation du sable & certains endroits (rugosité, végétation ...) (Baddock et al.
2018), ou venir d’une partie d’'une dune plus grande ayant cassé (extrémité des cornes d’une
barkhane plus grande ou d’une dune linéaire par exemple). Elles peuvent aussi venir de la
déstabilisation de dunes transverses suivant un mécanisme décrit dans la section suivante
(voir 1.4.2).

On trouve sur Terre des barkhanes de toutes tailles, dont les hauteurs varient de 1 m a
50 m pour des longueurs (du bas de la face amont jusqu’au bas de la face d’avalanche) et
largeurs (distance entre les cornes) variant de 10 m & 500 m (Courrech du Pont 2015). Méme
si les barkhanes ne sont pas totalement des objets auto-similaires, leurs dimensions sont
néanmoins linéairement corrélées lorsqu’elles sont assez grosses (Hesp & Hastings 1998,
Elbelrhiti et al. 2008). La hauteur tend néanmoins vers 0 pour des longueurs non nulles
approchant la taille minimale contrélée par la longueur de saturation (voir section 1.3). Leur
rapport d’aspect correspond & celui sélectionné par les non-linéarités de I’hydrodynamique
(voir section 1.3.3), et varie typiquement entre 0.1 et 0.15, augmentant légérement avec
la taille de la barkhane (Hesp & Hastings 1998, Andreotti et al. 2002b), ainsi qu’avec la
vitesse du vent (Groh et al. 2008, Zhang et al. 2010).

Stabilité

Presque tout le sable transporté le long de la face amont est capté par la phase d’ava-
lanche, qui agit comme un piége a sédiments. Du sable est néanmoins perdu a 'extrémité
des cornes, dont le faible rapport d’aspect les fait se comporter comme un lit plat et non
comme un piége a sédiments (figure 1.14). Les barkhanes nécessitent alors un flux d’entrée
arrivant sur la face amont afin de se propager tout en gardant la méme taille (Tsoar 2001).
Cette équilibre entre flux d’entrée et pertes par les cornes reste instable. En effet, comme
le montre la figure 1.15, ces deux flux dépendent de la taille de la barkhane, mais le flux de
sortie augmente moins vite que celui d’entrée en fonction de cette derniére (Hersen et al.
2004).

En partant d’un objet & I’équilibre, une légére augmentation du flux d’entrée entraine
alors une augmentation de la taille de la barkhane. Cette augmentation en taille entraine
a son tour une augmentation du flux d’entrée qui n’est pas assez compensée par I’augmen-
tation du flux de sortie, et la barkhane continue de grossir. Le processus est inverse pour

une diminution du flux d’entrée, et la taille d’équilibre de la barkhane est ainsi un état
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barkhane en fonction de sa largeur. Les points correspondent & des mesures en condition
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débit de sédiments Ji, nul en entrée. Figure adaptée de Hersen (2004a).

instable (Hersen et al. 2004).

Par la suite, nous présentons les lois gouvernant leur migration et leur croissance a

I’aide d’une approche dimensionnelle.

Flux de sable

Considérons une barkhane en deux dimensions (la tranche passant par le milieu de la
créte), de hauteur H et de longueur L, possédant une pente d’avalanche sur son coté aval.
Lorsque le vent arrive a I’encontre de la dune, il accélére jusqu'a la créte, transportant de
plus de plus de sable, qu’il va ensuite déposer dans la phase d’avalanche. Cette accélération
était déja présente dans la phase linéaire de la croissance, a la fois dans la couche interne et
externe, ol elle diminue exponentiellement (voir figure 1.11). Elle dépend principalement
de la forme de la dune, mais aussi d’autres parameétres tels que la rugosité, ou la hauteur de
la couche convective atmosphérique (Jackson & Hunt 1975, Mason & Sykes 1979, Britter
et al. 1981, Hunt et al. 1988b). Néanmoins, au premier ordre, I’accroissement relatif de
la vitesse entre le bas et la créte de la dune est proportionnel au rapport d’aspect H/L de
la dune. Dans le cas des barkhanes, qui ont un rapport d’aspect d’environ 1/10, il prend
ainsi des valeurs comprises entre 1 et 2 (Britter et al. 1981, Wiggs et al. 1996, Lancaster
et al. 1996, Neuman et al. 1997, Walker & Nickling 2003, Elbelrhiti et al. 2005, Baddock
et al. 2007, Wu et al. 2011, Claudin et al. 2013).

Le flux de sable, dépendant directement du cisaillement en un point donné, varie en

conséquence (voir figure 1.16). Au premier ordre en rapport d’aspect, le flux de sable
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FIGURE 1.16 — Flux le long de la section centrale d’une barkhane. Les prédictions théoriques
sont faites & partir de mesures de vitesse du vent en utilisant les formules de flux saturé de
Lettau & Lettau (1978) (q) et Serensen (1991) (gs). La ligne pleine ¢ prend en compte la
relaxation spatiale du flux, avec la longueur de saturation. Figure provenant de Sauermann
et al. (2003).

maximum s’écrit alors :

Qerest = Qo (1 + 6%) ; (1.33)

ou [ est un coefficient prenant en compte la rétroaction de la topographie sur le flux

(Courrech du Pont et al. 2014, Gao et al. 2015b, Courrech du Pont 2015).

Vitesse de propagation

Dimensionnellement, la vitesse de propagation de la dune peut s’écrire comme :

¢ = Qcrest/H. (1.34)

En utilisant I’équation (1.33), cette relation peut aussi s’écrire :
Qo
= ]_ + -, 1.35
c=(1+7) & (1.3

ce qui correspond a la loi de Bagnold (Bagnold 1941). En comparant cette loi & des données
sur la migration de barkhanes, on trouve v = SH/L ~ 1.7 (voir figure 1.17). De plus,
on s’attend & ce que cette vitesse corresponde, dans la limite des dunes de trés faibles
amplitudes, a la vitesse de propagation ¢(Amax) (1.31) des ondes de surface issues de

I'instabilité décrite dans la section précédente. Cela conduit a modifier la loi de Bagnold
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FIGURE 1.17 — Comparaison des vitesses de migration des dunes et des ondes de surface.
La ligne verte correspond a l’équation (1.36) avec v = 1.7 et Hy = 87 cm. Figure modifiée
de Elbelrhiti et al. (2008).

(Elbelrhiti et al. 2005; 2008) :

Qo
=(1 1.
e=(1+7) o, (130
avec ( )
1+~ Lsat( Amaux)
Hy = ~1.5 1.37
0 A 27TLsat s ( )

en accord avec les données de Elbelrhiti et al. (2008) présentées en figure 1.17. De plus,
le rapport d’aspect Hyp/Amax ~ 0.08 concorde aussi avec celui correspondant a la sortie du

régime linéaire des dunes naissantes (voir section 1.3.3).

Taux de croissance

Le taux de croissance s’écrit de maniére dimensionnelle comme :

1 AH
=——, 1.38
T HAT (1.38)
ou, le symbole A dénote une variation a I’échelle de la dune. La variation temporelle de la
hauteur peut s’exprimer a ’aide de la conservation de la masse (Courrech du Pont et al.

2014) :

AH AQ chest - Qbottom
AT Az L ( )

Le flux de sable étant presque entiérement capté par la phase d’avalanche, on considére

ici qu’il est nul en bas de la dune (Courrech du Pont et al. 2014). Le taux de croissance
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obtenu est alors :

o= (1+7)%. (1.40)

De la méme maniére que pour la vitesse, il peut étre modifié afin de retrouver le taux de

croissance des ondes de surface 0(Amax) (équation (1.32)). On trouve ainsi :

Qo
=(1 S 1.41
7= (149) 7o (1.41)
ol ( ) ) 5
2 1 + ’)/ L t ( >\max ) 2
So = 2 ~ 25 . 1.42
0 A 27TLsat o ( )

En utilisant un rapport d’aspect typique de 1/10, cette section de coupure correspond
4 une hauteur de 1.5 m, en accord avec la valeur trouvée a partir des mesures de vitesse.
Néanmoins, contrairement a ces derniéres, qui peuvent se faire par le biais d’images satel-
lites, la mesure du taux de croissance nécessite un suivi de la topographie sur une longue
période de temps (plusieurs années). Ainsi, cette relation n’a jamais été testée a notre

connaissance, et la valeur de Sy jamais mesurée & ce jour.

Dynamique des champs de barkhanes

L’existence méme des barkhanes est contradictoire avec le fait qu’elles soient des objets
instables. Néanmoins, on les trouve souvent regroupées en champs de dunes. On y observe
notamment une sélection en taille, ainsi qu’'une organisation typique en couloir, bien que
les conditions aux limites ne différent pas a travers le champ (Elbelrhiti et al. 2008).

Deux mécanismes basés sur les interactions entre dunes peuvent alors réguler la taille
des barkhanes. Tout d’abord, la différence de vitesse induite par la différence en taille entre
les dunes induit des collisions. Cela peut entrainer la fusion de ces dunes, ou leur division en
plusieurs autres petites dunes, suivant leurs tailles relatives et leur chevauchement latéral
lors de la collision (Endo et al. 2004, Hersen & Douady 2005, Duran et al. 2009, Vermeesch
2011). Ensuite, lorsque les cornes des barkhanes sont assez longues devant la longueur
d’onde du mode le plus instable de I'instabilité de lit plat, cette derniére peut s’y développer
en tant que motif superposé. Sa croissance fait alors casser les cornes en de petites dunes
de taille similaire & Apax.

Ces processus ont été implémentés dans des modéles numériques considérant la bar-
khane comme cellule élémentaire, qui permettent alors d’étudier ’organisation spatiale de
ces champs de dunes (Duréan et al. 2009, Génois et al. 2013a, Worman et al. 2013). Ces
modéles arrivent a reproduire la sélection statistique en taille des barkhanes. En revanche,
I’organisation de ces dunes en couloirs apparait seulement de maniére dynamique et transi-
toire, et uniquement lorsque les collisions produisent statistiquement un nombre croissant

de dunes. Autrement, le champ de dunes atteint un état d’équilibre caractérisé par une
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FIGURE 1.18 — (a) Champ de dunes transverses dans le désert du Rigestan, Afghanistan
(30° 35'N, 65° 45'E). En haut a droite, la distribution angulaire des flux de sable sur lit
plat est calculée a partir des données de vents & 10 m du modéle de réanalyse climatique
Erab (Hersbach et al. 2020), en supposant une taille de grain de 180 pm et une rugosité
aérodynamique de 1 mm. La fléeche marron donne la direction du flux résultant correspon-
dant. Image satellite : Google™  CNES/Airbus. (b) Mesures de la longueur d’onde et de
I’amplitude des dunes transverses dans le désert du Rigestan le long d’un profil allant d’est
en ouest. Les deux semblent alors augmenter linéairement avec la distance (ligne noire
pointillée). Données provenant de Gao et al. (2015a).

distribution stationnaire des tailles des dunes.

1.4.2 Dunes transverses

Contrairement aux barkhanes, les dunes transverses sont observées sous un vent uni-
directionnel lorsque la disponibilité en sable est assez grande. Elles possédent de longues
crétes, souvent sinueuses, qui sont perpendiculaires & la direction du vent. Comme les bar-
khanes, leur section est asymétrique, dotée d’une faible pente en amont terminée par une
pente d’avalanche en aval. Elles ont aussi un rapport d’aspect similaire, augmentant avec

la vitesse du vent (Gao et al. 2015a).

Maturation des motifs et augmentation de la longueur d’onde

Les crétes, réguliérement espacées, forment un motif au caractére fortement périodique,

résultant directement de ’évolution non-linéaire de 'instabilité décrite en section 1.3. Une
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fois le rapport d’aspect d’équilibre atteint, on observe dans les expériences ou sur le terrain
une augmentation de la longueur d’onde (Fourriére et al. 2010, Courrech du Pont et al.

2014, Gao et al. 2015a). En effet, au moment ot 'amplitude sature & travers les non-
linéarités hydrodynamiques (voir section 1.3.3), d’autres processus tels que les interactions
entre dunes prennent le relais afin de faire murir le motif.

Dans les expériences subaquatiques, la longueur d’onde augmente logarithmiquement
lorsque le nombre de Reynolds particulaire Re, (dont 'échelle de longueur est la taille du
grain) est faible, et linéairement lorsqu’il est grand, avec une transition autour de Re, ~ 4
(Coleman & Melville 1994, Langlois & Valance 2007b, Fourriére et al. 2010, Courrech du
Pont et al. 2014). Les dunes éoliennes se situent dans ce dernier cas (Duran et al. 2019),
mais aucune expérience de terrain ne confirme a ce jour la linéarité de cette augmentation.
Les simulations numériques de Gao et al. (2015a) montrent quant a elles une croissance
en #1/3. Comme le montre la figure 1.18, certaines études de terrain rapportent néanmoins
une augmentation linéaire de la longueur d’onde a travers le champ de dunes (Ewing &
Kocurek 2010, Gao et al. 2015a), comme le montre la figure 1.18. Evolutions spatiale et
temporelle pouvant étre équivalentes dans le cas d’une migration & vitesse constante, cela
tend & confirmer les résultats des expériences subaquatiques.

La maturation des motifs dépend de nombreux facteurs non-linéaires et reste encore
mal comprise. Sans autre contrainte, la longueur d’onde et 'amplitude peuvent continuer
d’augmenter jusqu’a ce que des effets de surface libre interviennent (Zhang et al. 2010,
Fourriére et al. 2010). Pour les dunes éoliennes, la taille géante est alors définie par la
hauteur de la couche limite atmosphérique (Andreotti et al. 2009). Néanmoins, Gao et al.
(2015a) ont montré que, pour des vents faibles, proches du seuil de transport, la croissance
peut aussi s’arréter avant la taille géante lorsque le cisaillement dans les creux tombe sous
le seuil de transport. Enfin, ces deux mécanismes de saturation ne peuvent s’exprimer que

si la disponibilité sédimentaire est assez grande.

Disponibilité en sable et instabilité transverse

Les dunes transverses possédent rarement une créte parfaitement droite, mais souvent
sinueuse. Cette propriété intrinséque du systéme provient d’une instabilité secondaire se
déclenchant lorsque la disponibilité en sable décroit (I'inter-dune commence a laisser appa-
raitre le sol non-érodable). Les expériences de Reffet et al. (2010), suivies de simulations
numériques (Parteli et al. 2011, Guignier et al. 2013) ont montré qu'une barre de sable
migrant sur un sol non-érodable est instable. Elle devient de plus en plus sinueuse, jusqu’a
casser en barkhanes (voir figure 1.19).

Cette instabilité repose sur deux mécanismes déstabilisants. D’une part, une pertur-
bation en hauteur le long de la barre induit une différence de vitesse entre deux tranches

adjacentes (¢ o< 1/H, équation 1.36), modulant alors la barre en longueur. D’autre part,
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FIGURE 1.19 — Evolution d’une barre de sable sous un écoulement unidirectionnel (ici du
haut vers le bas) dans une expérience subaquatique. Figure provenant de Courrech du Pont
(2015).
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dans la phase d’avalanche, le flux est redirigé vers le centre des zones concaves, soit depuis
les tranches basses vers les tranches hautes (Melo et al. 2012). La perturbation initiale
est alors amplifiée, jusqu’a ce que la barre casse en barkhanes, dont la taille est controlée
par la hauteur initiale de la dune transverse (Reffet et al. 2010, Niiya & Nishimori 2010,
Parteli et al. 2011, Guignier et al. 2013).

1.5 Reégimes de vents multidirectionnels et orientation des

dunes

1.5.1 Orientation des dunes

Sur Terre, les régimes de vents unidirectionnels (typiquement issus des vents alizés)
ne concernent qu’une faible minorité des champs de dunes, souvent en bordure de mer
ou les variations climatiques restent faibles. Due au rythme des saisons, la majorité des
mers de sable sont sujettes & des régimes bidirectionnels. De maniére générale, différents
régimes de vents peuvent produire différentes orientations de dunes. Traditionnellement, ces
orientations sont mesurées par rapport a la direction du flux résultant (moyenne temporelle
du vecteur flux de sable). Si I'écart entre les deux est plus que faible que 15°, 'orientation
est dite longitudinale. Si au contraire, ’écart est supérieur a 75°, elle est transverse. Enfin,
entre les deux, on parle de dunes obliques.

Sur un lit de sable meuble, les dunes croissent en hauteur, initiées par I'instabilité
de lit plat décrite en section 1.3. Le motif reste alors périodique, avec des crétes dont
Porientation et la longueur d’onde sont bien définies. Si cette derniére croit a travers de
complexes mécanismes au cours du temps, 'orientation reste quant & elle relativement
constante a travers toutes les échelles. Elle est de maniére générale le plus perpendiculaire
possible aux différentes directions que prend le transport au cours du temps (Rubin &
Hunter 1987, Rubin & Tkeda 1990, Courrech du Pont et al. 2014). En revanche, si on laisse
ces dunes croitre jusqu'a ce que le socle apparaisse dans 'inter-dune, on observe deux
procédés distincts suivant le régime de vent. Si le régime de vent est plutot unidirectionnel,
les crétes vont se déstabiliser et casser en barkhanes comme décrit en section 1.4.2. Si le
régime de vent est plutot multidirectionnel, les crétes se réorientent de maniére a s’aligner
un peu plus avec la direction du vent dominant (voir figure 1.20(a)). La différence entre
Iorientation des dunes sur un lit non-érodable et sur un lit plat de sable est d’autant
plus grande qu’une des directions du vent prévaut sur les autres en terme de transport
(Courrech du Pont et al. 2014).

Une barre migrant sur un sol non-érodable sous un vent unidirectionnel est ainsi sujette
4 une instabilité la faisant casser une multitude de barkhanes. Néanmoins, de nombreuses

observations de terrain rapportent ’existence de dunes linéaires s’étendant sur plusieurs



1.5. Régimes de vents multidirectionnels et orientation des dunes 49

FIGURE 1.20 — Expériences subaquatiques sur l'orientation des dunes. (a) Croissance a
partir d’un lit de sable de profondeur finie. Lorsque 'inter-dune touche le socle, ’orienta-
tion change. (b) Elongation a partir d'une source fixe de sable sur un socle non-érodable
(figures issues de Courrech du Pont et al. (2014)). (c-d) Evolution d’une barre de sable sur
un sol non-érodable dans un régime de vent bidirectionnel (figures issues de Reffet et al.
(2010)). Le régime de vent est représenté par les fleches oranges. Dans (a-b), les directions
sont séparées de 30°, et ’écoulement transporte en moyenne 5 fois plus dans la direction
dominante que dans 'autre. Dans (c-d), les deux directions, séparées respectivement de
145° et 25°, transportent en moyenne autant 'une que 'autre. La ligne pointillée jaune
donne la bissectrice, et la fleche marron le flux résultant sur lit plat. Les fléches rouges
donnent les orientations prédites (lignes pleines) et mesurées (lignes pointillées) correspon-
dant au mécanisme d’élongation. La bleue donne l'orientation correspondant & l’instabilité
de lit plat (les orientations prédites et mesurées coincident).
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kilomeétres sur un sol non-érodable (Lancaster 1982, Pye & Tsoar 1990, Lucas et al. 2014;
2015). Leur remarquable stabilité est alors due aux vents qui soufflent alternativement de

part et d’autre de la créte (voir figure 1.20(c)).

Sous des régimes de vent similaires, des expériences et simulations numériques plus
récentes ont alors montré qu’'une dune pouvait s’allonger a partir d’une source fixe de sédi-
ments dans la direction du flux résultant (voir figure 1.20(b)). Cette orientation peut aussi
étre interprétée comme la stabilisation de I'instabilité transverse décrite en section 1.4.2.
Sous des vents multidirectionnels, il est possible de trouver une orientation telle que les flux
perpendiculaires s’annulent, de sorte a& empécher la migration. Cette condition améne alors
a la stabilisation de la barre de sable, et explique la transition en orientation entre les zones
de croissance sur lit de sable et sur sol non-érodable (Reffet et al. 2010, Nakao-Kusune
et al. 2020). Ceci a été confirmé par les expériences subaquatiques de Reffet et al. (2010),

rajoutant que les directions des vents doivent étre assez espacées (environ 90° ou plus).

La stabilité des dunes issues du mécanisme d’élongation reste un sujet ouvert. Les
simulations numériques de Gao et al. (2015b) ont montré que deux transitions peuvent
arriver. La premiére, liée & la disponibilité en sable, différencie les régimes ot I'orientation
est controlée par l'instabilité de lit des régimes dominés par 1’élongation. La seconde, liée
au régime de vent, est une transition morphologique entre dune linaire et barkhanes. Elle
arrive lorsque les vents sont trop rapprochés, ou que I'un d’entre eux domine largement sur
les autres. Dans ces cas-14, 'instabilité de lit plat se développe en tant que motif superposé

a la dune linéaire, la faisant casser en une série de barkhanes (voir figure 1.20(d)) °.

1.5.2 Un modéle pour l'orientation des dunes

Rubin & Hunter (1987), suivis de Courrech du Pont et al. (2014), ont développé un
modéle pour prédire l'orientation des dunes sous des régimes de vents multidirectionnels,

combinant le principe de ’analyse de stabilité linéaire avec une approche dimensionnelle.

Considérons une dune de longueur infinie, de largeur L et de longueur H fixées, dont
la créte linéaire forme un angle o avec le vecteur unitaire ¢ de la base orthonormée directe
(¢,7). Le vent souffle en alternant entre plusieurs directions, formant un cycle de durée

totale T'. La direction () et l'intensité du flux Qu(¢) dépendent alors du temps.

En tenant compte du rapport d’aspect vu par le vent & un instant ¢, le flux a la créte
peut étre calculé de maniére analogue a I’équation (1.33). Ainsi, la largeur de la dune vue

par le vent étant L(t) = L/|sin(¢(t) — «)|, le flux associé s’écrit :

Qe (1) = Q1) (14 5 sin(w (1) - )] (cos (@i +sinv()g). (143

6. Il ne faut pas confondre ce processus avec 'instabilité transverse, voir section 1.4.2.
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FIGURE 1.21 — (a) Coexistence de deux orientations distinctes dans le désert du Takla-
macan en Chine (38.3°N, 86.7°E). Les orientations prédites par ’équation (1.46) pour
le mécanisme d’élongation (rouge) et par I’équation (1.45) pour l'instabilité de lit (bleu)
correspondent aux crétes visibles sur I'image satellite (image satellite : Google™ Maxar
technologies). En haut a droite, la distribution angulaire des flux de sable sur lit plat
est calculée & partir des données de vents & 10 m du modéle de réanalyse climatique
Erab (Hersbach et al. 2020), en supposant une taille de grain de 180 pm et une rugosité
aérodynamique de 1 mm. La fléeche marron donne la direction du flux résultant correspon-
dant. (b) Comparaison des orientations prédites par le modéle de Courrech du Pont et al.
(2014) avec des mesures effectuées sur des images satellites de 11 régions dans les déserts
du Sahara, Rub’Al Khali, Taklamacan et Mu Us. Les orientations sont mesurées dans le
sens trigonométrique par rapport a l'est, a petite (~ 30 m) et grande (~ 1 km) échelles.
Figure adaptée de Courrech du Pont et al. (2014).
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Croissance sur un lit de sable

Sur un lit de sable, la croissance est initiée par l'instabilité décrite en section 1.3.
Comme l'orientation ne change que trés peu durant les différentes phases de la croissance,
il reste raisonnable de penser que l'orientation vue dans le régime non-linéaire reste celle
qui maximise le taux de croissance. Dans le cas d’un régime de vent multidirectionnel, les
différents vents participent a la croissance. Si la durée du cycle de vent est assez faible
devant le temps caractéristique de la dune (T' << HL/(||Qyest|l)), Uorientation de la dune
ne change pas et le taux de croissance peut étre moyenné sur un cycle de vent 7. En

s’inspirant de I’équation 1.40, il vient :

7 o i [ 1@ ()50 (0(1) - ) . (144

L’orientation sélectionnée est alors celle qui maximise le taux de croissance, soit :

do

= 0. 1.45
o (1.45)

oy

Elle correspond alors a celle qui maximise les flux perpendiculaires a la créte, une régle
déja proposée par Rubin & Hunter (1987), a laquelle Courrech du Pont et al. (2014) ont

ajouté la rétroaction de la dune sur le flux de sable v = SH/L.

Elongation sur un lit non-érodable

Sur un lit non-érodable, les dunes s’alignent avec le flux résultant & la créte (Qrest)-
Mathématiquement, cette orientation correspond aussi a celle qui permet d’annuler les flux

perpendiculaires a la créte. On obtient alors :

<chest) J )
<chest> X

S

tanag = (1.46)

-~

1.5.3 Coexistence des deux mécanismes

Ainsi, suivant le régime de vent et la disponibilité en sable, I'un ou l'autre des deux
mécanismes prévaut. Lorsque la disponibilité en sable est grande, la naissance des dunes est
controlée quel que soit le régime des vents par 'instabilité de plat, ot les dunes croissent en
hauteur. Lorsqu’elle est plus faible, les dunes peuvent soit prendre la forme de barkhanes
si le régime de vent est plutét unidirectionnel, soit s’allonger dans la direction du flux
résultant suivant le mécanisme d’élongation.

Les orientations prédites par le modeéle dimensionnel de Courrech du Pont et al. (2014)
pour ces deux mécanismes de croissance correspondent remarquablement bien aux observa-

tions de terrain (voir figure 1.21(a)), mais aussi aux expériences subaquatiques (Courrech
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FIGURE 1.22 — (a) Barkhane asymétrique au sud de la Skeleton Coast, Namibie
(20°21”S, 13° 19”E). (b) Dunes rateaux au nord du désert du Kumtagh, Chine
(40°10”N, 92° 11”E). Les distributions angulaires des flux de sable sont calculées & partir
des données de vents & 10 m du modéle de réanalyse climatique Erab (Hersbach et al. 2020),
en supposant une taille de grain de 180 pm et une rugosité aérodynamique de 1 mm. Les
orientations prédites par ’équation (1.46) pour le mécanisme d’élongation (rouge) et par
I'équation (1.45) pour U'instabilité de lit (bleu) en utilisant ces distributions correspondent
aux crétes visibles sur 'image satellite (images satellites : Google™, CNES/Airbus, Ter-
raMetrics, Maxar Technologies).

du Pont et al. 2014) et aux simulations numériques (Gao et al. 2015b). Le meilleur ac-
cord est trouvé pour v » 1.6, en accord avec la valeur trouvée & partir de migration des
barkhanes (voir section 1.4.1), reflétant la quasi-universalité du rapport d’aspect des dunes
matures.

Dans des conditions naturelles, il arrive trés souvent que ces deux mécanismes co-
existent. Un méme endroit, avec un méme régime de vent, peut & la fois présenter des
zones ou la disponibilité en sable est forte et des zones de socle non-érodable, et donc deux
orientations distinctes (voir figure 1.21(b)). Lorsque seules des images satellites sont dis-
ponibles, 'utilisation de ces deux orientations permet de contraindre de maniére forte les
régimes de vents possiblement a ’origine de ces motifs, comme sur Mars ou Titan (Fenton
et al. 2014a;b, Runyon et al. 2017, Fernandez-Cascales et al. 2018).

Des motifs issus de la coexistence des deux mécanismes

Enfin, certaines morphologies de dunes sont intrinséquement formées par la coexistence
de ces deux mécanismes. La transition entre barkhane (vent plutot unidirectionnel) et dune
linéaire (vent plutot bidirectionnel) n’est pas abrupte (Lt et al. 2018). Lorsqu’une direction

de vent domine sur les autres, on rencontre souvent des barkhanes asymétriques dont I'une
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des cornes s’allonge suivant le mécanisme d’élongation (Bourke et al. 2010, Lii et al.
2016). Bien que les barkhanes se forment lorsque la disponibilité sédimentaire est faible,
leur créte est, quant a elle, considérée dans la littérature comme possédant I'orientation du
mécanisme de U'instabilité, définie au niveau de la section centrale (voir figure 1.22(a)).

Les dunes rateaux sont composées d’une créte linéaire, orientée suivant le mécanisme
d’élongation, a laquelle sont attachées, sur un cété, de semi-barkhanes périodiquement es-
pacées (Dong et al. 2010). Ces derniéres sont dues a U'instabilité se développant de maniére
superposée sur un des cotés de la créte principale (Lii et al. 2017). Leur morphologie peut
étre vue comme ’assemblage d’une série de barkhanes asymétriques, liées entre elles par
leur bras le plus long (voir figure 1.22(b)).

Enfin, sous des régimes de vents multidirectionnels dont le flux résultant est faible,
des dunes étoiles se forment : leurs bras s’allongent contre chaque vent, mus par les vents
opposés a ce dernier via le mécanisme d’élongation. Ils sont alors connectés entre eux au
centre, ou la disponibilité sédimentaire est plus forte, par différentes crétes dont 1’orien-
tation provient de l'instabilité liée & chaque vent (Zhang et al. 2012). Leur morphologie
peut alors étre vue comme ’assemblage circulaire d’un ensemble barkhanes asymétriques,

fusionnées par la téte et dont le bras le plus long pointe vers 'extérieur.

1.6 Conclusion et organisation du manuscrit

Dans ce chapitre, nous avons dressé un bref état des connaissances actuelles sur la
morphodynamique dunaire. Cette derniére semble alors étre contrdlée par deux paramétres
principaux, le régime de vents et la disponibilité en sédiments.

D’une part, sur un lit de sable (forte disponibilité en sédiments), la croissance dunaire
est initiée via une instabilité couplant le transport sédimentaire, I’écoulement et la forme
du lit. Cette instabilité est bien caractérisée sous des régimes de vents unidirectionnels, o
I’analyse de stabilité linéaire permet de prédire la longueur d’onde, la vitesse de migration
et le taux de croissance des dunes naissantes. Néanmoins, alors que ce modéle est basé sur
de nombreux paramétres, il a seulement été testé vis-a-vis de la longueur d’onde et de la
vitesse de migration, et ce sans mesure indépendante de tous ces paramétres. Il manque
alors une validation de ces trois quantités a la fois pour un seul et méme champ de dunes.
C’est 'objet du second chapitre de ce manuscrit, ot nous étudions le développement spatial
et temporel de l'instabilité dunaire dans le désert des White Sands, Mexico.

De plus, cette méthode d’analyse n’a jamais été étendue a des régimes de vents quel-
conques, sous lesquels seule l'orientation des dunes peut étre prédite, a I'aide de ’ana-
lyse dimensionnelle de Courrech du Pont et al. (2014). Dans le troisiéme chapitre, nous
étendons alors 'analyse de stabilité linéaire a des régimes des vents bidirectionnels, puis

multidirectionnels.
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D’autre part, sur un sol non-érodable, les dunes peuvent s’allonger & partir d’une source
de sédiments dans le sens du flux résultant lorsqu’elles se trouvent sous des régimes de vents
au moins bidirectionnels. Elles sont donc plutot alignées avec le vent dominant, ce qui les
distingue clairement des dunes issues de l'instabilité de lit, plutoét perpendiculaires & ce
dernier. De maniére analogue a ces derniéres, les dunes issues du mécanisme d’élongation
peuvent néanmoins former des motifs périodiques clairement définis, bien qu’elles peuvent
aussi former des motifs apériodiques ou rester isolées. La question de cette périodicité
est alors traitée numériquement dans la premiére partie du quatriéme chapitre de cette
these. Tandis que la direction d’allongement est bien comprise, les propriétés du mécanisme
d’élongation, et des dunes qui y sont associées, restent a étudier. C’est 'objet de la seconde
partie du quatriéme chapitre, ol nous étudions numériquement les propriétés de la dune
isolée.

Ce cadre théorique englobant le transport de sédiments et la croissance des dunes
permet alors de lier ces derniers aux propriétés locales des vents et des grains. Dans le
cinquiéme et dernier chapitre, nous effectuons une analyse grande échelle du désert du
Namib, et déduisons des données de vents issues de réanalyses climatiques les flux de

sédiments et les caractéristiques des dunes a travers toute la mer de sable.
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2.1 Abstract

In zones of loose sand, wind-blown sand dunes emerge due the linear instability of a flat
sedimentary bed. This instability has been studied in experiments and numerical models
but rarely in the field, due to the large time and length scales involved. We examine dune
formation at the upwind margin of the White Sands Dune Field in New Mexico (USA),
using 4 years of lidar topographic data to follow the spatial and temporal development of
incipient dunes. Data quantify dune wavelength, growth rate and propagation velocity,
but also the characteristic length scale associated with the growth process. We show that
all these measurements are in quantitative agreement with predictions from linear stability
analysis. This validation makes it possible to use the theory to reliably interpret dune-
pattern characteristics, and provide quantitative constraints on associated wind regimes

and sediment properties, where direct local measurements are not available or feasible.

2.2 Introduction

The development of sand dunes, from incipient to mature bedforms, and their evolution,
through interaction and coarsening processes, involve characteristic time and length scales
that relate to elementary mechanisms of hydrodynamics and sediment transport (Wiggs
2013, Courrech du Pont 2015). Over loose granular beds, bedform emergence is driven
by a hydrodynamic instability induced by the interaction between the sand bed, flow and
sediment transport (Charru et al. 2013). The stream-wise offset between topography and
sediment flux has two contributions (Andreotti et al. 2002b, Kroy et al. 2002a, Fourriére
et al. 2010, Claudin et al. 2013). First, a hydrodynamic destabilization originates from
the coupling between flow inertia and dissipation, which results in a maximum basal fluid
shear stress located upstream of the crest (Sykes 1980, Hunt et al. 1988b, Kroy et al.
2002b). Second, the sand flux needs a characteristic length, called the saturation length,
to adapt to a spatial change in shear stress (Sauermann et al. 2001, Andreotti et al.
2010, Duran et al. 2011, Pahtz et al. 2013b). This results in a stabilizing downstream
lag of the maximum sand flux with respect to the maximum of the shear stress. These
balancing processes give rise to the development and propagation of sand waves at a specific
wavelength and propagation speed, associated with the most unstable mode of the pattern,
with crests perpendicular to the dominant wind direction.

The early stage of growth and development of sedimentary ripples and dunes has been
theoretically studied with linear stability analyses of coupled transport and hydrodynamic
equations (Kennedy 1963, Richards 1980, Andreotti et al. 2002b, Lagrée 2003, Colombini
2004, Claudin & Andreotti 2006, Fourriére et al. 2010, Devauchelle et al. 2010, Andreotti
et al. 2012a, Duran et al. 2019). These analyses predict the incipient pattern wavelength,
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Figure 2.1 — Topographic profile on the upwind margin of the White Sands Dune field,
Mexico. Figure taken from Phillips et al. (2019).

propagation velocity and growth rate as functions of model parameters, which encode the
wind and grain characteristics. For the aeolian case in particular, the dune wavelength
has been shown to be proportional to the saturation length. However, measuring the bed
elevation together with sediment and fluid transport is difficult, thereby making the direct

comparison between theory and field or experimental data rather challenging.

In aeolian conditions, the hydrodynamic and sediment transport responses have been
investigated independently of each other, and separate measurements of the saturation
length as well as the upwind shift of the shear stress have been carried out, in the field and
in wind tunnel expreriments (Andreotti et al. 2010, Claudin et al. 2013, Selmani et al.

2018). In contrast, few field studies addressing the early stage of aeolian dune growth
are available in the literature (Cooper 1958, Fryberger & Dean 1979, Kocurek et al. 1992,
Elbelrhiti et al. 2005, Ping et al. 2014, Baddock et al. 2018). First, in situ monitoring of
the evolution of small amplitude bedforms is difficult due to the involved length and time
scales (tens to hundreds of meters, days to months). Second, inherent wind variability —
even in overall unidirectional dune fields — makes application of the theory challenging.
Emergence of subaqueous sand ripples has also been experimentally investigated (Coleman
& Melville 1996, Baas 1999, Langlois & Valance 2007a, Fourriére et al. 2010), and more
generally the quantification of sedimentary bedforms in different environmental — including
extraterrestrial — conditions in relation to hydrodynamics and sediment transport remains
an active current subject of research (Lapotre & et al. 2016, Jia et al. 2017, Lapotre et al.

2018, Duran et al. 2019).

Previous studies have focused on spatially homogeneous conditions where the bedforms
develop and grow everywhere simultaneously. However, non-homogeneous situations are
very common in natural conditions, for example where boundary conditions introduce
spatial discontinuities. In this case, as shown by figure 2.1, the dune instability can be
triggered at a specific point, resulting in a sequence of spatially amplifying sand waves
developing downstream (Ewing & Kocurek 2010, Phillips et al. 2019). This configuration

is typically found at the upwind border of large sandy areas where the sediment starts
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to accumulate, but has not been studied in the framework of the spatial linear stability
analysis.

Here, we study the upwind margin of the White Sands Dune Field, where the spatial
development of dunes can be observed (Phillips et al. 2019). We follow the spatio-temporal
evolution of incipient dunes and extract their wavelength and propagation velocity, as well
as their temporal and spatial growth rates. We then show that these four quantities all
quantitatively compare to the predictions of the spatial linear stability analysis.

This chapter is adapted from an article submitted to Geophysical Research Letters.

2.3 White Sands Dune Field

White Sands Dune Field is located in southern New Mexico, USA. The sand covers an
area of about 400 km?, resulting in the largest gypsum dune field on Earth. Dominant
winds are mainly towards the northeast, and shape the sedimentary bed into transverse
and barchan dunes, progressively turning into parabolic dunes as the vegetation cover
increases (Figures 2.2 and 2.3a) (McKee 1966, Jerolmack et al. 2012, Baitis et al. 2014).
Dunes emerge on the upwind margin (figure 2.3b). There, the sediment is made of coarse,
elongate, and angular grains (see figure A.2), with a measured diameter d = 670 + 120 pum
and a bulk density p, = 2300 + 100 kg m~3. The saturation length, relevant in the process
of dune emergence (see section 2.4), directly depends on these grain properties (Andreotti
et al. 2010):

Lo ~222d=282+05m, (2.1)
P

where pg = 1.2 kg m™3 is the air mass density in ambient conditions. Grains are also rough,
and we measured an avalanche slope p = 0.8+0.05 (see appendix A.1). However, the grains
are non-homogeneous in size and shape across the dune field. As one moves further into the
dune field, the grain diameter and angularity both decrease, due to abrasion and sorting
(Jerolmack et al. 2011, Phillips et al. 2019). Because we restrict our analysis of the dune
development to the first kilometer along the margin, we can ignore this spatial evolution
of the grain characteristics.

The sand flux is calculated from the hourly wind data of the weather station at Hol-
loman Air Base (KHMN, 32°51'N, 106°06’W), using the method described in Courrech
du Pont et al. (2014) (see also appendix A.2). The wind is characterized by its shear
velocity u., representative of the logarithmic profile inside the turbulent boundary layer.
Its threshold value uy, below which saltation cannot sustain steady transport is estimated
with w, = av/(pp/ps) 9d = 0.35 m 71, and @ ~ 0.1 (Iversen & Rasmussen 1999). The cor-
responding typical velocity ratio w./ugy is then about 1.26 +0.05 (all these values are then
gathered in table 2.2). As shown in figure 2.2 and documented by Pedersen et al. (2015),

the wind regime is multimodal. Southwesterly winds dominate the transport as noted by
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Figure 2.2 — Satellite image of the White Sands Dune Field (Google™, Landsat-
Copernicus). The left rose shows the wind data from 2007 to 2017 (direction toward
which the wind is blowing). The right rose shows the corresponding distribution of sand
flux orientations and the resultant flux direction (brown arrow). Both agree well with that
reported by Ewing et al. (2015) and Pedersen et al. (2015). The blue area corresponds
to the location of the digital elevation measurements shown in figure 2.3.
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the nearly unimodal sand flux distribution toward the northeast. The other modes from
the north and southeast moderately impact the dune shape and migration (Swanson et al.
2016).

Elevation data of the blue area in figure 2.3 have been obtained using lidar-derived
topography at five different times (June 2007, June 2008, January 2009, June 2010 and
August 2015). Along the upwind margin, we extracted 75 dune profiles from the surface
elevation data, spaced 50-m apart and aligned with the direction of the resulting sand
flux (figure 2.3a). The average topography is removed using a Butterworth high-pass filter
(order = 5, cutoff frequency = 0.005 m~'). We limit our analysis to the first dunes of the
filtered profile, i.e. typically the first kilometer, to ensure that we stay as much as possible
in the early stage of dune growth (red area in figure 2.3b). As shown by figure 2.3c, these
incipient dunes have very low aspect ratios and do not exhibit any slipfaces (Phillips et al.

2019). The detrended bed elevation exhibits a spatially amplified oscillating behaviour
(figure 2.4a and 2.4b). We now interpret these profiles using the theoretical framework

provided by the linear stability analysis developed in the next section.

2.4 Dune linear stability analysis

The linear stability analysis of a flat sedimentary bed sheared by a constant fluid flow
has been derived in section 1.3.2, and allows the prediction of incipient dunes properties,
i.e. their wavelength, growth rate and celerity. More specifically, introducing a sinusoidal

perturbation of the bed elevation:
h(z,t) = (et ke=et) (2.2)

of wavenumber k and pulsation w, at a small amplitude ¢ (k¢ < 1), leads to the dune

dispersion relation:

Q (kLsa‘c)2 .
=" —"7< B 2.3
YT L2 1tikLe (A+iBy)., (23)
where )
1
BM:B—;(IZ;h) (2.4)

accounts for the dependence of the threshold on the bed slope 0,h. In this calculation, the
bed is assumed to be spatially homogeneous at the beginning, and only temporal growth
is considered.

However, as all unstable modes are found to be propagating downwind, the instability
is said to be convective: perturbations grow while propagating. Then, only for an artificial
situation with periodic boundary conditions, for example in numerical simulations, the

instability can simultaneous grow in time, everywhere. Likewise, if one could flatten the
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Figure 2.3 — Digital elevation data taken in June 2007. The dashed orange line is the
location of the transect shown in (b), taken along the direction of the resultant flux. The
red star is the location of the photo shown in (c), which is a view to the southwest of the
dune field upwind margin.
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Figure 2.4 — The spatial exponential dune growth. (a) Detrended profile corresponding to
that of figures 2.3a and 2.3b. The black dashed lines are exponential fits to the dune crests
(black dots), giving A =225 m (top) and A = 135 m (bottom). The theoretical red profile
parameters, defined in equation (2.16), are ¢ = 0.06 m, A = 120 m, and A = 170 m. (b)
Temporal evolution of the detrended elevation profile, with a close-up on one crest.

sand bed at a kilometer scale, one would see the spatially-homogeneous emergence of the
instability in time. Nevertheless, the dunes generated from noise at the upstream boundary

condition would eventually invade, by propagation, a larger and larger domain.

Since both temporal and spatial growths are possible, either k, or w, or both can be

complex numbers in (2.3), depending on the studied situation:

k= ky + ik, (2.5)

W = Wy + iw;, (2.6)

whose real parts (k,, w,) represent spatial and temporal oscillations, and whose imaginary
parts (k;, w;) represent growth or decay of the amplitude of the perturbation. Setting k
to be real and allowing w to be a complex number is called a temporal stability analysis;
it corresponds to previous works on the dune instability. On the contrary, setting w to
be real and allowing k to be a complex number is used to investigate spatial growth; it is

called a spatial stability analysis (Charru 2011, Gallaire & Brun 2017).

For sake of clarity, the pulsation and wavenumber will thereby only refer to their real

parts, while one defines the temporal and spatial growth rates from their imaginary parts.
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Figure 2.5 — Temporal growth rate and propagation speed corresponding to the temporal
linear stability analysis. Purple lines and dots indicates the most unstable mode. Here, we
take A =3.6, B=1.9, u=0.8 and u/ug, = 1.26.

From now on, the notations will then be the following:

k= k, (2.7)
wr = w, (2.8)
wi =0, (2.9)
ki = 1A, (2.10)

where A is the characteristic growth length. The propagation velocity of the pattern is
then defined as ¢ = w/k. In the following, we derive and compare both temporal and spatial
linear stability analyses. Note that we neglect the weak (logarithmic) dependence of the

hydrodynamic coefficient A and B in the wavenumber (see section 1.3).

2.4.1 Temporal linear stability analysis

We first consider a spatial sinusoidal perturbation over the whole sedimentary bed, of
given wavelength X\ = 27/k and initial amplitude ¢. In response to the wind shift and the
flux lag, it can grow or decay in time, and does so at a rate . This occurs everywhere
simultaneously, which implies 1/A = 0: there is neither spatial growth not decay. There
is however propagation of the perturbation at velocity ¢, and the bed elevation can be

written along the direction = of the wind as:

h(x,t) :Ceatcos[QT7r (:L"—ct)]. (2.11)
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As shown by figure 2.5, both temporal growth rate and propagation speed can be computed
as functions of A from the dispersion relation (2.3) (see section 1.3.2). Positive values of the
growth rate are associated with unstable perturbations, and these are typically for large
values of X\. Conversely, small wavelengths are stable, with o < 0. The cut-off wavelength

A, associated with a neutral growth rate o(A.) = 0, relates to the model parameters as:

2w A
B_;(uth)z
B\ Uy

and separates growing (A > A.) to decaying (A < A.) perturbations. It can thus be inter-

c =

Lgat, (2.12)

preted as a minimal dune size. Furthermore, in the limit Lgyt/A. < 1, the characteristics

of the fastest growing perturbation read:

At %Ac, (2.13)
27 Liat \°
o a2 () (214)
Lsat 2 )‘T
Q 277Lsat
~ 2.15
r LsatA )\T ’ ( )

where Q = Qu? gives the characteristic scale of the sediment flux associated with the
wind regime (Fourriére et al. 2010). Here, X1 denotes the quantity X derived from the
temporal linear stability analysis, to be distinguished below from Xg, derived from the

spatial analysis.
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Figure 2.6 — Spatial growth rate and wavenumber corresponding to the spatial linear sta-
bility analysis. Purple lines and dots indicates the most unstable mode. Opaque and
transparent curves correspond to the positive and negative branches k, and k_, relating to
upstream and downstream propagating waves, respectively. Here, we take A = 3.6, B=1.9,
p=0.8 and w./ug, = 1.26.
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2.4.2 Spatial linear stability analysis

We consider now a temporal perturbation of the bed at a specific position in space
(x = 0), taking the form of a sinusoid of amplitude ¢ and with an angular frequency w.
From this point, successive dunes emerge and propagate downwind, resulting in a spatial
development of the pattern. Here there is no temporal growth: at a given location, the
amplitude of the bed oscillation is the same at any time (o = 0). The bed elevation along

the x direction can this time be written as:
:E/A 27T
h(z,t) =Ce"" cos Y (z—-ct)], (2.16)

where 1/A is the spatial dune growth rate. This is equivalent to rewrite the dispersion

relation (2.3) as:

2 2
(A+iB,) L2 (k- in)? i%mat (ki) - %w _0, (2.17)
which solves into:
1 L2 L2 L2
Lot (k—iA71) = ; —sat sat ;14 (A+4B,) - =2ty | |. 2.18
o(k-in™) z(A”@)[Z Q “\j Q “’[ (AviBu) == (2.18)

The two roots k; and k- relate to waves propagating downstream and upstream, respec-

tively. Splitting the above expression into real and imaginary part, we obtain:

k(@) = 5 gy (B PG @ BH@I) @1
L 6= gt (AT F @B @ - an @) )
where
F(w) = \ %%w (4A— LE;%), (2.21)
2

Gw)= |1+ |1+ 4?2 , (2.22)

\ 1a-La,

2
H(w) = 1+ LL”Q 1 (2.23)

\ \ 4A - ﬁ“w
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The spatial growth rate 1/A is plotted for both branches in figure 2.6 as a function of the
pulsation w. Only the positive branch k, corresponding to waves propagating downstream
exhibits positive values, and can grow. It also shows a single maximum, corresponding to
the most unstable pulsation wg. The corresponding wavelength, propagation velocity and

growth length are:

2T

)\S = m, (224)
_ s

cs = F(ws)’ (2.25)

Ag = A (ws). (2.26)

Unfortunately, no simple analytical and accurate formulae like (2.13-2.15) can be derived
for these quantities in this case. However, temporal and spatial analyses are consistent,
and we typically find Ag ~ 1.3A1 and c¢g ~ 0.77c¢p. Those numerical factors do not vary
by more than a few percent upon changing the parameters A and B within a reasonable

range of values.

2.4.3 Lagrangian quantities

In both spatial an temporal development of the instability, an individual bump grows
in height while propagating downwind at a constant velocity. Its amplitude therefore varies
exponentially with respect to time and position. As a result, one can define in temporal
linear stability analysis a Lagrangian spatial growth rate or/cr, in the reference frame of

the bump. This rate is consistent with the spatial analysis, and we typically find

Ag~1.8L. (2.27)
oT
Likewise, in the spatial analysis, the Lagrangian temporal growth rate ¢g = cg/Ag (inset of
figure 2.7) is found to be close to op, within a factor of ~ 0.43, again with variations on
the order of a few percent.
The dunes on the upwind margin of the White Sands dune field develop from the
upstream boundary condition, where the sand bed starts. In the following, we thus use

the exact results of the spatial analysis to interpret the field data.

2.5 Field data analysis

After removing the average topography (figure 2.3b), the detrended bed elevation profile
exhibits an exponentially amplifying sinusoidal shape, as predicted by the spatial linear
theory for dune emergence (figure 2.4a). Using these profiles and their temporal evolution

(figure 2.4b), we have extracted the three independent characteristics of the pattern (X,
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Figure 2.7 — Schematics of the spatial dune development. The theoretical profile h is
defined in equation (2.16)

c and A or ¢) using two different methods. For each profile, we either look at each peak
separately (peak-to-peak method), or extract quantities averaged over the whole profile

(global approach).

Wavelength and growth length

The wavelength A is computed by autocorrelation of the bed elevation profile (global
method), and from the spacing between two adjacent peaks (peak-to-peak method). The
fit of an exponential to the peaks of each profile gives the spatial growth length A (global
method, see dashed line in figure 2.4a). The spatial growth length is alternatively com-
puted from the difference in height between two adjacent peaks (peak-to-peak method, see
figure 2.7).

Lagrangian growth rate and propagation velocity

The Lagrangian growth rate ¢ and the propagation velocity ¢ are obtained by fitting
exponential and linear functions to the temporal variation of the dune height and position,
respectively. However, both are also time-dependent through the characteristic sand flux @
and the slope effect (1/u)(ugn/us)?. In the fitting procedure to extract ¢ and ¢, we neglect
this second contribution, but take into account the temporal variations of (). Following

(2.14) and (2.15), the Lagrangian growth rate and propagation velocity are proportional
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to the characteristic sand flux, such that we can write at each time step:

Qr _

G =755 (2.28)
Lgat
Qt _
ct = C, 2.29
! Lsat ( )

where ¢ and ¢ are non dimensional, and assumed to be independent of time.
From the exponential growth and the linear propagation of a bump in the linear regime

of the instability, the peak height H and position x at a time step ¢ can be expressed as:

H; = Hyexp (X¢50t) , (2.30)
Ty =29+ EtCt(;t, (231)

which can be rewrittten as:

Ht <Qt> Qt _ *

m(—HO) Tt = (2.32)
Q) Qg

Tt 0= Sat Et <Qt)5t < >t 5 (233)

where (-) denotes the time average. We then see that an effective time ¢* arises:

Qi 5

reE

(2.34)
It allows the extraction of the time average growth rate and propagation velocity (see
figure 2.8), in which the average characteristic sand flux should be used for comparison
with the theoretical predictions,

Here, the peak-to-peak method looks at the height and position of each peak separately
(see inset of figure 2.7). For a global measurement, the average propagation speed can be
determined from the cross-correlation curve between the same profiles at different times,
and the average Lagrangian growth rate from the temporal evolution of the bed elevation

standard deviation.

2.6 Time and length scales of the incipient dunes

2.6.1 Field results

The output of the analysis of the 75 transects is shown in figure 2.9. Both peak-to-
peak and global methods exhibit similar distributions for the wavelength A, the propagation
velocity ¢, the Lagrangian growth rate ¢ and the growth length A, with clear dominant

(most probable) values. The incipient dune wavelength and growth length are both on the
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Figure 2.8 — (a) Corrected time as a function of real time. (b) Position of a bump crest with
respect to time. The dashed line is a linear fit giving ¢ = 5.9 m yr~!. (c) Height log-ratio
of a bump crest with respect to time. The dashed line is a linear fit giving ¢ = 0.012 yr~'.
Errorbars come from the uncertainty due to the procedure for peak detection.

order of a hundred meters; their propagation velocity is around 5 m yr~! and their growth
rate is about 0.015 yr~!. These values, as well as the typical dispersion around them (i.e.
the width of these distributions), are more precisely reported in table 2.1. For A and ¢, our
results are consistent with the measurements of Phillips et al. (2019), made on a single
elevation profile. Their dispersion is on the order of 20%, because these quantities can be
measured with a good accuracy, especially with the global method using correlation. As
the measurement of A and ¢ is more delicate, the corresponding distributions are more
dispersed. The peak-to-peak method is actually sensitive to the behaviour of individual
peaks, that can respond to various types of local disturbances. For example, they may
induce irregularities in the spacing between the peaks, or asymmetry between positive and
negative detrended topography (figure 2.4(a)). As a result, a few negative values of the
velocity, growth rate and characteristic growth length are reported. Nevertheless, these
data provide reliable and meaningful statistics to test the theory, which must be able to

account for those four quantities concomitantly.
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Figure 2.9 — Distributions of incipient dune time and length scales. Blue and green distri-
butions shows the results of the global and peak-to-peak methods, respectively. Errorbars
gives the range of values obtained from the spatial linear stability analysis with A = 3.6+0.6
and B =1.9+0.3, and dots shows the average. Raw predictions based on a unidirectional
wind are in red, and predictions taking into account the correction due to reversing winds
are in orange (see table 2.1). The cut-off wavelength A, is in grey.

2.6.2 Comparison with theoretical data

The incipient dune wavelength peaks around 120 m, and is therefore significantly larger
than the usually reported value (~ 20 m, for sand particles of size 180 pm) (Elbelrhiti et al.
2005). How can the theory reproduce such a large value? First, as the wavelength is pro-
portional to the saturation length, and thus to the grain size (equations 2.1, 2.12 and 2.13),
the presence here of much coarser grains provides a factor 670/180 ~ 3.7 corresponding to
the ratio between grains diameters. Second, the most unstable wavelength is predicted to
increase when sediment transport occurs close to the threshold, in relation to the denomi-
nator of equation 2.12 (Andreotti et al. 2010, Charru et al. 2013). Here, with u, /u, ~ 1.3,

we can expect an additional factor of 2 with respect to a situation far above threshold.
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Wavelength  Growth length Lagrangian growth rate Propagation velocity

A, (m) A, (m) s, (yr™) ¢, (myr™)
Data from global method
Peak value 122 112 0.013 4.4
Peak width 19 70 0.036 1.5
Data from ‘peak-to-peak’ method

Peak value 116 86 0.015 4.6
Peak width 80 125 0.06 3.2

Predictions under a unidirectional wind (red line in figure 2.9)
Mean 115 245 0.032 7.6
Minimum 105 204 0.018 5.9
Maximum 134 330 0.049 10.1

Predictions with correction due to reversing winds (orange line in figure 2.9)

Mean 115 147 0.032 4.5
Minimum 105 122 0.018 3.5
Maximum 134 197 0.049 6

Table 2.1 — Measured and predicted values of the characteristics of the emerging dune
pattern. The peak value corresponds to the maximum of the smoothed distribution. The
peak width is estimated at 3/4 of its height.

Inversion of the hydrodynamic coefficients

In order to compare the predictions of the spatial linear stability analysis to the field
data, we need to set the hydrodynamic coefficients A and B, as the others are set in-
dependently using the wind and sediment properties (see table 2.2). The field data are
distributed around central values (see figure 2.9), due to the intrinsic variability in dune
fields. It is important to note that linear stability analysis predicts such a variability: the
initial noise is selectively amplified in a range of wavelengths around the maximum growth
rate. Here, we perform an inversion analysis and we determine the most probable values
of A and B, given the observations, using a simple method. We consider values of wave-
length, growth length, Lagrangian temporal growth rate and propagation velocity inside

the following intervals, which are representative of the peaks of the distributions:

A € [100,130] m, (2.35)
A €[90,250] m, (2.36)
¢ €[0.0005,1] yr't, (2.37)
ce[3.5,6.1] myr . (2.38)

From a quadruple {\, A,s,c}, we compute the best tuple {A, B}, taking the optimum pre-
diction from the equations developed in section 2.4.2. This method results in a distribution
for the hydrodynamic coefficients A and B, determined from the statistical variability of

the dune field. It exhibits clear dominant values, slightly different from the average ones
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Parameter Notation Value Unit
Grain diameter* d 670 + 120 m
Grain bulk density™* Pp 2300 £ 100 kg/m?
Avalanche slope* L 0.8+0.05

Air density Df 1.2+0.1  kg/m?
Saturation length Lgat 2.8+ 0.5 m
Shear velocity ratio  u./ug, — 1.26 £ 0.05
Characteristic flux Q 38+5 m?/yr

Table 2.2 — Parameters used for the linear stability analysis at the White Sands dune
field. The star denotes direct measurements, while the others quantities are derived from
measurements using calibrated laws. The air density is the value at 20°C, and the cor-
responding error includes corrections for elevation as well as for temporal variations in
humidity and temperature.

due to the distribution shape. By taking the number of independent measurements into
account, the error bars on A and B can be graphically represented by the ellipse of fig-
ure 2.10(a). The tilt of the ellipse shows that the hydrodynamic coefficients covary, which

indicates a better precision on the ratio B/A than on the individual values of A and B.

Average and most probable values also depend on the fixed parameters @), Lgat, ¢ and
u« [ugn, whose uncertainties are given in table 2.2. Taking those uncertainties into account
results in multiple different distributions (see for example figure 2.10b). Note that all the
corresponding ellipses have roughly the same sizes, fixed by the dispersion of the measured
quantities. The ratio B,/ A is robustly determined as it is in principle related to both A/ Lgat
and A/Lgy. The stability analysis predicts that it should be constant, and independent of

any other parameter:
)\S )\TO'T B
— X

joet2] 2.39
NS o S (2.39)

Likewise, the theory also predicts that:
Ases  ATOT g (2.40)

Q Q

As a consequence, any uncertainty on (@) results into an uncertainty on A.

We therefore have two different sources of uncertainty; one resulting from the disper-
sion of the measured quantities, and one from the uncertainty on the fixed parameters.
The value of Lgyy is required to calculate A and A, and directly affects the estimate of B/.A.
Likewise, the value of ) is required to calculate ¢, and mostly affects A. Finally, the am-
plitude of the slope effect, (1/)(uwm/ux)?* directly affects B, as B, remains the same. The
resulting uncertainty on hydrodynamic coefficients results from all contributions, leading
to the final result: A =3.6+0.6 and 5=1.9+0.3.

The simultaneous fit of the four quantities predicted by the spatial linear stability anal-

ysis to the data allows us to reproduce quantitatively the dominant wavelength and growth
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Figure 2.10 — Distributions of the hydrodynamic parameters resulting from the inversion
process. (a) Contour lines of the distribution when the parameters @, Lgat, 1 and u. /ugy
are fixed to their mean value (Table 2.2). The markers represent the mean value, and
the ellipse the confidence interval at 95%. (b) Variation of this ellipse when taking into
account the uncertainty of the parameters given in table 2.2. Blue and green ellipses are
for minimum and maximum plausible values of Ly, respectively. Plain and dashed ellipses
are for minimum and maximum plausible values of flux (). Squares and stars are the mean
values of the distributions for minimum and maximum plausible values of the slope effect
(1/p) (wen/us)?. (c) and (d) are the same than (a) and (b), but represented in the space
spanned by the modulus V.42 + B2 and the ratio B/ A.

rate. The predicted values fall in the peak of the distributions (red lines in figures 2.9(a)
and 2.9(c)). This adjustment however overestimates the growth length and the propaga-
tion velocity, whose predictions exceed the dominant values by an amount comparable to
the peaks’ width (red lines in figures 2.9(b) and 2.9(d)).

Correction due to reversing winds

This discrepancy can be understood by questioning our approximation of a unidirec-
tional wind. A finer analysis of the flux rose shows in fact secondary winds, with non-zero
components perpendicular to the crest toward the southwest. Reversing winds have cu-
mulative effects on the growth rate and the selected wavelength. They however partially
cancel each other out, impeding the propagation, and thus the spatial development of the
dune pattern (equation (2.27)). Such a process is supported by observations of reactiva-
tion surfaces formed by reversing winds in the stratigraphy at White Sands (Phillips et al.
2019, Kocurek et al. 2007). The value of the characteristic sand flux @ (given in table 2.2)
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is a time average that does not account for changes in wind orientation. The ratio between
the scalar and vector averages of @), taking into account the variations in orientation of
the sand fluxes over time, is about 0.6 (see appendix A.2). Once corrected by this ratio,
the predicted migration velocity and growth length come into quantitative agreement with

the corresponding dominant values of the distributions (orange lines in figure 2.9).

2.7 Discussion

The exponentially amplified sinusoidal behaviour of the White Sands bed elevation pro-
files is field evidence for the spatial development of the dune instability. The linear analysis
is able to quantitatively reproduce the three characteristics of the emergent pattern: dune
wavelength, propagation velocity, growth length (or equivalently Lagrangian growth rate).
To obtain this agreement, the two hydrodynamic coefficients were adjusted, resulting in
A=3.6+0.6 and B=1.9+0.3. All the other parameters of the theory were fixed indepen-
dently from sediment and wind data, either by direct measurement (grain diameter and
density, avalanche slope) or using well calibrated relationships (saturation length, sediment
flux). Note that the uncertainty on the hydrodynamic coefficients is dominated by those
of these parameters, rather than the dispersion in the measurements of A, ¢, A and ¢.

Importantlty, concomitant agreement of all four quantities is a stringent test of the
theory. This study is therefore a step forward in the general ‘dune inverse problem’, trying
to infer, for example, grain or wind properties from dune characteristics (Fenton et al.
2014a;b, Ewing et al. 2015, Runyon et al. 2017, Fernandez-Cascales et al. 2018). It
is remarkable that the resulting values determined from our field data are very close to
those directly measured by Claudin et al. (2013) on a single 40 m long dune (A ~ 3.4
and B ~ 1.6), as well as to the predictions of hydrodynamic models (Fourriére et al. 2010,
Charru et al. 2013). Through the inversion process, these values depend on the theoretical
framework used in this study. It thus supports the reliability of the linear analysis in the
interpretation of field, experimental or numerical data relating to the emergence of incipient
dunes (Elbelrhiti et al. 2005, Narteau et al. 2009, Fourriére et al. 2010).

A limitation of the linear theory is of course the presence of non-linear effects. They
occur when the aspect ratio of the sand waves becomes too large or when the dunes interact
with each other, so that each bed perturbation cannot be considered as independent of
the others. Bumps with aspect ratios above ~ 1/13 are expected to start to develop flow
recirculation on their downwind side, usually associated with the formation of an avalanche
slip face (Fourriére et al. 2010). In the region we have studied, the waves furthest inside
the dune field could reach aspect ratios of about 1/10, but no slip faces were observed.
Similar to Phillips et al. (2019), we also recognize the coexistence of multiple wavelengths

at the upwind side of the profiles (associated with different celerities and growth rates or
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lengths), and these are partly the cause of the distribution widths in figure 2.9. We could
not, however, infer from these data signs of interactions, such as collisions, coalescence or
ejection (Hersen & Douady 2005, Katsuki et al. 2005, Gao et al. 2015a, Bacik et al.
2020).

Although studied here at the boundary of a dune field, the spatial development of
the dune instability is also present on pre-existing large dunes, providing a similar upwind
boundary condition in terms of sand availability. As a matter of fact, the emergence of bed
oscillations on the flanks of barchans has been proposed as a key mechanism to understand
their stability, as these superimposed waves eventually grow until they can break from the
horns, causing large sand losses (Elbelrhiti et al. 2005, Zhang et al. 2010, Lee et al.
2019). Likewise, in narrow bidirectional wind regimes, the growth of the instability over
elongating linear dunes breaks them into trains of barchans (Gao et al. 2015b). This
work therefore provides a reliable base to study the stability of large dunes and thus the

formation of large-scale structures inside dune fields (Worman et al. 2013).
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3.1 Abstract

Most terrestrial sand seas form at ‘horse’ latitudes, where the wind direction exhibits
seasonal variation. Here, we extend the two-dimensional linear stability analysis of a flat
sand bed associated with a unidirectional wind to the three-dimensional case in order to
account for multidirectional wind regimes. Focusing on the simplest case of bidirectional
flow regimes, we show that the transition from transverse to oblique or longitudinal pat-
terns is controlled by the transport ratio and the divergence angle between the two flows.
Our predictions agree with previous results for dune orientation, and also provide a wider
range of possible alignments depending on flow strength, especially when the two winds
are perpendicular, at which the transition occurs. This analysis also predicts the selected
pattern wavelength, which either decreases close to the transition angle for strong winds,
due to a geometric effect, or increases at low winds, when the bed slope affects the trans-
port. This theoretical analysis is complemented by analogous subaqueous experiments
and numerical simulations, where bedforms are submitted to alternate water flows. For
transverse bedforms, the experimental data validate the model at strong flows, providing
evidence for the predicted geometric effect, but also for the increase of the wavelength close
to the transport threshold. For longitudinal bedforms, a discrepancy is observed, which we
interpret as the sign of enhanced nonlinearities induced by the development of slip faces

when the flow alternately blows on both sides of the dune.

3.2 Introduction

In chapters 1 and 2, we described dune emergence under a unidirectional wind regime.
The early stage of the growth is now understood as resulting from a linear convective
instability coupling topography, flow and sediment transport.

However, the variability in wind velocity and direction has been recognized as a key
variable in understanding the diversity of observed dune patterns. While this variability
is ubiquitous on Earth, dune morphodynamics in multidirectional wind regimes has been
the subject of few quantitative studies, partly due to the difficulties in implementing ex-
perimental and numerical methods. Their main contribution relate to the dependence of
the crest orientation of mature objects in sediment availability. In zones of loose sand, the
orientation is the one that maximizes dune growth, following the gross bedform normal
transport rule. In zones of limited sediment supply, the elongation mechanism dominates,
and crests align with the resultant sand flux direction.

In the following, we present an extension of the linear stability analysis to bidirectional,
and then multidirectional wind regimes. We compare its predictions to the model of

Courrech du Pont et al. (2014), based on the gross bedform normal transport rule, and
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Figure 3.1 — Dune pattern for two different multidirectional wind regimes in (a) Angola,
Namib desert (16°27'S 11°58'E), and (b) in China, Taklamakan desert (37°25'N 81°50'E).
Sand flux roses are computed from the wind data of the ERA-Interim project, the lat-
est global atmospheric reanalysis produced by the European Center for Medium-Range
Weather Forecasts (Uppala & et al. 2005, Dee et al. 2011). Brown arrow: corresponding
resultant sand flux direction. Blue arrow: corresponding prediction of the pattern orienta-
tion maximizing the growth rate (3.61). Satellite images: Google™ | Maxar Technologies.

then test it with respect to underwater experiments and numerical simulations. Most of
the work presented in this section has already been published in Journal of fluid mechanics
(Gadal et al. 2019).

3.3 Extension of the linear stability analysis to bidirectional

wind regimes

3.3.1 Brief summary of the growth under a unidirectional wind

Before extending the linear stability analysis to multidirectional flows, we first consider
the interaction of a unidirectional wind with a sinusoidal bed whose crests make an ar-
bitrary angle with respect to the wind direction, i.e without invariance of the problem in
the cross stream direction. Fortunately, this has already been investigated in the study
of underwater ripple, chevrons and antidunes (Devauchelle et al. 2010, Andreotti et al.
2012a). Note that in our case, the problem is much simpler. Incipient aeolian dunes do not
interact the convective atmospheric boundary layer when emerging, and aeolian flows are
typically subcritical (F'r < 1), such that the influence of the free surface can be neglected.

We consider a unidirectional wind blowing in the x-direction above a flat sand bed.

The y-direction is the transverse coordinate in the horizontal plane and the z-direction is
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vertical. To investigate the linear stability analysis of the flat bed, we aim to compute the
temporal evolution of a sinusoidal perturbation of the surface, whose elevation profile is of

the form
7 - Ceik(cos aa:+sinay—ct)+crt’ (3.1)

where « is the angle between the wavevector k = (kcosa, ksina) and the flow direction,
as sketched in figure 3.2(a). We then compute the dispersion relations o(a, k) and c(a, k)
following Andreotti et al. (2012a).

Turbulent flow over a sinusoidal bottom

Denoting by a hat © the Fourier transform of the variables, the x- and y- components

of the bed shear stress perturbation induced by the undulated bed (3.1) can be written as:
fo=T(As+iB,)kZ  and 7, =7(A,+iB,)kZ, (3.2)

where {A;, A,} and {B,, B,} are the in-phase and in-quadrature components of the stress
perturbation with respect to the topography, respectively. These coeflicients are functions
of the wavenumber, and can be numerically derived from the linearisation of a turbulent
model based on the Navier-Stokes equations on a steady sinusoidal bed (see the supple-
mentary material of Andreotti et al. (2012a)). However, this dependence can be neglected
for small wavenumbers (kLga, << 1), which is is typically the case for aeolian dunes where
kLt ~ 107 (see section 1.3.1). For the sake of simplicity, we then use the approximate

but analytical expressions:

Ag = Ag cos® a, (3.3)

B, = By cos® a, (3.4)
1

Ay = 5./40 cosasin o, (3.5)
1

B, = 560 cos asin v, (3.6)

where {A, Bp} are the coefficients when the dune crests are perpendicular to the flow
(a = 0°). The dependence of these coefficients on « corresponds to the scaling of the
velocity for a potential flow over a sinusoidal topography (B.18), i.e. in the outer layer
where the fluid inertia is balanced by the pressure gradient (Andreotti et al. 2012a). The
factor 1/2 in the transverse direction is due to the variation of the shear stress as the square
of the velocity, which is a common approximation for turbulent flows. Here we use Ag = 3.5

and By = 2, as measured in the field on a flat transverse dune (Claudin et al. 2013).
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Figure 3.2 — Sinusoidal sand bed. (a) Sketch in a perspective view. The base flow is in
the direction of the z-axis. The crest lines make an angle o with respect to the transverse
y-axis. The colour bar indicates the bed elevation. (b) Top view. Solid lines are lines
tangent to the transport direction ¢ (here for k¢ = 0.25). Lines from light to dark greys
encode increasing values of the velocity ratio wu./ug, € {1.6, 2.5, 5}. For reference, the
dashed line shows the direction of transport over transverse bedforms (« = 0°).

Sediment transport

Sediment transport can be described almost as developed in chapter 1. The equations
relating the sand flux to the basal shear stress still write, in a vectorial form to account

for both z- and y- components of the flux,
9sat = Q(T_Tth)ta (37)

and
Lot (t-V)q =qear — Q. (3.8)

Here Q2 is a dimensional constant, and ¢ is the saturated flux direction (corresponding
to the direction of the flow e, for a flat sand bed). In subaqueous environments where
bedload is the dominant mode of transport, the sediment flux varies with the bed shear
stress with an exponent 3/2 as gsat o< M(T—nh) (Bagnold 1956, Meyer-Peter &
Miiller 1948, Duran et al. 2012). However, the results of the linear stability analysis do
not qualitatively depend on the exponent of the transport law.

The transport threshold, which can be expressed in terms of a shear stress 74 or a
velocity uy,, is defined as 74, = pfu%h. For a flat bed with a longitudinal slope 0,7, this
threshold is modified at the linear order in k¢ as 74,(1 + 0,Z/n), where p is an effective

friction coefficient corresponding to the avalanche slope p ~ tan(35°) = 0.7. This slope
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effect has been calibrated for both saltation (Hardisty & Whitehouse 1988, Iversen &
Rasmussen 1999) and bedload transport (Dey 2003, Fernandez Luque & Van Beek 1976,
Loiseleux et al. 2005).

At the linear order, the transverse slope dyZ has no impact on the threshold value
but affects the transport direction. Following Andreotti et al. (2012b), in analogy with
a sliding frictional disc on an inclined surface, particles are driven by the flow but also
attracted downwards in the direction of the steepest slope by gravity. This results in a

transport direction that reads

t=e,+ (E _ L um ayz) ey. (3.9)

T by Us
This behaviour has been tested for bedload transport by Sekine & Parker (1992), showing
that the coefficient p,, is also equal to the avalanche slope u. However, saltating grains
may have a different dynamics because they are not in permanent contact with the bed.
In contrast with the case of longitudinal slope, there are no available experimental data
to calibrate (3.9). This expression accounts, however, for the correct symmetry and trend
with respect to d,Z. For the sake of simplicity, we then also take , = 1 = tan(35°), but
we keep in mind that this may overestimate the impact of the bed transverse slope on the
direction of the saltation flux.

The flux deviates from the direction of the base flow e,, due to the y-component of
the shear stress induced by the oblique perturbation. This deflection is maximum at large
flow velocity, but it is reduced close to the transport threshold by the slope effect. We
thus show lines following the transport direction for different velocity ratios w./ug, in
figure 3.2(b). At wind velocities far from the threshold, the lines directly follow the shear
stress direction. Just like the upwind shift of the maximum shear stress, this deviation
results from the combination of inertia and dissipation. Above such a topography, an
inertial flow is deflected symmetrically due to the pressure differences between the crests
and the troughs (see figure B.1). However, due to the coupling with turbulent dissipation,
the shear stress is higher just upstream of the crest (see section 1.3.1). This shortens the
upwind path and lengthens the downwind path. Then, the time spent in the downwind
side is longer, and the associated deviation prevails, leading to larger deviations on the
lee side of the ridges. Close to the transport threshold, the slope affects the transport
direction, reducing the drift in the lee zones. The corresponding lines are therefore closer

to the base line.

Growth rate and most unstable mode

Following Andreotti et al. (2012a), we couple the equations for the flow and sediment

transport with the evolution of the bed elevation profile, governed by the sediment mass
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conservation equation (see section 1.3). To deal with dimensionless quantities, we rescale
lengths by Lga and times by L2,/Q, where @ is the reference flux Q = pruz. The

dispersion relations can then be expressed in a dimensionless form as

]{?2
T 1+ (k cos a)?
k
c= ——8M—
1+ (kcosa)?

o [by cosa + bysina— kcosa (az cosa+ aysina)], (3.10)

[ag cosa +aysina+ kcosa (by cosa+ by sina)], (3.11)

where the coeflicients are

az = Ag, (3.12)
2
by = B — cos O‘iztzh’ (3.13)
>
ay=(1—uLzh)Ay, (3.14)
u? . Ty
by:(l— ut?l;)(By—sma; . ) (3.15)

Plugging the stress coefficients ((3.3)-(3.6)) into the expression for the growth rate, we

obtain
2 2
= _(kcosa)” Bycosa |1+ rtanta)  1um (uth + 7 tan® a) (3.16)
1+ (kcosa)? 2 poUs \ U
rtan? o
—kcosaApcosa |1+ 5 , (3.17)

where r = 1 — (ug/ux)? quantifies the transport in the direction transverse to the flow
(equations (3.9), (3.14) and (3.15)). This function ¢ is shown in figure 3.3 in the plane
(a, k) for the velocity ratios wu/ug, = 1.6 and u,/ugy = 2.5. The growth rate is positive
(unstable modes) for small wavenumbers (large wavelengths) and transverse flows (a — 0).
Large wavenumbers are stabilised by the flux relaxation process; longitudinal modes are
stabilised by the slope effect on the transport direction. The marginal mode (o = 0)

corresponds to the cutoff wavenumber

1 Uth (uth + 7 tan? a)
hie(or) = —— | Bo - o (3.18)
cos Ao ,u(1+§tan2a)

The selected pattern is the one that maximises the growth rate, and we denote its wavenum-
ber by kmax and its orientation by amax. Taking the derivative of the growth rate (3.10)

with respect to k at constant «, the most unstable wavenumber k, for a given dune orien-
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Figure 3.3 — Growth rate o as a function of the wavenumber k and the orientation angle
a of the bed perturbation, for u./uyn, = 1.6 (a,c¢) and u/ug, = 2.5 (b,d). (a,b): reference
transverse case a = 0°. (¢, d): growth rate in the plane (o, k) with contour lines as indicated.
Orange dashed line: location of the maximum growth rate for each a. Orange dot: global
maximum growth rate, corresponding to the most unstable mode (max, kmax). Here, for
a unidirectional wind regime, amax = 0°, independently of w. [ugy,.
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tation satisfies

fy = (x5 - x4, (3.19)
COS v
where:
X = /1 + [cos ake(a) ]2 + cos ake(a). (3.20)

As the saturation length is significantly smaller than the dune wavelength, we can expand

the above expressions in the limit k.(a) << 1, and we obtain:
2
ko ~ gkc(a). (3.21)

The overall unstable mode is then kpa.x = k Under a unidirectional flow, the selected

Qmax *

orientation is perpendicular to the flow, i.e auax = 0°, which gives

2 2 1 u?
Emax ~ —ke(0) = —— | By - ——2 ], 3.22
a 3c() 3./40(0 Mug) ( )

in agreement with the results of the two-dimensional linear stability analysis (Andreotti
et al. 2002a, Fourriére et al. 2010, Charru et al. 2013).

Importantly, we see that the unstable mode exists only if the velocity ratio wu./u¢y
is larger than 1/(\/Bow). This condition is always satisfied with the above values of By
and p because 1/(v/Bop) ~ 0.8 < 1 < uy/ugy. Another related effect is that the selected

wavelength Apax = 27/ kmax tends to increase close to the threshold w, [uy, — 1.

For infinitely large values of this velocity ratio, the slope effect on the transport direction
vanishes and suppresses the stabilisation of longitudinal modes, so that o diverges in the
double limit k£ - +oco and o - £90°. Numerically, for the adopted values of Ag, By and pu,
the regular shape of the growth rate, with a well-defined global maximum, is lost above
us/ugn 2 15 (an unrealistic regime in practice). However, the coherence of the model is

recovered by taking into account cross-stream diffusion, as discussed later in section 3.5.1.

3.3.2 Linear contribution to the growth rate

We consider two wind directions making an angle 6, called the divergence angle, whose
bisector defines the z-axis (figure 3.4). The wind blows alternately in directions of the
unitary vectors e; and ey over durations ¢; and 9, and with reference fluxes ()1 and @s.
In this bidirectional flow regime, we define the resultant flux Qy, as

31 l2

e +
t1+t2Qll L+ 1o

Qs = Q2€2. (3.23)
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Figure 3.4 — Characteristics of a bidirectional flow regime. The sketch shows the geometry
of the system. The z-axis is defined as the bisector of the divergence angle 6 between the
two wind directions (black arrows, unit vectors ej 2). For the linear stability analysis, we
consider a sinusoidal mode characterised by a wavenumber k and an angle o with respect to
the transverse direction (y-axis). The brown arrows are the directions of the resultant sand
flux Qy, (3.23) corresponding to different values of the transport ratio N = (Q1t1)/(Qat2).
Inset (a): alternation between the two wind directions with respect to time. Inset (b):
variation of the amplitude of the resultant flux Qs for Q1 = @2 as a function of 4.
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The intensity of this flux decreases with 6 as the two winds compensate each other (fig-

ure 3.4(b)). We also define a time-averaged reference flux as

B t1 to
t1 + 19 ! t1 +19

Q Q2. (3.24)

The period of wind reorientation ¢ + ¢ is assumed to be small in comparison to the
characteristic growth time of the bed perturbation of the order of (1/omax)L2,/Q (Rubin
& Tkeda 1990). Thus, the flow changes direction many times while the dune is still in its
linear growth regime, during which its orientation and wavelength remain constant. The
growth rate oy of a mode characterised by («, k) can then be expressed as the sum of the

contributions of each wind:

1

02:m[NO’(Ql,Oq,k)+U(Q2,a2,k):|, (3.25)

where N = (Q1t1)/(Q2t2) is the transport ratio between the two winds (Rubin & Hunter
1987, Rubin & Tkeda 1990, Reffet et al. 2010, Courrech du Pont et al. 2014). The growth
rates 0(Q1,2, 12, k) are computed from that derived under a unidirectional flow (3.17)
using

9
a1 = [(a £ 90°) mod 180°] -90°, (3.26)

which are the angles between the pattern and the perpendicular to each flow direction
(figures 3.2 and 3.4). For simplicity, we further assume that the winds blow with the same
shear velocity u., so that ()1 = Q2 = Q. As a consequence, different values of N correspond
to different blowing times.

The growth rate oy and the location of its maximum (max, kmax) are shown in fig-
ure 3.5 for some values of N and #. This maximum integrates the effect of the two winds
and gives the orientation and wavenumber of the emerging dune pattern. These selected
dune orientations and wavelengths are the main output of the analysis. A third output is
the propagation velocity of the selected mode. In the next subsections, we quantitatively

discuss the behaviour of these selected quantities with respect to N, 6 and ., /ugy.

3.3.3 Selection of the pattern orientation

As shown in figure 3.6, the orientation of the most unstable mode changes from trans-
verse (amax # 0°) when the divergence angle 6 is small, to longitudinal (amax # —90°) when
the winds tends to be opposite (large divergence angle). This transition is the signature of
a change in the normal to the crest fluxes (Rubin & Hunter 1987, Courrech du Pont et al.

2014). When the divergence angle is smaller than 90°, the crests are more likely to be
perpendicular to the resulting flux, as the sand is mainly transported along the z-direction.

By contrast, when the divergence angle is larger than 90°, the crests are more likely to be
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Figure 3.5 — Growth rate oy as a function of the wavenumber k£ and the orientation a of
the bed perturbation for u,/usy, = 5 and different values of the divergence angle 6 (columns)
and the transport ratio N (rows). Orange dots: most unstable mode (umax,kmax). The

contour line corresponds to oy = 0.039.
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aligned with the resulting flow as the sand is mostly transported along the y-direction. As
discussed below, this transition depends on the transport ratio N and the velocity ratio
U [ Uty -

Let us first consider a fixed wind strength (u./uy, = 1.6 in figure 3.6(a)) and discuss
the effect of N. For winds of the same transport capacity (IV = 1), the switch occurs at the
transition angle 8 = 90°, with a discontinuous jump from a pattern perpendicular to the
resultant flux direction (amax = 0°) to a pattern aligned with the resultant flux direction
(max = —90°). This transition from a purely transverse to a purely longitudinal dune
orientation is specific to the case N = 1. When one of the two winds transports more than
the other (N > 1), intermediate orientations (oblique patterns) more perpendicular to the
prevailing wind are permitted. There is still a discontinuous transition at the transition
angle, but the jump decreases in amplitude as N increases. This discontinuity is associated
with two distinct maxima of equal growth rates (figure 3.5, central column). In the limit of
unidirectional flows (N — +00), the variation of amax tends to a continuous linear function,
which simply corresponds to the orientation perpendicular to the dominant wind.

The effect of the velocity ratio u./usn, displayed in figure 3.6 with light grey regions,
can be summarised as follows. Strong winds tend to enhance the orientation discontinuity
at 6 = 90°, keeping aumax either closer to 0° (6 < 90°) or to —90° (6 > 90°). This corresponds
to a selected orientation less perpendicular to the prevailing wind. By contrast, winds close
to the threshold reduce this discontinuity, with orientations closer to the perpendicular to
the prevailing wind. When wu. /u¢, > 1, slope effects become negligible and oblique modes
stabilised by transverse transport are less damped for large velocity ratios u, /ug, (figure 3.3
in the case of a unidirectional wind). When the growth rates associated with the two winds
are combined, the ‘cost’ to remain away from the perpendicular to the prevailing wind is
not so strong, and the selected orientation reflects this trend. When u,/uy, — 1, slope
effects are strong, and mainly affect longitudinal transport, i.e. the coefficient b, (3.13),
where two terms compete. The first one, of hydrodynamic origin, scales with cos? aq,2,
as deduced from the properties of the potential flow. The second one is related to the
variation of the threshold with the slope, i.e. proportional to —cosa; 2. This difference in
the dependence with « o favours a crest orientation perpendicular to the prevailing wind,

for which the destabilizing hydrodynamics is the strongest.

3.3.4 Comparison with the dimensional analysis of Courrech du Pont
et al. (2014)

The prediction of the dune orientation by this linear stability analysis can be directly
compared to that of Courrech du Pont et al. (2014). Based on an estimation of the sand
flux at the dune crest, these authors computed by dimensional analysis the dune growth

rate accounting for the wind speed-up by the topography (see section 1.5.2).
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Figure 3.6 — Pattern orientation ap.x as a function of the divergence angle 6 for various
transport N and velocity wu./ug, ratios. (a) Solid lines: predictions of the linear stability
analysis for u./uy, = 1.6. Dashed lines: predictions of Courrech du Pont et al. (2014)
for v = 1.7. (b-d) Solid lines: reference curves shown in (a) for wu./ug, = 1.6. Dashed
and dotted black lines: predictions of the linear stability analysis for w./ug, = 5 and
u«fugn = 1.2, respectively. Dashed and dotted white lines: predictions of Courrech du Pont
et al. (2014) for v = 0.5 and «y = 5, respectively. Light grey region: all possible orientations
predicted by this analysis when w, /ug, is increased from 1.005 to 15. Dark grey region:
all possible orientations predicted by Courrech du Pont et al. (2014) when ~ is varied
from 0 to +o0 (3.31). Note that, in the strict case of N =1, the growth rate has an equal

maximum for (—umax, Kmax)-
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The model of Courrech du Pont et al. (2014) in our notations

Following what we presented in section 1.5.2, we derive here the dune growth rate
following the dimensional analysis of Courrech du Pont et al. (2014), expressed with our
notation and conventions. Considering an infinitely long linear dune of height Z and width

W, the fluxes associated with each of the two winds can be expressed as

Ql:Q0(1+5§1)61=Q0(1+7cosa1)el, (3.27)

Q2:Q0(1+5%)62=Q0(1+’YC08042)62, (3.28)

where W1 2 = W/ cosay o are the widths of the dune in the direction of each of the winds.
The flux-up ratio « linearly depends on the dune aspect ratio Z/W with a prefactor
and accounts for the wind increase at the dune crest. Following the mass conservation
equation, the dune growth rates associated with each of the two winds are related to the

divergence of those fluxes,

1 1 Qy
- oV-Q =it 3.29
7=Vt gy (3.29)

1 1 Q2
1o g 18 3.30
2=V QR gy, (3:30)

so that the growth rate o can be expressed as the weighted sum of these contributions:

1
O-E:m(No-l +O'2) (331)
~ % (N cos v + N7y cos® o + cos ag + y cos” 042) ) (3.32)

Comparison with the linear stability analysis

For ~ = 1.7 (a value also derived from field observations and numerical models by Gao
et al. (2015Db)), the results of that model are found to quantitatively match our predictions
for u, [ug, = 1.6 (see figure 3.6). When  is varied, the curve amax(6) changes, and the dark
grey area in figure 3.6(b— d) displays the whole range of possible orientations, showing an
overall similar behaviour.

The present linear analysis corresponds to the limit k( << 1, whereas the computation
of Courrech du Pont et al. (2014) considers a dune with a finite aspect ratio, for which
nonlinearities are expected. In a similar fashion to Courrech du Pont (2015) and Gao et al.

(2015b) (in Supplementary Material), the parameter v can be related to the parameters

of the present model as

_ |(jsat| _ k’C
’y_ = —

T A2+ B2, (3.33)

where (st is the Fourier transform of the perturbation of the saturated flux. With the
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Figure 3.7 — Pattern wavenumber kp.x as a function of the divergence angle 6 for various
transport N and velocity wu./us, ratios. (a) Solid lines: prediction of the linear stability
analysis for u./us, = 5. Dashed line: prediction using the geometric scaling (3.37) and
(3.39), sketched in (c) for N =1. (b) Prediction of the linear stability analysis for N = 1.
Note that for comparison with figure 3.15 the increasing/decreasing trends are opposite as

)\max = 27T/k'max’

values Ag = 3.5, By = 2 and u, /ug, = 1.6 (or equivalently r ~ 0.7, see (3.17)), the parameter
~v = 1.7 corresponds to a bed perturbation of aspect ratio of 2¢/A = 1/12. This value
is consistent with the typical aspect ratio of fully developed dunes (Parteli et al. 2006,
Baddock et al. 2007, Elbelrhiti et al. 2008). This general consistency between the two
approaches emphasises the role played by the normal-to-the-crest components of transport
in the selection of dune orientation during the linear but also nonlinear phase of dune

growth.

3.3.5 Selection of the pattern wavenumber

The second key output of the linear stability analysis is the selected pattern wavenum-
ber knax. Remember that k is here made dimensionless by Lga,¢, the relevant characteristic
length scale of the problem. The shape of knax as a function of the divergence angle 6 is
displayed in figure 3.7, for different values of the transport N and velocity u./ug, ratios.
We can see a non-monotonic behaviour, with variations that can reach ~ 30% close to

the transition angle 6 = 90°. Interestingly, these variations can be positive or negative,
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depending on whether the wind strength is far from or close to the transport threshold.

For symmetric winds (N = 1) and in the limit of large shear velocities, a geometric
argument sketched in figure 3.7(¢) can explain the dependence of the wavelength on the
divergence angle (solid curves in that figure). Let us call A\g the selected wavelength in
the unidirectional regime, and kg = 27/\g the corresponding wavenumber. Far from the
transport threshold, and thus without any slope effect, the balance between stabilizing and
destabilizing processes occurs along the wind direction. In a bidirectional wind regime, the
selected orientation is oblique to each flow direction, and we can infer that the growth rate

is maximum when the wavelength \g is selected in the direction of each wind.

This argument can be made more precise as follows. Far from the transport threshold,
the second term in (3.18) associated with the slope effects vanishes asymptotically as

ugn/ux = 0, and this leads to

2 2 1 A 1
ko ~ =k ~ = =
“ 3 (@) 3cosa By cosa

Fo. (3.34)

Assuming that the most unstable mode maximises the growth rate associated with each

of the two winds, we obtain

kmax = kal(amax) = kag (otmax)? (335)

implying that

cos a1 (max ) = €0s a2 (Qmax ) - (3.36)

The corresponding wavelength then writes:

Amax = COS a1,2(amax))\0- (337)

The equality (3.36) can be verified only if aax = 0°, Or aupmax = —90°, i.e for a symmet-

rical wind regime (N =1). Using (3.26), we then have

cosg for 6 <90°,
cos @1 2(max) = . (3.38)
sing for 6>90°

which gives

Ao cosg or kmax = k:g/cosg for 6 < 90°,

Amax = . (3.39)

Aosing  or  Kkmax = ko/sing for 6 > 90°.

For N > 1, we detailed previously that the selected mode integrates the two winds instead
of maximizing the growth rate associated with each of the two. As the transport ratio IV

increases, the orientation becomes more aligned with the dominant wind direction such that
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Figure 3.8 — Propagation velocity of the most unstable mode ¢x(max; kmax) and resultant
flux Qy; as functions of the divergence angle 6 for u./uy, = 1.6 and various transport ratio
N. (a) Solid lines: propagation velocity cpax of the most unstable mode. Dashed lines:
resultant flux Qy. Both are rescaled by their value in 6 = 0°. (b) Solid lines: Direction of
the resultant flux Sy.x measured with respect to the z-axis. For comparison, the pattern
orientation amax (see figure 3.6(a)) is also plotted (dashed lines).

a1 (amax) increases while ag(amax) decreases. The equality 3.36 can thus not be verified;
using equation 3.37 with either aq(max) or as(amax) thus leads to different variation of

the wavelength with respect to 6.

This asymptotic prediction of the wavenumber is shown in figure 3.7(a) by the dotted
line. We recover with this geometric argument the trends predicted by the linear stability
analysis at finite u. /u¢,. We notice, however, a slight overestimation of the peak at 6 = 90°,

because the slope effects are still present.

The role of the velocity ratio u. /ug, on the selected wavenumber is shown in figure 3.7(b)
for N =1. When the wind strength decreases, the threshold and direction of transport are
changed as the slope effects are increasingly important (3.9). First, because the amplitude
of the hydrodynamic shift is reduced (the ‘B effect’), the selected wavenumber is smaller,
as in the unidirectional case (3.22). Moreover, for a bidirectional flow regime, kpyax is
even smaller near the transition angle 6 = 90°. This is a consequence of the stabilizing
action of the transverse component of sediment transport, as discussed in section 3.3.1.
This effect is the strongest at the transition angle, as it depends on the component of the
slope perpendicular to the flow direction. As a result, the curves close to and far from the
transport threshold show opposite behaviours. For intermediate wind strengths, the curve

kmax(0) is almost flat, as the geometric and slope mechanisms compensate each other.
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3.3.6 Propagation velocity of the most unstable mode

Similarly to the growth rate (3.25), the propagation velocity of the emerging pattern

can be expressed as the sum of the contribution of each wind:

1
CN+1

cy Ne(Q1, a1, k) +sgn(d —90)c(Q2, az, k) % (3.40)
When the divergence angle is larger than 90°, the displacements of the pattern induced by
each of the winds are opposite, resulting in the prefactor sgn(6-90) accounting for changes
in propagation direction. From the propagation velocity can be computed that of the most
unstable mode ¢pax = ||€s(Omax; kmax )| This quantity, as well as the resultant flux Qx, on
a flat bed (3.23) and its direction quantified by Ssat = < (Qy;, €5 ), are shown in figure 3.8
as functions of the divergence angle 6 for a velocity ratio u./ug, = 1.6 and different values
of the transport ratio V.

The propagation velocity is controlled by the component of )y, perpendicular to the
crest and by the pattern wavelength. For 6 < 70°, the overall behaviour is simple: cpax
and @)y vary in the same way. Their directions are almost the same, as the flux direction
is not significantly modified by the pattern. As shown in figure 3.8(a) by the dashed lines,
the resultant flux and thus the propagation velocity decrease for wider divergence angles,
because the winds increasingly compensate each other. This compensation is weaker when
one wind is stronger than the other (N > 1). For 6 > 110°, the resultant sand flux is mostly
aligned with the dune crest leading to a slower propagation. The velocity even vanishes for
N =1. Finally, around the transition angle 6 = 90°, the resultant flux direction is strongly
modified by the pattern orientation. In addition, the wavelength is also affected by the
slope effects. Both effects lead to a complex behaviour of the propagation velocity, which

depends on the velocity ratio w. /ugy.

3.4 Underwater laboratory experiments

Subaqueous experiments are another test of the proposed linear stability analysis, es-
pecially with regard to the selected pattern wavelength. In laboratory experiments, an
initial flat sand bed is subjected to a bidirectional flow regime leading to the formation
of ripples. Although subaqueous bedload differs from aeolian saltation in several aspects,
these ripples originate from the same physical mechanism as dunes, i.e. a destabilizing role
of the hydrodynamics balanced by a stabilizing role of transport relaxation (Charru et al.
2013). One can then take these ripples as analogous to aeolian dunes, with downscaled size
and time scales (Rubin & Ikeda 1990, Hersen et al. 2002, Reffet et al. 2010, Taniguchi
et al. 2012, Courrech du Pont et al. 2014). For that reason, and to be consistent with the

aeolian context of this work, we shall use the term dunes for these subaqueous bedforms
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Figure 3.9 — Experimental setup used in this section. Photograph taken from the supple-
mentary material of Courrech du Pont et al. (2014).

in the rest of this section.

3.4.1 The experimental setup

The setup is the one used by Reffet et al. (2010) and Courrech du Pont et al. (2014),
which we briefly recall here (see figure 3.9). The granular material (ceramic beads of
diameter d = 90 ym and density p = 3800 kg m™3) lies on a 80 cm wide square plate, which
can move from one side to the other of a 2 m long and 1 m wide water tank. The tank
is filled to a water height of 30 cm and the plate stands at mid-height. The plate first
quickly moves in one direction at a velocity that generates sediment transport, and slowly
translates in the opposite way at 2 cm s~! to prevent grain motion. This sequence, which
we call a blow, simulates a unidirectional flow over the bed. At the centre of the plate, a
70 cm diameter disc can rotate to change the relative direction of the flow with respect to
the bed. A camera set above the plate allows us to follow the evolution of the bed after

each blow.

The quick motion of the plate is decomposed into two steps. The plate accelerates from
rest to the final velocity in 250 ms and then gently decelerates in few seconds to prevent
a backflow (see figure 3.10(a)). Depending on the final velocity, different plate trajectory
are then possible, with different associated blow duration. For simplicity, we choose the
mean plate speed V' as the parameter representing the plate movement (see figure 3.10(b)).
Because the translation of the plate puts the fluid into motion inside a boundary layer that
grows over time, the shear stress on the bed is maximum during the acceleration stage and
most of the transport takes place during this first phase. The time needed for the boundary
layer to reach the water surface is much larger than the translation time, so that the flow

can be considered as unbounded.
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Figure 3.10 — (a) Different plate trajectory as a function of time. (b) Blow duration as
a function of the mean plate velocity. Hence, each point corresponds to a different plate
trajetory.

3.4.2 Calibration of the unsteady transport

The transport threshold was not quantitatively determined for this experimental setup
in previous studies. Because our predictions depend on the velocity ratio w./usy, it is
important to know how far from the threshold experiments are run. We can provide a
first estimation with the observation that no pattern is visible after 2020 blows for a mean
plate velocity V = 13.7 cm s™'. However, since growth rates are much smaller close to the
transport threshold, this estimation is made more precise by using the migration velocity
C of barchan dunes of different sizes submitted to a unidirectional flow regime. We vary
the mean plate translation velocity V' while keeping the plate acceleration time constant.
Figure 3.11(a) shows the velocity of barchans as a function of their width for a fixed
translation motion (V' = 20.8 cm s7). The barchan velocity is smaller for larger barchans,

and is well fitted by the Bagnold-like law (Bagnold 1941)

= WQ%";’VO (3.41)
This propagation law, usually expressed in terms of the dune height H, derives from
the conservation of mass assuming a constant aspect ratio for the dunes. Under this
assumption, the height, the spanwise width W and the streamwise length of barchans are
proportional to each other, and W is a more convenient observable on the photos. In
(3.41) Wy accounts for a correction of Bagnold’s law at small sizes (Elbelrhiti et al. 2008).
As illustrated in figure 3.11(a), this law agrees well with the velocity measurements, and
its fit allows us to extract an effective flux Qexp from the different datasets corresponding
to various values of V. In this fitting procedure, the adjustable parameter Wy has been

constrained to be the same for all the data.
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Figure 3.11 — Estimation of the transport threshold in the experimental setup. (a) Velocity
C of the barchans as a function of their widths W for a plate velocity V = 20.8 cm s71. The
dots are the experimental data, and the solid line is the fit of the Bagnold-like law (3.41)
with Wy = 0.1£0.2 mm and Qexp = 3.3£0.2 mm? s7!. The inset is a photomontage showing
the corresponding initial sand piles and subsequent dunes after 169 blows. (b) Transport
law with the effective flux Qexp extracted from the barchan velocities for different values
of V. Error bars correspond to 95%-confidence intervals in the fitting process. The solid
line shows the fit of Qexp o< (V2 - Vt%), which gives Vi, = 14.2+0.1 cm s71.

Plotting the effective flux Qexp as a function of the plate velocity (figure 3.11(b)), we
see as expected an increasing behaviour with a threshold below which the barchans do
not move. Although the sediment transport is intermittent in this experiment, we fit the
data with the usual transport law Qexp, o< (V2 - Vt%) This gives a threshold plate velocity
Vin = 14.2+0.1 cm s~!. Note that this value does not depend much on the precise choice

of the fitting function.

3.4.3 Comparison with theoretical predictions

The general mechanism at the origin of dunes holds in many different environments (Claudin

& Andreotti 2006). However, differences remain, and in order to make comparisons be-
tween these experiments and the linear stability analysis developed for aeolian dunes, the

model should be adapted to the subaqueous case (Duran et al. 2019).

Choice of the transport law

The transport law for bedload is different from that of saltation, with a power 3/2
rather than the linear relationship (3.7) between the saturated sediment flux and the basal
shear stress. However, the details of this transport law affect the linear stability analysis
by changing the expression of the characteristic flux @), i.e. by modifying the prefactors

in the expression of the growth rate (3.10) and celerity (3.11) only (Fourriére et al. 2010,
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Andreotti et al. 2012a). It therefore just impacts the timescales associated to the linear
regime, and we have checked that all the discussed results (e.g., increase of wavelength close
to transport threshold, decrease of wavelength close to 6 = 90°) are qualitatively robust
with respect to any choice of transport law. Also, the transient nature of the flow and grain
transport in the experiment prevents us from considering this configuration as a standard
bedload situation, where we could quantitatively rely on well-calibrated transport laws.

For these reasons, we opted for simplicity and chose to keep the linear transport law (3.7).

Choice of the hydrodynamic coefficients

Even if we do not necessarily aim at a quantitative matching of the model with the ex-
perimental data, the values for the basal shear stress coefficients can nevertheless be more
consistent with the experimental case. In fact, the coefficients Ay = 3.5 and By = 2 are
typical values measured in the field for aeolian dunes of 10 m wavelength (Claudin et al.

2013). These coefficients are weak (logarithmic) functions of the pattern wavenumber at
small kzp, but show stronger variations in the range 107 < kzy < 1072 due to an anoma-
lous hydrodynamic response of the flow to the bed perturbation, as first experimentally

evidenced by Zilker et al. (1977) and Frederick & Hanratty (1988).

Furthermore, the hydrodynamic response represented by these coefficients actually de-
pends on both the wavelength-based Reynolds number Re, (laminar, inertial, turbulent),
and on the grain-based Reynolds number Rey (smooth or rough). Here, typical plate ve-
locities and pattern wavelength are around 0.15 m s™! and 10 mm respectively, leading
to Rey ~ 1.5 x 103 and Regq ~ 15. According to the results of Duran et al. (2019), the
experiment is thus at the limit of the rough/turbulent regime characteristic of the aeo-
lian condition. For simplicity, we do not push this discussion further, and stay with the

functions for the turbulent /rough regime presented in section 1.3.1.

The hydrodynamic roughness zg is more difficult to estimate under these transient
water flow and sediment transport conditions. Typically a fraction of the grain diameter,
we take zo ~ 0.1d (Fourriére et al. 2010), and obtain kzg =~ 5x 1073, i.e. almost two orders
of magnitude larger than in the aeolian case. For such a value, the coefficients become
Ap =4.5 and By = 3 (Fourriere et al. 2010, Charru et al. 2013), and we take these values
to be fixed for all theoretical computations in this section. Note that increasing these
coefficients corresponds to a larger relative weight of hydrodynamic effects compared to
slope effects. Interestingly, with these slightly larger values of Ay and By compared to the
aeolian case, the slope effects are no longer strong enough to induce an increase of the
wavelength at 6 = 90° close to the transport threshold (figure 3.7(b)). Only the geometric
variation leading to the decrease of the wavelength at the transition angle remains. This

is consistent with the experimental observations.
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Figure 3.12 — Pattern formation from a flat bed in a bidirectional flow regime for 6 = 30°
(left) and 6 = 150° (right), for V//Vip, = 1.4. (a,b) Pictures after 17 and 13 blows respectively,
starting from a flat bed. (¢,d) Autocorrelation of the above pictures. Insets: central zone
of the autocorrelation matrix, which gives the pattern orientation and wavelength. The
curves are the autocorrelation signal along the red dashed lines, i.e. perpendicular to the
dune orientation. The measured wavelength A corresponds to the position of the first
maximum of the autocorrelation curve. (e, f) Wavelength as a function of time. Dotted
lines: initial wavelength and corresponding time at which the spatial coherence of the
autocorrelation signal extends over one wavelength. Error bars encode the quality of this
signal.



3.4. Underwater laboratory experiments 107

From the plate velocity ratio to the flow velocity ratio

The most unstable wavelength Ay .x selected by the linear stability analysis depends on
the velocity ratio w./u,. This ratio is not directly equal to the plate velocity ratio V /V;,
in the experiment because of the transient nature of the flow. Here, we assume that they
are linearly related to each other:

(1_1):0@(%e —1), (3.42)

Vin Uth

where C,, is an adjustable constant. In the fitting procedure, the most unstable wavelength
is thus a function of V/Vi, (and N and € in bidirectional flow regimes), with two free

parameters C,, and Lgat.

3.4.4 Experimental results

We present here results in the case of symmetric winds (N = 1): the central disc of
the plate is rotated by 6 and -6 alternately after every blow. Starting from an initial flat
bed, dunes rapidly form after a few blows with a characteristic wavelength and orientation,
which are measured by picture autocorrelation (see figure 3.12). We mainly focus below
on the dependence of the wavelength with the divergence angle 6 and the velocity ratio
u«/utn. The behaviour of the pattern orientation in this experimental setup has already
been discussed in Courrech du Pont et al. (2014), showing agreement with their approach
(see section 3.3.4), and thus the present analysis (figure 3.6).

Figure 3.12 displays results of two well-contrasted cases with a small and a large di-
vergence angle (6 = 30° and 6 = 150°, respectively), both at the same plate velocity ratio
V [Vin = 1.4. When 6 = 30°, transverse dunes form perpendicular to the resultant transport
direction with an initial wavelength of 11.8+0.7 mm (figure 3.12(e)). When 6 = 150°, longi-
tudinal dunes form parallel to the resultant transport direction with an initial wavelength
of 8.8 +0.5 mm (figure 3.12(f)). After the emergence of the pattern, some coarsening is
observed, with an increase of the wavelength with time.

At the transition between the two dune orientations, close to 8 = 90°, the two perpen-
dicular modes are observed simultaneously in the building dune pattern, as shown in figure
3.13. The longitudinal orientation seems to overcome the transverse one at the transition.
This asymmetry appears to be specific to incipient dunes, as the transition is sharper once

dunes are more mature (Reffet et al. 2010).

Variation of the wavelength with the velocity ratio

We start by investigating the impact of the plate velocity ratio on the incipient wave-

length. Under a unidirectional flow (6 = 0°), the wavelength g is found to decrease with
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Figure 3.13 — Photographs of the dune pattern in the experiment across the transition
from transverse to longitudinal orientations, starting from a flat bed, for V/Vy, = 1.4.
Flow directions are shown with arrows. From left to right, the pictures have been taken
after 30, 32, and 30 blows, respectively
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Figure 3.14 — Initial wavelength as a function of the plate velocity ratio for 6 = 0° (\g, blue
bullets) and € = 180° (A1g9, orange squares). Solid line: fit of the linear stability analysis
under a unidirectional flow, giving Lgy; = 0.8 £ 0.1 mm and C,, =5+ 2
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Figure 3.15 — Initial wavelength as a function of the divergence angle 6 (symmetric winds
N =1). Symbols: experimental data for V/V;, = 1.4. Solid line: model prediction for
Usfugn = 3 and Lgyt = 0.8 mm. Dashed line: solid line shifted below and adjusted in
0 = 180° (we subtracted (Ao — A1gp)).

V [Vin. As shown by figure 3.14, it is significantly larger close to the transport threshold,
in comparison to the asymptotic value of approximately 12 mm corresponding to large
V/Vin.

This variation of the wavelength with the velocity ratio is due to the sensitivity of
the threshold to the bed slope. This is a result predicted by the linear stability analysis
(Fourriére et al. 2010), which have been observed in field measurements (Charru et al.

2013) or numerical simulation (Narteau et al. 2009). We provide here the first quan-
tification of this effect using laboratory experiments. The comparison between data and
theory is shown by the black line in figure 3.14. The observed increase of the wavelength
close to the transport threshold is quantitatively reproduced by the model. The fit gives
Lgot =0.8+£0.1 mm (i.e. ~9 grain diameters) and C, =5+ 2. These values are now fixed
and used for the subsequent computation of theoretical curves at all divergence angles,
without any further adjustment.

By contrast, the wavelength A1g, defined under two opposed flows (6 = 180°), is ap-
proximately 9 mm and does not show any clear dependence on the plate velocity. This is
surprising in the light of the results of the linear stability analysis, that predicts identical

variations of the wavelengths Ao and Ajgy (see section 3.3.5).

Variation of the wavelength with the divergence angle

From now, we run all experiments at V = 19.6 ms™!, i.e. V/Viy = 1.4, which corresponds
to a velocity ratio u./uy, = 3, from (3.42).

Figure 3.15 shows the behaviour of the wavelength when the divergence angle 6 is
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varied over the whole range. When 6 < 90°, transverse dunes form. Their wavelength is
maximum for 6 = 0° and decreases when 6 increases. When 6 > 90°, longitudinal dunes
form and exhibit opposite behaviour: their wavelength increases with 6 and is maximum
for # = 180°. Again, this variation of the dune wavelength with the divergence angle is not
symmetric with respect to 6 = 90°, and longitudinal dunes systematically form at smaller
wavelengths than transverse ones. This is true for all values of the plate velocity ratio
V' [Vin that we have tested (see previous section and figure 3.14).

As shown by figure 3.15, the linear stability analysis captures well the variation of the
wavelength for divergence angles smaller than 90° (solid line). Note that here, we do not fit
the theory to the data, as all parameters have been previously fixed. For divergence angles
larger than 90°, the experimental data are significantly smaller than predicted whereas
the model predicts a symmetric variation of the wavelength with respect to the transition
angle 6 = 90°. Nevertheless, the decrease of the wavelength close to 6 = 90° is recovered

relative to the wavelength at 6 = 180° (dashed line).

Variation of the associated characteristic time

We can also estimate the characteristic time needed to observe incipient dunes in the
experiment. This time is a proxy for the inverse of the instability growth rate. It is
displayed in figure 3.16 as a function of the divergence angle . Both transverse and
longitudinal dunes emerge typically after a dozen blows, but systematically more rapidly
in the case of longitudinal ones. The pattern coarsening is also quicker for longitudinal
dunes than for transverse dunes (figure 3.12(e, f)), an observation already reported by
Reffet et al. (2010).

The variation of the characteristic time for pattern formation close to the transition
angle is also recovered by the predicted variation of 1/opax for divergence angles smaller
than 90° (figure 3.16). As the angle between the dune crest and the flow direction decreases
(i.e when 6° approaches 90°), the perpendicular-to-the crest component of the sand flux
also decreases, leading to smaller growth rates. However, this is not the case for 6 > 90°,

where the characteristic time seems rather independent of 6°.

Linear regime in the experiment

Finally, we can provide estimations of time scales in the experiment, taking as a typical
example the case V/V;, = 1.4. Each blow takes ~ 4 s. Because most of the grain motion
occurs during the acceleration phase of the plate, the time during which the dune pattern
is active is a fraction of the blow duration. The effective wind period t; + to is thus of
the order of a few seconds. For V/Vjy, = 1.4, we have Qexp = 2 mm? s7! (figure 3.11 (b)).
Importantly, this is the flux at the crest of barchan dunes, larger than the flux at the bottom

(see section 1.4.1). Taking + = 1.7, we then obtain a reference flux @ =~ 0.74 mm? s71.
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Figure 3.16 — Characteristic time (in blows) of pattern emergence as a function of 6.
Symbols: experimental data for V' /V;, = 1.4. Solid line: model prediction for w, /uy, = 3,
adjusted in 6 = 0°.

With a saturation length Lg,y = 0.8 mm, we have a characteristic pattern growth time
(1/0max) L2 /Q ~ 6 s, where opay =~ 0.14 is the dimensionless growth rate given by the
linear stability analysis corresponding to the experimental conditions (Ag = 4.5, By = 3 and

Uy [Uth = 3).

Despite both time scales being comparable in the experiment, the emerging dunes still
develop by integrating the two flow directions. While the experimental conditions are at
the limit of validity of the linear stability analysis, some of the characteristics of the linear
regime remain, such as the variations of the dune orientation or wavelength with respect

to the divergence angle.

These results question the ability to observe the linear regime in the experiment, es-
pecially when 6 > 90°. Such a regime is theoretically associated with bedforms whose
wavelength remains constant while their amplitude grows at a rate o. Clearly, as soon as
a pattern wavelength is detected by autocorrelation of the experimental pictures, it keeps
increasing with time, especially for longitudinal dunes (figure 3.12(e, f)). Enhanced non-
linear effects when 6 > 90° can be understood as follows. In a bidirectional flow regime,
transverse dunes are blown from the same side by the two winds. On the contrary, each
wind blows from a different side of the longitudinal dunes. As a consequence, the sand
flux is all the more affected if the incipient dunes develop an avalanche face. A larger
dune aspect ratio is a stronger perturbation for the flow, leading to larger sediment flux
variations, and thus an enhanced dune growth rate. These nonlinearities may explain
the shortcomings of the linear analysis in reproducing the experimental wavelengths for
0 > 90°. These effects also support the shorter characteristic time for dune formation in
the longitudinal mode and the prevalence of longitudinal dunes over transverse ones at the

transition, when the divergence angle is close to 90°.
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Figure 3.17 — (a) Pattern orientation as a function of the divergence angle for N = 2 and
ux[ugn = 5. (b) Pattern wavenumber as a function of the divergence angle for N =1 and
u«ugn = 5. The curves for 6 = 0 correspond to figure 3.6(c) and figure 3.7, respectively.

3.5 Impact of other processes

The linear stability analysis presented previously has been developed under some ap-
proximations concerning the description of the flow and sediment transport. In this section,

we present some additional processes and discuss their impact on our results.

3.5.1 Impact of cross-stream diffusion

When transported, sediment grains bounce on a rough bed, which naturally induces
random deviation of their trajectories. Combined to the turbulent fluctuations of the flow,
it eventually induces cross-stream diffusion. In average, saltating grains are deviated of an
angle 8 ~ 20° between two chocs with the sediment bed (Zhang et al. 2007, Yang et al.

2009, Andreotti et al. 2012b). In the direction transverse to the winds, it results in a

random walk of mean free path I ~ Bls, where [ is the average grain hop length.

As a consequence, the sediment flux is modified by the apparition of a diffusive com-

ponent transverse to the flow. Under a unidirectional wind, it reads in the notations of

section 3.3.1: 5
Az
q,= —5ls—ay ey (3.43)
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By adding the previous equation to our model, the coefficients (3.12-3.15) become:

ag = Ay, (3.44)
1 2

by = By — cosa— Zih , (3.45)
JURT

ay =rAy, - 0ksinab,, (3.46)

1
by =71 (By - sina—uth

)— Ok sin aay, (3.47)
[TRTR

where § = [ls/Lgat is a new non-dimensional parameter accounting for the importance of
cross-stream diffusion. In aeolian saltation, the mean hop length of the grains is around
200 d for a grain diameter d ~ 200um (Ho et al. 2011). With a saturation length Lg =~
0.7 m, it leads to § ~ 0.02.

Plugging these coefficients into the general expression of the growth rate (3.10) gives:

2 2 1
= —(kcosa) 5 Bocosa |1+ —rtan @) 2t (uth +rtan’ a) (3.48)
1+ (kcosa) 2 foUs \ Us
— kcosaAy cosa(l + [g +5] tan? a) (3.49)
2 2 1ug,
— (kcosa)?dtan” o | By cos v — a2 | (3.50)

The diffusion therefore adds two new terms in this expression compared to the growth
rate (3.17) derived previously. Both are negative, reflecting that cross-stream diffusion
is here a classical stabilizing mechanism, stronger for orientations aligned with the flow
direction. In particular, it suppresses the divergence of the growth rate of longitudinal

modes for very large values of the velocity ratio (see section 3.3.1).

Figure 3.17 shows the impact of the diffusion parameter § on the most unstable mode.
The more the orientations are aligned with the flow, the more cross-stream diffusion reduces
their growth rate. As a result, larger values of § induce selected orientations more perpen-
dicular to the dominant flow direction (figure 3.17(a)). Note that this effect is stronger
for large velocity ratios, as orientations are in these conditions closer to the wind bisector,
and thus more aligned with the two winds (see section 3.3.3). Diffusion also decreases
the growth rate of small wavelengths (large wavenumber). Likewise, it is stronger close to
f = 90° where bedforms are the most aligned with the two flow directions. As a result,
figure 3.17(b) shows that increasing diffusion tends to flatten the geometric variation of

the wavelength with respect to the divergence angle (see 3.3.5).
For typical aeolian conditions (6 ~ 0.02), diffusion has a negligible effect from both

most unstable orientations and wavelengths, and this up to d-values almost an ordre of

magnitude larger, which are unrealistic in practice. Under water, the grain hop length
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Figure 3.18 — Growth rates under a unidirectional wind. (a) Taking into account the
dependence of the hydrodynamic coefficients in the wavenumber, for 21, = 2 x 1072, (b)
With constant Ay = 4.8 and By = 3.1, calculated using (3.51) with the same zr, and
k = kmax, the most unstable wavenumber of (a). Both are computed for u, /uy, = 3.

is only a few grain diameter, which suggests that diffusion is even more negligible in the

problem of dune emergence '

3.5.2 Using non-constant hydrodynamic coefficients

In the case of a wind blowing over transverse bedforms, the dependence of the hydro-
dynamic coefficients Ay and By in the wavenumber is well known (section 1.3.1). More
specifically, they are functions of the dimensionless variable kzg, involving the dimensional
wavenumber and the hydrodynamic roughness. Their variation is weak (logarithmic), such
that they have been considered as constant in previous studies on the dune instability

(Andreotti et al. 2002b, Elbelrhiti et al. 2005, Fourriére et al. 2010).

When bedforms are inclined with respect to the flow, the hydrodynamic coefficients
then depend on both kzy and the pattern orientation «. They must be computed by
integration of the Navier-Stokes equations, choosing a turbulent closure (Andreotti et al.

2012a). However, for asymptotically small values of kzp, Andreotti et al. (2012a) show
that the two variables can be separated. The a-dependence can then still be represented by
the approximate expressions (3.3 - 3.6) we used in the previous sections (see in particular
section 3.3.1), up to kzp ~ 10, way beyond all possible aeolian conditions.

For the kzo-dependence, we thus use in (3.3 - 3.6) the expressions of Ay and By cal-

culated by Fourriére et al. (2010) for the rough/turbulent case (and represented in fig-

1. Note that some studies suggest that diffusion could be a driving mechanism for the emergence of
another type of longitudinal bedforms (Abramian et al. 2019b).
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ure 1.12). Both can be analytically represented by the following function:

p1+p2R +p3R? + py R
1+ p5R2 +p6R4 ’

F(R,p) =po+ (3.51)

where R =1In(27/(kzp)). We then have Ay(k, z0) = F(R,a) and By(k, z0) = F(R,b) with:

a = (2,1.0702,0.093069, 0.10838, 0.024835, 0.041603, 0.0010625), (3.52)
b = (0,0.036989,0.15765,0.11518,0.0020249, 0.0028725, 0.00053483). (3.53)

Two length scales are now involved in the growth rate: the saturation length L, and
the hydrodynamic roughness zg. In our previous notations, the wavenumber k is made
non-dimensional using the saturation length Lg,;. To remain consistent, we introduce the
non-dimensional number zj, = z¢/Lgat such that now, R = In(27/(kz1,)). In aeolian and
subaqueous conditions, we typically have 2, ~ 1.5x 1073 and 21, ~ 2x 1072, respectively (see
section 3.4.3).

Figure 3.18 compare the growth rate computed using the hydrodynamic coefficients
derived in this section to the growth rate (3.17) with constant Ay and By. Both are quan-
titatively similar, and only differ for asymptotically small wavenumbers. This supports the
approximation using hydrodynamic coefficients independent of the wavenumber, providing

that they are chosen according to the values of k. and zp, in the studied situation.

3.5.3 Impact of the slope on the sand flux

In section 1.2.2, we discussed the impact of the transverse slope on the transport
threshold. The sand flux is expected to be modified accordingly: smaller on positive slopes
where the threshold velocity is higher, and vice versa. However, wind tunnel experiments
shows that the full variation of the sand flux cannot be captured by simply changing
the threshold (Iversen & Rasmussen 1999). Then, the gravity ¢ in the prefactor of the
transport law needs to be modified for a slope ¢ as g (cos¢ +sin¢/u). Following Duran

et al. (2011), the corresponding transport law can be written as:
10,2 2
sat = Q,uth (ux- - uth) t, (354)

where Q' is dimensional constant, and wy, is modified at the first order by /(1 + 0,7 /)
(see section 3.3.1). When using this new transport law in our model, only the coefficient
(3.13) changes to:

1 ufh
by =By~ —|1+—5 |cosa. (3.55)
2u Uy

Note that the slope effect on the transport threshold does not vanish anymore for large

velocity ratios. After changing the characteristic flux to @ = Q'u2 /ug,, the non-dimensional
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growth rate reads:

k 2 tan? 1 1T us
=(La)2 By cos o 14 A @) 2t (_[u +uth]+rtan2a) (3.56)
1+ (kcosa) 2 e \2Lugn  us

2
—kcosaAocosa(ler%)], (3.57)

The most unstable wavenumber under a unidirectional flow, for which . = 0°, is

slightly different:

2 2 1 u?
kmax ~ —kc(0) = —— [ By — — |1+ 2], 3.58
3 (0) SAO(O 2u[+u%]) ( )

Close to the transport threshold (u./ug, — 1), the selected wavelength is the same, but it
is smaller for large velocity ratios.

Under bidirectional wind regimes, results are qualitatively the same as the ones pre-
sented in section 3.3. The only change relates to the slope effect on the transport threshold,
stronger here. As a consequence, everything happens as if we were closer to the threshold
compared to the equations developed in section 3.3: for a given velocity ratio, growth rates
are smaller, orientations are closer to the perpendicular to the dominant wind direction,
and the geometric variation of the wavelength is weaker.

It is unclear why the friction coefficient p introduced for the velocity threshold is
relevant here, as the two mechanisms are fundamentally different. The physical origin of
the impact of the slope on the sand flux remains also unclear. One possible explication
could relate to the presence of two types of moving grains: besides saltons (saltating grains),
more sensible to the wind, the reptons, which spend more time in contact with the bed
(similarly to bedload transport), would be more sensible to the bed slope and to the same
friction coefficient p (Howard 1977, Hersen 2004b, Andreotti 2004).

3.6 Numerical study using the ReSCAL cellular automaton

model

Due to the different time and spatial scales involved, the study of aeolian dunes cannot
only rely on the few possible field studies. Underwater laboratory experiments are a useful
alternative, but it is now clear that the analogy cannot be taken further than general
processes due to differences in hydrodynamical regimes (Duran et al. 2019). The use of
numerical models then allows greater flexibility in terms of space parameter exploration,
or number of configurations that can be tested. Three different types of numerical models
are used to study dunes. First, direct simulations of grain dynamics solve the associated
equation of motions. This type of models is mostly used to investigate sediment transport

processes, and stops at the scale of impact ripples or subaqueous dunes (a few centimeters)
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Figure 3.19 — Dune patterns reproduced by the cellular automaton model ReSCAL.
(a) Barchan dune from Gao et al. (2018). (b) Star dune from Zhang et al. (2012).
(c) Raked linear dune from Lii et al. (2017). Angular sand fluxe distributions are indi-
cated in green.

due to their high computational cost (Anderson & Hallet 1986, Anderson & Haff 1988,
Duran et al. 2012; 2014, Pahtz et al. 2015, Schmeeckle 2014, Sun & Xiao 2016, Clark
et al. 2017, Mazzuoli et al. 2019). Then, simulations solving the coupled continuous
equations of hydrodynamics and sediment transport allow the investigation of larger scales
problems (Sauermann et al. 2001, Kroy et al. 2002a, Andreotti et al. 2002a, Hersen
2004b, Parteli et al. 2007, Baas & Nield 2007, Parteli et al. 2009, Zheng et al. 2009,
Parteli et al. 2011, Duran & Moore 2013, Lima et al. 2017, Khosronejad & Sotiropoulos
2017, Giudice & Preziosi 2020). While these simulations reproduce well the dynamics of
isolated dunes, they would require a better description of the recirculation bubble in order
to simulate interacting dunes or superimposed patterns. (Parteli et al. 2007, Duran et al.
2010, Courrech du Pont 2015).

Along with continuous models, cellular automaton models have been used in dune field
modelling, mainly because of their low computational time, more suited to the study of
landscape-scale problems. (Nishimori & Ouchi 1993, Werner 1995, Nishimori et al. 1998,
Momiji et al. 2000, Bishop et al. 2002, Baas 2002, Nield & Baas 2008, Narteau et al. 2009,
Eastwood et al. 2011, Zhang et al. 2012, Gao et al. 2016; 2018). Cellular automata are
based on a stochastic approach. In these models, the three-dimensional space is made up

of elementary cells that can take on different states, depending on the studied system (e.g.
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air, sediment or vegetation in the case of dune cellular automaton models). These cells
can switch from one state to another according to arbitrary transitions with associated
probabilities, chosen to represent specific processes (erosion, deposition, diffusion, etc.).

In the case of dune studies, cellular automaton models have successfully reproduced
the wide variety of existing dune patterns by playing on sediment supply and wind regime
variability (see figure 3.19). However, the time and length scales of these models directly
depend on the transitions and associated probabilities, making them difficult to use for
quantitative approaches. Narteau et al. (2009) overcame this problem, setting the scales
of the ReSCAL dune model? by comparing incipient dune growth inside the model to
field data. By coupling a lattice-gas cellular automaton for high Reynolds-flow simula-
tion (Frisch et al. 1986, d’Humieres et al. 1986, Chopard & Droz 1998) to a cellular
automaton model for sediment transport, this model also achieved to reproduce interact-
ing dunes and superimposed bedforms (Narteau et al. 2009, Gao et al. 2015a).

In this section, we present the ReSCAL numerical model, and then discuss its relevance

to the study of incipient bedforms in multidirectional wind regimes.

3.6.1 The ReSCAL dune model
Principle

One can find a full and detailed description of the ReSCAL dune model in Narteau
et al. (2009). In this cellular automaton model, cell states (air, non-erodible soil, erodible
soil and moving grains) and transitions (erosion, transport, deposition and diffusion) are
chosen to represent the dynamic of sediment transport (see figure 3.20). In this model, an
important point is that each doublet transition is associated to a transition rate A;, such
that the whole process can be described as a generalized Poisson process. The probability
of each transition can therefore be calculated from these transition rates (Narteau et al.
2001; 2009, Rozier & Narteau 2014). In addition, other key mechanisms are present. First,
an angle of repose is imposed for the granular material in order to include avalanching
processes.

Then, fluid flow is represented using a lattice gaz. In the model, only 2D flows are
considered in order to highly reduce the computation time. Fluid particles are confined on
a set of uniformly spaced vertical planes parallel to the flow direction, in which they can
fly from air cells to air cells. The no-slip condition at the bottom spontaneously generates
a vertical logarithmic profile, whose aerodynamic roughness is given by the elementary

length scale of the cells ly. This also produces a direct feedback of the topography on the

2. ReSCAL is actually a base-model able to generate a lot of different cellular automaton models (Rozier
& Narteau 2014). Aside dunes, it has for example been used to study general landscape evolution (Rozier
& Narteau 2014), snow dynamics (Kochanski et al. 2019, Sharma et al. 2019), or dissolution at the
core-mantle boundary (Mandea et al. 2015).
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Figure 3.20 — Active transitions in the ReSCAL dune model. The parameters A; are
transition rates in units of tal. They are constant, except for A, that depends on the
basal shear stress according to equation (3.59). Here, a and b are positive constants. The
central inset shows the direction of the unidirectional flow and the orientation of the nearest
neighbors in a regular cubic lattice. Figure from Gao et al. (2015a).
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Table 3.1 — ReSCAL model parameters used in our simulations.

Parameter ‘ A Ae A Mg Ay 7T T
Value ‘ 4 2 6 0.02 1000 O 1100

flow at the origin of recirculation zones in the lee side of dunes (Narteau et al. 2009, Zhang
et al. 2010).

Finally, the transport law and the existence of a threshold are incorporated in the model
by linking the erosion rate A, to the basal shear stress 7y, calculated from the dynamics

of the lattice gaz. The corresponding law is then:

0 if 7, <7,
Ae =4 Ago 7T e if T <1 < To, (3.59)
T2 —T1
Aco else,

where Aqg is a constant rate, and 7 a slope parameter.

In this manuscrit, except when explicitly mentioned, we keep all ReSCAL parameters
constant, equal to those given in table 3.1, used in previous calibrations and studies using
this model (Narteau et al. 2009, Zhang et al. 2010; 2012; 2014, Gao et al. 2014; 2015a;b;
2016, Li et al. 2016; 2017; 2018, Gao et al. 2018).

Saturation properties

Narteau et al. (2009) and Zhang et al. (2007) give a complete an detailed scaling of
the model, with the derivation of all transport quantities. Here, we leave aside theoretical
calculations and present direct ‘measurements’ on the model.

Figure 3.21(a) shows the measurement of saturation length and saturated flux in the
model, similar to the wind tunnel experiment shown in figure 1.8. On the erodible bed, the
sediment flux exponentially relaxes towards a constant saturated value Qg = 0.26 lg t61
over a characteristic length Lgy = 1.6 £ 0.1 lg, in agreement with Narteau et al. (2009)
and Zhang et al. (2007). The value of the saturated flux then decreases with time and
tends to ~ 0.1 lg to 1 as the cells cluster together and change the characteristic roughness
of the bed (figure 3.21(b)). This is consistent with the value inferred from measurements
of barchan and sand wave velocities in the model, similar to figure 1.17, resulting in Qgat ~
0.13 12 t3! (Zhang et al. 2010).

Dune emergence

In the model, the bed is not destabilized by the hydrodynamics. As shown in figure 3.22,

the modulation of the basal velocity is in phase with the topography, which is equivalent
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Figure 3.21 — (a) Sediment flux over a flat bed in the ReSCAL dune model, averaged of
the first 5 to, and along the cross stream direction (10000 lp). The erodible bed starts in
x =0, preceded by neutral non-erodible cells. The fit of the exponential relaxation (1.21)
gives Qsat = 0.26 + 0.001 l% tal and Lgy = 1.6 £0.1 lp. (b) Saturated flux as a function of
time.

to B = 0. Although the advance of the shear stress with respect to the topography is
essential for the emergence of dunes in physical situations, it is here replaced by an inherent
asymmetry to the model, induced by the choice of the transitions. Indeed, there is no
transition allowing erosion in the lee side of a pile of elementary cells (figure 3.20), which
is equivalent to the shadow zone introduced in other cellular automaton models (Werner
1995, Baas 2002).

Whereas the mechanism at the origin of dune emergence is different in the model, the
overall behaviour remains the same. Indeed, Narteau et al. (2009) performed a numer-
ical linear stability analysis by looking at the evolution of a set of transverse sinusoidal
topographies of different wavelengths. The numerically obtained growth rate exhibits a
maximum for A ~ 40 lg. By identifying this value to the incipient dune wavelength in
natural conditions, around 20 m, the authors set the intrinsic length scale of the model
to lp ~ 0.5 m. Likewise, using typical values of saturated sand flux on earth leads to an

intrinsic time scale of ty ~ 8 x 107 yr.

3.6.2 Methods

In order to quantify bedforms emergence inside the model, following Narteau et al.
(2009), a numerical linear stability analysis of a flat sediment bed is performed in the model
under bidirectional wind regimes. We modulate the sand layer by a sinusoidal topography
of wavenumber k and angle «, with a very small initial amplitude of { = 4 [y. After
stabilizing the flow above this elevation profile, we start the sediment transport model and
compute at regular time intervals the amplitude, the wavelength and the orientation using
two-dimensional autocorrelation. The growth rate is then inferred from the exponential

increase of the amplitude over the first 60 tg, during which we checked that the wavelength
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Figure 3.22 — Basal velocity above a fixed sinusoidal topography of wavelength A = 200 [
in the ReSCAL dune model, averaged over 10° t.
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Figure 3.23 — Incipient evolution of a sinusoidal sediment layer in the ReSCAL dune model,
for 6 = 30° and N =1 (a) Pattern wavelength as a function of time. (b) Pattern orientation
as a function of time. (c) Logarithm of the pattern amplitude as a function of time. Points
are the numerical data, and plain lines are linear fits for the first 60 ¢g.
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Figure 3.24 — Growth rate oy, in the ReSCAL dune model as a function of the wavenumber
k and the orientation « of the bed perturbation for different values of the divergence
angle 6 (columns) and the transport ratio N (rows). Orange dots: most unstable mode
(Otmax, kmax) (the corresponding value of oy has been multiplied by 103 for clarity). The
signal has been smoothed using a gaussian filter.

and the orientation remain constant (see figure 3.23).

By varying the initial wavelength from 10 Iy to 160 Iy and the angle from —90° to
90°, we compute stability maps analogous to the theoretical ones presented in figures 3.5.
Figure 3.24, shows that their aspect, and their variation with respect to N and 6 are
highly similar to those obtained by the theory (see figure 3.5). They all exhibit a well-

defined maximum from which we can extract the most unstable mode (max, kmax), and

the associated maximum growth rate oyax-

3.6.3 Numerical results

Most unstable orientation

Figure 3.25 shows the most unstable orientation obtained form the numerical stability
analysis as a function of the angle between the two winds 6, for different values of the
transport ratio N. For N = 1, we recover the predicted orientations, either transverse

(otmax = 0°) when 0 < 90° or longitudinal (apmax = 0°) when 6 > 90°. As N increases, the
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Figure 3.25 — Most unstable orientation as a function of the wind regime in the ReSCAL
dune model, computed using a numerical linear stability analysis. Points are the data, and
plain lines are the prediction of the model of Courrech du Pont et al. (2014) for v = 1.7,
presented in section 3.3.4. The uncertainty on the measurement of the most unstable
orientation is estimated to +2°.

orientation becomes closer to the perpendicular to the dominant wind direction.

Note that a first difference with respect to the results of previous sections relates to
the divergence angle 6 for which the transition occurs. In the theoretical linear stability
analysis, the transition is predicted for 6 = 90°. However, we saw in the experiments
that the longitudinal orientation already seems to prevail for this value. In contradiction,
in the ReSCAL dune model, the pattern is dominated around 6 = 90° by the transverse

orientation, as shown by figure 3.25.

Because of all the differences between the model and physical conditions in terms of
transport, flow and avalanching processes, comparing quantitatively the obtained orien-
tations with the predictions of the theoretical linear stability analysis is difficult. They
can however be compared with the dimensional model of Courrech du Pont et al. (2014)
presented in section 3.3.4. As already found by Gao (2013), Courrech du Pont et al. (2014)
and Gao et al. (2015b), the orientation of the flat bed instability in the ReSCAL dune

model is closer to the wind bisector than the predicted ones.

Note that, in these previous works, the authors managed to recover to predicted ori-
entation by increasing the transition rate associated to the diffusion Aq by two orders
of magnitudes, increasing equivalently the associated diffusion length (see appendix B.2).
This is consistent with the theoretical results presented in section 3.5.1, where increasing
the non-dimensional diffusion length d by two order of magnitudes gives orientations much

closer to predictions of Courrech du Pont et al. (2014) (see figure 3.17).
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Figure 3.26 — Most unstable wavelength as a function of the wind regime in the ReSCAL
dune model, computed using a numerical linear stability analysis. The black line corre-
sponds to the geometrical model presented in section 3.3.5, adjusted in € = 0° at 54 [y. The
measurement uncertainty on the wavelength is estimated to +1 [g.

Most unstable wavelength

Figure 3.26 shows the most unstable wavelength obtained form the numerical stability
analysis as a function of the divergence angle 6, for different values of the transport ratio N.
In agreement with the results of previous sections, the wavelength is smaller for divergence
angles close to 90°. This effect is also weaker for larger values of N, when one wind prevails
over the other. Note the first point at § = 0°, slightly out of trend. This discrepancy may
result from numerical errors induced by rotations of the bed elevation, used to simulate
multidirectional wind regimes, and thus not present for # = 0°. Furthermore, this point
also differs from the results of Narteau et al. (2009) by about 10 ly, probably because of
the difference in the sampling points between the two studies coupled to the flatness of the
growth rate around its maximum.

The magnitude of the variation of the wavelength is in agreement with the geometrical
model presented in section 3.3.5, shown by the black line in figure 3.26. However, the
minima of the two curves are separated of about 10°, in agreement with the fact that
‘non-reversing dunes’? dominate the pattern around 6 = 90°.

Note that, similarly to the underwater experiments, this variation is not symmetric
with respect to # = 90°, and ‘reversing dunes’* form systematically at smaller wavelengths.
The relative variation between Ao and A1gg is however smaller in the ReSCAL dune model

(10%) than in the underwater experiments (25%).

3. When N > 1, bedform orientation is not necessarily transverse or longitudinal, but it can also be
oblique. We will use here the term of ‘non-reversing dunes’ for dunes emerging under winds blowing on
only one of its sides (6 < 90°), in contrast to dunes built under winds blowing on both of its sides (6 > 90°),
named ‘reversing dunes’.

4. See footnote 3.
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Figure 3.27 — Maximum growth rate as a function of the wind regime in the ReSCAL dune
model, computed using a numerical linear stability analysis. The black line corresponds to
the geometrical model, adjusted in 6 = 0° at 2.3 x 1073 tgl. The measurement uncertainty
on the growth rate is estimated to +2 x 107 t{)l.

Maximum growth rate

Figure 3.27 shows the maximum growth rate obtained form the numerical stability
analysis as a function of the angle between the two winds 6, for different values of the
transport ratio N. In agreement with the results of previous sections, the growth rate
decreases as the divergence angle approaches 90°. This effect is also weaker for larger

values of N, when one wind prevails over the other.

Just like for the wavelength, an analogous geometric model can be written for the

3 (see

growth rate. For small wavenumbers, the growth rate is proportional to k?cosa
equation 3.3.1). Including the geometric variation of the wavelength (3.39) in this scaling

leads to:

, for 68 <90°,
(3.60)

, for 6 >90°.

As shown by the black line in figure 3.25, this geometric model recovers the magnitude
of the variation of the growth rate with respect to the divergence angle in the numerical
simulations. Again, minima of the data and the geometric model are separated of about
10°. However, unlike the wavelength and what is observed in the experiments, the growth
rate does not exhibit any clear asymmetry with respect to 6 = 90°, between reversing and

non-reversing dunes.
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3.7 Concluding remarks

This work addresses the emergence of a dune pattern from a flat bed submitted to
a bidirectional wind regime. It generalises the dimensional approach of Rubin & Hunter
(1987) and Courrech du Pont et al. (2014) with a more fundamental linear stability analysis
where hydrodynamics over a modulated bed as well as transient sediment transport are
described. Our predictions essentially agree with previous results for dune orientation with
a transition from transverse to longitudinal dunes, but provide a wider range of possible
alignments, especially when the two winds have a divergence angle close to the transition
value 90°, depending on flow strength. This analysis also allows us to predict a preferred
pattern wavelength, and we show that it either decreases close to the transition for strong
winds, due to a geometric effect, or increases at low winds, when the bed slope affects the

transport threshold.

In addition, analogous subaqueous experiments and numerical simulations where in-
cipient dunes are submitted to alternate forcing in different directions validate part of the
model. The geometric effect responsible for the variation of the wavelength close to the
transition angle is recovered as well as the increase of the wavelength close to the transport
threshold for transverse bedforms. However, longitudinal patterns deviate from the model
as they systematically form at smaller wavelengths than expected, and also do not show
any variation of their wavelength with the distance to the threshold. Finally, these labo-
ratory experiments show the coexistence of the two pattern orientations predicted by the
linear stability analysis close to the transition angle § = 90°. This coexistence continues
beyond the linear regime in the experiments but also at much larger scale in deserts on
Earth.

To describe the formation of dune patterns under natural multidirectional flow con-
ditions, the analysis can be generalised to any wind rose by adding all the sediment flux
contributions. Following (3.25), the dimensional overall growth rate oy of a mode (a, k)

can be written as

(3.61)

where t;, Q; and wu,;/uy, are the duration, the flux and the velocity ratio associated
with each wind, that can be derived from field measurements or atmospheric models.
Additional data, such as the typical grain size of the sand bed in order to estimate the
velocity threshold wu, and the saturation length Lg,¢, are also necessary to compute oy.
Its maximum then gives the most unstable mode (amax, kmax), predicting the incipient
dune orientation and wavenumber for the considered region. As typical sand fluxes in
terrestrial deserts are of the order of @ ~ 10 m? yr™!, the corresponding characteristic dune

growth time (1/0max) L2, /Q (With opax = 0.07, see figure 3.5) is about 8 months, not much
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larger than but rather comparable to the seasonal period of wind reorientation (as for our
subaqueous experiment). This estimation seems, however, to agree with field observations,
as illustrated in figure 3.1, which emphasizes the robustness of the orientation prediction.
Despite the difficulties in documenting the linear regime in natural environments, more
sites should be systematically tested. This is the object of recent studies, that uses the
theoretical framework described in this chapter to quantitatively interpret field data (Lucas
et al. 2019, Tacono et al. 2020, Delorme et al. 2020).

The comparison of the dune orientation predictions with those of Courrech du Pont
et al. (2014) suggests that these predictions are still valid in a nonlinear regime as long as
dunes develop in areas of high sediment availability. As for the dune wavelength, however,
pattern coarsening usually occurs soon after dune emergence and the wavelength grows
by means of collisions and coalescence. Driven by the defects in the pattern (Gao et al.

2015b, Day & Kocurek 2018), this coarsening is likely to depend on the wind regime.
Further studies are needed to investigate this process in order to fully understand the

observed complexity of dune fields in nature.
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In the previous chapters, we investigated the linear dynamics of emerging bedforms.
The maturation of these patterns then leads to the appearance of objects with non-linear
dynamics. Under a constant unidirectional wind, incipient dunes turn into mature trans-
verse dunes and barchans, whose morphodynamics have been extensively studied. However,
the presence of multidirectional wind regimes on Earth and other planetary bodies leads to
a wide diversity of patterns, that have been described in chapter 1. In particular, elongat-
ing linear dunes are individual sand ridges aligned with the resultant transport direction.
Also referred to as seif dunes (Lancaster 1982, Tsoar 1982) or silks (Mainguet & Callot
1978) when they are sinuous, these finger-like structures are widespread on Earth and other
planetary bodies. They elongate under multidirectional wind regimes on non-erodible beds
thanks to the deposition at the dune tips of the sediment transported along the crests.

This elongation mechanism has been reported in the field as well as in numerical sim-
ulations and underwater laboratory experiments, but still, not much is known about it.
Dune elongation occurs only where the wind blows in at least two directions separated by
a minimum angle of 90°. Then, the dune orientation is selected as the one that cancels
the fluxes perpendicular to the crest, preventing any crest destabilization induced by mi-
gration (Reffet et al. 2010). When the wind regime is too unidirectional, only barchan
dunes are reported. However, Gao et al. (2015b) suggest a complex dependence of dune
morphology on the wind regime and sand availability. This implies that the existence and
stability of elongating dunes seem to rely on more than just the angular distribution of the

sand fluxes and the sand availability.

o Why is the elongation mechanism not visible in areas of high sediment supply? What
do low and high mean in terms of sediment supply, and when does the transition

from the bed instability to this mechanism occur ?

e Does the elongation mechanism control the periodicity of elongating dunes (when

there is) in zones of low sediment supply, as it controls the orientation ?

e What is the impact of the wind reorientation period on the stability and morphology

on elongating dunes ?

e More generally, what are the conditions of existence and stability of elongating dunes

in terms of wind regime and sediment influx ?

In this chapter, we will give pieces of answers to these questions using the cellular
automaton dune model ReSCAL, described in subsection 3.6.1. The first section is the
retranscription of a letter published in Geology, and adresses the question of the period-
icity (Gadal et al. 2020). In the next one, we sum up some important results about the
elongation of isolated linear dunes from a work published in Geophysical Research Letters,

which I could participate in during my thesis (Rozier et al. 2020).
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Figure 4.1 — Periodic dune patterns. A: Elongating dunes at the bottom of an avalanche
slope, Taklamakan desert, China (37°45" N, 82°36’ E). B: Elongating dunes on Mars,
Scandia Cavi (78°04" N, 151°10" W). C: Elongating dunes at the bottom of an erosion
pattern, Rub’ Al Khali Desert, Saudi Arabia, (10°00" N, 45°40" E). Arrows show the
dune orientations predicted from the wind data on a non-erodible bed (red) and a sand
layer (blue) following Courrech du Pont et al. (2014), except for Mars (B) where dune
orientations are inferred from the dune crests on the satellite image. Insets show sand
flux roses. Satellite images: Google™, Maxar Technologies, NASA /JPL/University of
Arizona.

4.1 Periodicity in fields of elongating dunes

4.1.1 Abstract

Dune fields are commonly associated with periodic patterns that are among the most
recognizable landscapes on Earth and other planetary bodies. However, in zones of limited
sediment supply, where periodic dunes elongate and align in the direction of the resultant
sand flux, there has been no attempt to explain the emergence of such a regular pattern.
Here we show, by means of numerical simulations, that the elongation growth mechanism
does not produce a pattern with a specific wavelength. Periodic elongating dunes appear to
be a juxtaposition of individual structures whose arrangement is due to regular landforms
at the border of the field, acting as boundary conditions. This includes, among others,
dune patterns resulting from the bed instability, or the crestline reorganization induced by
dune migration. The wavelength selection in fields of elongating dunes therefore reflects

the interdependence of dune patterns over the course of their evolution.

4.1.2 Introduction

Systematically highlighted by aerial photographs and satellite images, periodic geomor-
phological features have revealed the presence of dunes and atmospheric flows on planetary
bodies, including Earth, Mars, Titan, Pluto and comets (McKee 1979, Cutts & Smith 1973,
Ward et al. 1985, Lorenz et al. 2006, Bourke et al. 2010, Lorenz & Zimbelman 2014,
Lucas et al. 2014, Jia et al. 2017, Diniega et al. 2017, Telfer et al. 2018). The origin of
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these periodic patterns is a central issue in dune physics and planetary sciences, alongside
with the diversity of dune shapes, sizes and orientations (Wasson & Hyde 1983, Rubin &
Hunter 1987, Andreotti et al. 2009).

Under multidirectional flows, many dune fields with low sand availability exhibit linear
dunes that extend for kilometers on non-erodible beds. These dunes result from an elon-
gation growth mechanism leading to deposition at the dune tip of sediment transported
along the crest under the action of reversing winds (Courrech du Pont et al. 2014, Gao
et al. 2015b). While these elongating dunes can exist as isolated objects (Lucas et al.

2015), most of fields of elongating dunes display a periodicity (Fig. 4.1). The origin of
this periodicity has not yet been investigated or compared to pattern formation in zones
where dunes can grow in height with full sediment availability. A related point is thus how
populations of dunes in transport and sediment-limited conditions are independent based

on current understanding of the emergence of dune wavelengths.

Periodic dune patterns are typically linked to the development of incipient bedforms due
to an instability mechanism, which select a characteristic length scale from the competition
between destabilizing and stabilizing processes. The flat bed instability occurs in transport-
limited conditions where dunes arise from the interaction between turbulent flow, sediment
transport and topography at a wavelength A .x, for which the growth rate is maximal
(Charru et al. 2013). Another instability occurs on transverse dunes migrating on a non-
erodible bed. They break into a set of periodic barchan dunes with a size proportional
to the height of the initial transverse dune (Reffet et al. 2010, Niiya & Nishimori 2010,
Parteli et al. 2011, Guignier et al. 2013). The collective dynamics of individual bedforms
can also govern the development of patterns. In sediment-limited environments, these
individual structures take the shape of barchans, domes or star dunes according to the
wind regime (Hersen 2004b, Zhang et al. 2012, Baddock et al. 2018, Gao et al. 2018).
Whatever their shapes, as soon as they form populations, dunes interact by mass exchange
induced either by collisions or sand flux. These interactions generate a higher level of
organization, with a characteristic size, frequently observed along the sand flow paths in
dune corridors, chains and clusters (Elbelrhiti et al. 2008, Worman et al. 2013, Génois
et al. 2013a;b). In all dune fields, independently of the origin of the pattern, non-linear
interactions also lead to an increase in dune amplitude and wavelength in space and time
(Ewing & Kocurek 2010, Valance 2011, Gao et al. 2015a). While the smallest wavelengths
are intrinsically associated with incipient bedforms, the coarsening process is restricted
by boundary conditions that can ultimately set the maximum length scales of the dune

pattern.

By means of numerical simulations, we study two independent configurations that
produce periodic elongating dunes. We show that the spatial organization of these dunes

is controlled by the geomorphological patterns from which they develop. The elongation



4.1. Periodicity in fields of elongating dunes 135

Bed elevation [lg]

0 5 10 15 20 25 30 35

A B
‘% 0
N, =0 N, =10
: AR
—x

Figure 4.2 — Dunes elongating at the border of a sediment layer. A-C: Evolution
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erodible bed (red) as a function of time.
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growth mechanism does not itself select a characteristic wavelength but can express from
pre-existing structures while retaining some of their properties. The periodic pattern is
therefore inherited from past environments or specific boundary conditions upstream of
the sand flow paths.

The first situation represent the border of a sand layer, where we relate the wavelength
of the dunes elongating at the bottom of the avalanche slope to the pattern over the sedi-
ment layer. The second one show the migration of a sand bar subjected to a bidirectional
wind. Here, we relate the wavelength of the elongating dunes to the initial bar height, and

therefore to the crest destabilization process.

4.1.3 Methods

We use here a cellular automaton dune model that accounts for feedback mechanisms
between the flow and the evolving bed topography (Rozier & Narteau 2014). This approach

has been shown to be efficient in modeling dunes in multidirectional wind regimes and is
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able to reproduce and quantify superimposed bedforms in dune fields (Zhang et al. 2012,
Lii et al. 2017). The model parameters are the same as in Narteau et al. (2009), so
that the model length and time units Iy and ty are about 0.5 m and 1072 yr, respectively.
Based on field observations, we implement two specific configurations to generate periodic
elongating dunes. In both cases, we consider a bidirectional wind regime with a divergence
angle # = 120° and a constant wind strength (the saturated flux over a flat sand bed is
about 0.23 l% 1o D). However, the duration of the winds can differ and the transport ratio
N is the ratio between the time spent in the primary and secondary winds over a wind
cycle Ty, (Rubin & Hunter 1987). Autocorrelation of the bed elevation is used to measure
the elongation rate and the wavelength of the dune patterns.

In the first configuration, we focus on the development of dune patterns at the interface
between a sediment layer of height 30 [y and a non-erodible bed. An avalanche slope makes
the transition between the two (Figs 4.2 and 4.3). We use the simplest case of winds of
equal duration (N =1, Ty, = 100 to) with a resultant sand transport perpendicular to the
avalanche slope. All dune orientations are aligned with the transport direction and there
is no lateral dune migration. Along this direction, the output sand flux is lost (i.e open
conditions). Perpendicularly, the cellular space is made periodic to mimic an infinitely
wide system.

In the second configuration, a sand bar of height H is placed over a non-erodible bed.
We study its migration when subjected to an asymmetric regime (N = 3, Ty, = 40 tp)
for which the dominant wind is perpendicular to the bar orientation (Fig. 4.4A). Along
this direction, we keep open the output sand flux condition, preserving the periodicity in
the perpendicular direction. As in a unidirectional wind regime, the bar migrates and
can destabilize due to the lateral mass redistribution. Furthermore, in the presence of a
secondary wind, elongating dunes can develop.

Finally, we interpret field examples using the method described in Courrech du Pont
et al. (2014). The predicted dune orientations are calculated from wind data provided
by the ERA-Interim project or by local wind towers (Fig. 4.1A and C). For the martian

example, they are measured from the dune crests on the satellite images (Fig. 4.1B).

4.1.4 Results
Elongation from a flat sediment layer

Figure 4.2A-C shows the evolution of the bedforms at the border of the sediment
layer. Incipient dunes develop from the flat bed instability on the sediment layer and
the avalanche slope, and also elongate at the bottom of this lee face. Both dune types
exhibit a regular pattern with well defined wavelengths that connect with each other, as

well as the same orientation due to the specific wind regime N =1 (Fig. 4.2C). On the
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Figure 4.3 — Dunes elongating at the border of a sinusoidal sediment layer. A-
B: Evolution of the sediment bed in the model for an initial wavelength A\g = 30 lp. C:
Wavelengths of the pattern on the sediment bed (blue) and on the non erodible bed (red)
after 40 wind cycles as a function of the imposed wavelength Ag. Shaded areas are arbi-
trarily defined to help describe the figure in the text. D: Elongation rate of the dunes as a
function of time for different imposed wavelengths. The red line shows the average value.
E/F: Field examples at small (E) and large (F) scales in the western Sahara, Mauritania
(18°11" N, 14°30" W). Blue square is the location of E on F. Arrows show the dune orien-
tations predicted from the wind data on a non-erodible bed (red) and a sand layer (blue)
following Courrech du Pont et al. (2014). Insets show sand flux roses. Satellite images:
Google™  Maxar Technologies, Landsat /Copernicus.
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sediment layer, the dune wavelength starts from that of the most unstable mode associated
with the bidirectional wind regime (Gadal et al. 2019). On the avalanche slope, the
pattern wavelength starts at a slightly lower value, as well as the one on the non erodible
ground. After a few wind cycles, both patterns connect through the avalanche slope, as
the wavelengths become identical and then increase due to coarsening (Fig. 4.2D). The
periodicity of the elongating dunes then appears to be controlled by that of the dunes on
the sand layer. In addition, we observe that the pattern of the elongating dunes is directly
impacted by the defects of the sediment layer pattern when the dunes reach the avalanche

slope.

Elongation from a perturbed sediment layer

To test this control mechanism, we started simulations from a sediment layer with a
sinusoidal elevation profile perpendicular to the resultant sand flux (Fig. 4.3A-B). Fig-
ure 4.3C shows the wavelength of the dune patterns on both side of the avalanche slope
after 40 wind cycles with respect to the initial wavelength. For Ag-values larger than Apax,
there is perfect agreement between all these wavelengths (red part of Fig. 4.3C). As these
large wavelengths are unstable with respect to the flat bed instability, the initial pattern
persists throughout the simulation enforcing its periodicity to the elongating dunes. For
Ap-values smaller than Ap .y, however, the initial bed undulations are quickly replaced by
those of the most unstable mode of the flat bed instability (blue part of Fig. 4.3C). As
coarsening occurs along the resultant flux direction, the wavelength of the elongating dunes
is a bit larger than the one measured on the sediment layer.

Figure 4.3D shows the elongation rate of the dunes developing at the bottom of the
avalanche slope as a function of time. These measurements have been done for three large
wavelengths (red part in Fig. 4.3C). After a short transient time period of 5 to 10 wind
cycles, all three elongation rates fluctuate around the same constant value. This duration
corresponds to the time needed for the dunes at the base of the avalanche slope to reach the
minimal size integrating the two winds. In the next phase, during which they elongate at a
constant average rate, the dune tip periodically breaks, migrates and disperses, explaining
the observed variability. As no wavelength emerges faster than the others, the elongation

mechanism does not select any length scale.

Elongation from the break-up of a sand bar

Using the second configuration, Figure 4.4A shows a migrating sandbar that becomes
sinuous and ultimately breaks up into a periodic set of dunes. As in unidirectional wind
regimes, the resulting wavelength of these dunes is determined by the height of the sandbar
(Fig. 4.4). In bidirectional wind regimes, the crestline reorganization is not only related

to the lateral redistribution of mass associated with the primary wind but also to the
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Figure 4.4 — Break-up of a sand bar in a bidirectional wind regime. A: Evo-
lution of a sand bar during its migration (corresponding number of wind cyles: N, =
[0, 150, 225, 335, 400, 580]). B: Wavelength of the dune pattern and migration time
as a function of the initial height of the bar, measured at breaking. Points are the nu-
merical results and lines the best linear fits. C: Field example in the Kavir desert, Iran
(34°06" N, 53°40" E). Arrows show the dune orientations predicted from the wind data on
a non-erodible bed (red) and a sand layer (blue) following Courrech du Pont et al. (2014).
Insets show sand flux roses. Satellite image: Google™, Maxar Technologies.

superimposed bedforms that develop and migrate in an oblique direction with respect to
the orientation of the sandbar (Courrech du Pont 2015, Lii et al. 2017). Ultimately,
the resulting periodic dunes also elongate under the action of the reversing winds, as in
the experiments of Courrech du Pont et al. (2014) (Fig. 4.4C). In multidirectional flows,
the break-up of pre-existing dunes is therefore another source of periodicity in fields of

elongating dunes (Fig. 4.1B).

4.1.5 Discussion

We identify two relevant length scales for dune growth in bidirectional wind regimes,
which are potential candidates for wavelength control in fields of elongating dunes. The first
is the saturation length, associated with the spatial relaxation of transport in response to
a bed perturbation (Andreotti et al. 2010). The second is proportional to \/QT,,, where

@ is the characteristic sand flux and Ty, the duration of the wind cycle. As shown by
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Rozier et al. (2020), these two length scales control the minimal size and the morphology
of isolated elongating dunes. Nevertheless, our numerical simulations suggest that the
periodicity in fields of elongating dunes comes from boundary and initial conditions rather
than from length scales inherent to the elongation mechanism. This is supported by the

fact that the elongation rate is independent of the initial wavelength (Fig. 4.3D).

We then recognize in this process the importance of the migration of dunes from areas
of high to low sediment availability. When these dunes eventually fall into an avalanche
slope in the transition zone, they impose a periodic modulation at its base, from which
elongating dunes can develop (Fig. 4.1A). Interestingly, avalanche processes, and especially
sand spreading during granular flow, can also add a level of complexity. In our numerical
simulations, high slip faces can act as a filter and prevent transmission of upstream dune
patterns of too short amplitude or wavelength down to the base of the avalanche slope.
As a result, there is a range of wavelengths for which information is lost in the avalanche

slope (green part of Fig. 4.3C).

In addition, superimposed bedforms also appear and develop directly on avalanche
slopes, which are areas of loose sand similar to a flat bed for oblique winds. In doing
so, they also allow the elongation of periodic dunes at the base. Finally, multidirectional
wind regimes more complex than the simplest symmetric bidirectional case studied in
Figures 4.2-4.3 would induce an upstream dune orientation oblique to the avalanche slope.
As a consequence, under natural conditions, we expect additional geometric factors to be
involved in the relation between the wavelength of the upstream bedforms and that of the

elongating dunes.

Although the periodicity of many fields of elongating dunes appears to be governed
by upstream dune patterns along the sand flow path, it can also be attributed to other
spatially periodic landscapes. For example, channel formation and river erosion can lead
to evenly spaced ridges and valleys (Fig. 4.1C). This could naturally give rise to a new
type of interaction between aeolian and fluvial system in dryland environments (Bullard
& Livingstone 2002).

In modern sand seas, a large number of extremely regular fields of elongating dunes
have giant sizes, with a kilometer-scale spacing (Andreotti et al. 2009). Although we
have mainly addressed small and medium sized dunes in our numerical simulations, our
conclusions are valid at all length scales. When the dunes at the border have reached
their giant size, the wavelength of the elongating dunes must adapt accordingly, preserving
the periodicity along the sand flow paths (see Figure 4.3E-F). However, long-term inter-
actions between elongating linear dunes and the resulting auto-organization requires more
investigation. In particular, dunes exchange sand by means of lateral fluxes, which make
them expand longer (Rozier et al. 2020). Whether this process acts as a stabilizing or a

destabilizing mechanism for the pattern is an open question.
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More generally, our results illustrate how the transmission of the pattern at the border
of dune fields exerts a spatio-temporal control on the geomorphology of the landscape
along the sand flow path. As any change at the border could be traced farther downwind
over time, the observed dune morphodynamics provide information about upstream dune
patterns or past environments. They introduces a long-term memory into the migrating
dune system. The propagative aspect of the pattern dynamics is also apparent in the
presence of an obstacle or in the elimination of defects present in the spatial arrangement
of the dune crests. As the density of defects is lower in elongating dune fields than in
transverse dune fields (Day & Kocurek 2018), periodicity may appear more easily there,
even if it develops only under specific boundary conditions. On Earth, but also on other
planetary bodies, these dynamic aspects can now be treated more carefully at the scale of
major sand seas to learn more about the long-term evolution of arid landscapes and the

variety of dune field patterns.

4.2 Elongation and stability of an isolated linear dune

In the previous section, we have shown that the spatial organisation of elongating
linear dunes is deeply controlled by initial and boundary conditions. These dune fields
thus appear to be a juxtaposition of individual structures, whose properties remain to
be investigated. Sometimes, the upstream source of sediment is fixed, like for lee dunes
elongating behind a topographic obstacle, as shown in figure 4.5(a) (Tsoar 1989). In such
a situation, there is no lateral migration of the dune body, which can preserve its shape
over tens of kilometers (Lucas et al. 2014, Lii et al. 2017). Understanding the sediment
budget along these linear dunes and the conditions leading to their stability is key to assess
time and length scales associated with the mechanism of elongation.

By means of numerical simulations, we study in this section the elongation properties

of an isolated linear dune.

4.2.1 Methods

Numerical simulations are here again performed with the ReSCAL cellular automaton
dune model, described in section 3.6.1. In all simulations, we set an asymmetric bidirec-
tional wind regime of period T3,. Over a wind cycle, two winds of the same strength blow
alternatively with a divergence angle 6 = 120°. The duration of the primary wind is twice
that of the secondary wind, resulting in a mass transport ratio N = 2 on a flat bed. The
two winds are oriented such that the dune elongates along the main axis of the cellular
space of the model (see figure 4.5(b)).

We consider two different setups to investigate the elongation and stability of linear

dunes. In the first setup, hereafter the ‘injection setup’, the simulated field is a corridor
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Figure 4.5 — Isolated elongating linear dunes. (a) Linear dune elongating behind a topo-
graphic obstacle in the Ténéré desert, Niger (18°31'N, 12°59’E) The sand flux distribution
is computed from the wind data of the ERA-5 project (Hersbach et al. 2020) using the
method described in appendix A.2. Satellite image: Google™, Maxar Technologies. (b)
Linear dune elongating from a sediment source in the ReSCAL dune model, for 6 = 120°
and N = 2. Flux directions are indicated by the beige arrows. The blue dot indicates the
position of the sediment feeder, placed above the dune. In both figures, brown arrows show
the corresponding resultant sand flux direction.

with open boundary conditions. Sediment is injected locally from a fixed circular source
near the upstream end of the field at a constant discharge Ji, (see figure 4.5(b)). Using the
injection setup, the model becomes computationally too expensive when simulating huge
linear dunes. To analyze transverse sections over a wider range of dune sizes and wind
conditions, we also simulate longitudinal sand bar with periodic boundary conditions. We
refer to this setup as the ‘infinite setup’. Starting from a uniform square cross section at
t = 0, the sand bar then reaches the characteristic shape of a reversing dune in a few wind

cycles. After an elapsed time of ~ 104 ¢y, we examine the shape properties.

4.2.2 Main results

Elongation and stability

We first start by using the injection setup. As soon as the sediment accumulates at
the place of injection, the dune elongates under the action of the two winds. During the
simulation, sediment is constantly lost at the dune tip, similarly to barchan horns, but
also along the dune. As elongating dunes align with the resultant flux, wind directions
are oblique to the crest; they thus experience a smaller dune aspect ratio. As a result, the
corresponding recirculation zones are less developed in the lee side, and thus make a less
efficient trap. This is especially true for the primary wind, more aligned with the dune

(see left side of the dune on figure 4.5(a)). The evolution of the dune volume V is then
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Figure 4.6 — Steady equilibrium state of an elongating linear dune (a) Input and output
sediment discharges for different dune lengths, for Ty = 300 ¢y and Ji, = 4.1 3 t5t. (b)
Outflux along the corresponding equilibrium linear dune. (c¢) Equilibrium length as a
function of the input sediment discharge for Ty, = 300 ty. The dotted black line is the
equation (4.2) with Jex = 0.7 13 5! and (gous) = 2.5 x 1073 12 51, measured in (a) and (b),
respectively.

controlled by the balance between the input discharge and the losses:
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(4.1)

where Jox and Joy are the sediment discharges lost at the tip and along the dune, respec-
tively.

During the elongation, the sediment discharge lost along the dune increases with the
dune length, until the total losses balance the input discharge (figure 4.6(a)). As a result,
the elongating dune reaches an equilibrium state, characterized by a steady triangular
shape of length L and mean width W. Furthermore, unlike barchan dunes (see figure 1.15
and Hersen (2004a;b)), this equilibrium is stable. As shown by figure 4.6(a), decreasing
the dune length from the equilibrium will decrease the lost sediment discharge accordingly.

Consequently, the dune elongates back towards its equilibrium length.

As shown by figure 4.6(b), at equilibrium, the sediment outflux goyt is constant along

the dune body, aside the large losses at the head and the tip. As these are encompassed into
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the constant discharge Jey, the lost sediment discharge Jout can be written Jout = (gout ) L-

At equilibrium, the dune length thus reads:

Jin - Jex
Leg=———. 4.2
« <QOut> ( )
As shown by figure 4.6(b), the equilibrium length indeed increases roughly linearly with
the input discharge Jiy, in agreement with (4.2). Note that the presence of a threshold in
terms of input discharge, because it first needs to overcome the constant sediment discharge
Jex = 0.7 lg to ! before the dune can elongate. Importantly, this threshold is not sharp, and

the equilibrium length L4 increases slowly at the beginning before reaching its linear

asymptote.

Stable dune profile

In this section, we study the shape of a stable infinite linear dune using the ‘infinite
setup’. As shown by figure 4.7(a), despite the asymmetry of the wind regime, sections
have a rather symmetric shape with slip faces in the lower part of both sides. These parts
are barely reworked by the two winds, contrary to the neighbourhood of the crest, which
moves back and forth over a distance A.. Note that this crest reversal distance is the
same for the two winds, as the orientation of the elongating dune is such that the fluxes

perpendicular to the crest are of equal magnitude and cancel each other (see section 1.5.2).

As shown by figure 4.7(b), the dune shape ratio lies between 0.5 and 0.65, values
corresponding respectively to the triangular and parabolic shapes. Importantly, this value
is reached for a minimal dune size W, ~ 15 [y, which could originate from two different
mechanisms. First, as the dune is thinner at the tip, each wind might have the time to
develop the transverse instability and break the tip during a single blow duration. As
a result, the tip would break at a width W o \/Q,T controlled by the blow duration,
following scalings detailed in Guignier et al. (2013). Second, the dune might break due
to hydrodynamical reasons related to the minimal dune size (see section 1.3.2, chapter 2
and chapter 3). Then, the tip breaks at a width related to the cut-off wavelength of the
instability characteristic of this wind regime. Since the minimum width in figure 4.7(b)
appears independent of the wind reorientation period, this mechanism seems relevant in
the interpretation of our simulations. However, this width also looks independent of the
transport threshold, whereas the instability cut-off wavelength is a function of wu./ugp.
Then, further study is needed to confirm this hypothesis, with larger variations of the

wind reorientation period and different transport ratio/divergence angles.

When the lower part is large compared to the reworked upper part, sections are well

approximated by trapezoid of bases W and A. and height H (see the dashed lines in
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Figure 4.7 — Cross sections of a linear dune and associated fluxes. (a) Cross sections of an
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of the rescaled crest reversal distance, for all different wind reorientation periods and

transport thresholds present in (b).
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figure 4.7(a)). The corresponding shape ratio ¢ = S/(W H) is then:

¢:%(1+%). (4.3)

As shown by figure 4.7(b), this is well verified in the limit of large dunes (A./W — 0), for

various wind reorientation periods and transport thresholds.
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Figure 4.8 — Crest reversal distance as a function of the wind reorientation period.

Impact of the wind reorientation period

The reworked part of the dune is the same for all cross sections (figure 4.7(a)), but it
depends on the wind regime. More specifically, figure 4.8 shows that most of its variation is
due to the wind reorientation period, with little scattering due to the transport threshold
1.

The corresponding volume, proportional to Lquz, is also the sediment volume trans-

ported during half the wind reorientation period:
T
LegAZ = LeaQu 5 (4.4)

where @), is a characteristic flux in the direction perpendicular to the crest. Leaving aside

prefactors, it leads to:
Ac o< \/Q.T, (4.5)

whose variation in /7T is in agreement with figure 4.8.

The appropriate characteristic flux to use in this scaling is harder to specify. At the
crest, the flux in the perpendicular direction @, depends on the cross section, and increases
roughly linearly with the dune aspect ratio, as discussed in section 1.4.1 (figure 4.9(a)).
From this relationship, one can infer two different characteristic fluxes. The y-intercept
corresponds to the flux on a flat sand bed (H/W — 0 on figure 4.9(a)), and the slope to
the additional flux induced by the presence of a topography. The first clearly depends on

the transport threshold, while the second seems to be independent of it.
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As most of the variation of the crest reversal distance A, is due to the wind reorientation
period, we look for a characteristic flux ), relatively constant over T, and 71, such that the
additional flux induced by the presence of the topography is a good candidate. However,
taking it into account in the scaling only increases the scattering of the points (figure 4.9(b)
with respect to figure 4.8). This is probably due to the estimation of @), whose uncertainty

is larger than its variation with respect to 71 and Ty, but further investigation is needed.

4.2.3 Discussion

In this work, we show that isolated elongating linear dunes can reach an equilibrium
state, controlled by the balance between the input flux and the losses. Importantly, we
notice the presence of a threshold in terms of input flux under which the dune cannot
elongate. As a result, above the threshold input discharge, the dune can elongate infinitely,
until it interacts with other dunes or topographic obstacles.

The equilibrium length is an easy observable in satellite images, and could thus be used
to investigate sediment budget in dune fields. However, before that, the input and lost
discharge Jin and Je, as well as the output flux along the dune gy, must be related to
overall quantities of the studied site. For a dune elongating behind an obstacle of width
Wobs, the input discharge is related to the the free flux of the area, and thus to the resultant
sand flux Qg as Jin, o« Wops@o- The sediment discharge lost at the dune tip then depends
on the dynamic of the calving process. However, averaged over time, it can be related to
the minimal dune width as Ji, ~ W.Q), where @) is the component of the resultant sand
flux parallel to the crest. Finally, the outflux ¢out, corresponding to the sediment that
escape the slip faces, needs calibration in terms of their efficiency as sand traps, depending

on the wind regime.
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Figure 4.10 — Two interacting linear dunes at equilibrium. The two sediment sources at
the dune heads have an equal input discharge of 3.2 lg’ iy L

Narteau et al. (2009) have shown that the unitary length and time scales of the
model, Iy and ty, are about 0.5 m and 8 x 107 yr for Earth-like conditions. The dune in
figure 4.5(b), 1200 [y long for a maximum width of 60 Iy, would then correspond on Earth
to a dune 600 m long with a maximum width of 30 m. Its input discharge, of 4.1 lg to L
would be 640 m3 yr~!. Note that the obstacle is usually much wider than the dune (see
figure 4.5(a)). Such an input discharge could be reproduced by a 200 m wide obstacle
and a free flux of 3.2 m? yr~'. This is much smaller than typical resultant sand fluxes, as
expected for areas with non-erodible beds, where linear dunes elongate.

In natural situations, wind regimes are various, and often more complicated that the
bidirectional one studied in this work; our results should thus be tested with respect
to different divergence angles and transport ratios. Furthermore, natural linear dunes
are rarely completely isolated, and often form clusters or fields. Besides collisions, they
interact by exchanging fluxes, which modifies the balance described in (4.1). As shown
by figure 4.10, when two dunes are side by side, the equilibrium length of one is longer,
as it gains a sediment influx along its crest from the losses of the other one. Within a
dune field, all losses along dunes are counterbalanced by gains from losses of nearby dunes,

which could lead to unlimited elongation.
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5.1 Introduction

Sand fluxes and dune properties are essential components of the evolution of arid ar-
eas (Pye & Tsoar 1990, Livingstone & Warren 1996, Thomas 2011, Lancaster 2013). How-
ever, setting up direct measurements of sediment transport and bed elevation with a global
spatial coverage is difficult. This is why they are often derived from wind data (Fryberger
& Dean 1979, Wasson & Nanninga 1986, Bullard et al. 1996, Blumberg & Greeley 1996,
Lancaster et al. 2002, Wang et al. 2002, Pearce & Walker 2005, Livingstone et al. 2010,
Jewell & Nicoll 2011, Lii et al. 2017, Gao et al. 2018).

Recent climate reanalyses based on global atmospheric models, such as ERA-40 or
ERA-Interim (Uppala & et al. 2005, Dee et al. 2011), now allow large-scale studies of arid
areas (Blumberg & Greeley 1996, Livingstone et al. 2010, Esteves et al. 2011, Ashkenazy
et al. 2012, Courrech du Pont et al. 2014, Gao et al. 2018). However, their spatial
resolution (~ 80 km) implies average quantities that do not resolve the smaller scales,
ranging from the study of individual dunes to the border of mountains (Livingstone et al.
2010). Lately, the release of ERA5 provides up to 70 years of hourly wind properties at
a much higher spatial resolution (~ 30 km), even almost 10 times higher for the specific
ERAS5-Land subset (~9 km) (Hersbach et al. 2020).

In this chapter, we show how to derive quantities of interest (resultant sand flux, dune
orientation, etc.) from theoretical models on sand fluxes (Iversen & Rasmussen 1999,
Duran et al. 2011) and dune growth (Courrech du Pont et al. 2014, Gadal et al. 2019)
using the ERA5-Land dataset. We apply this data analysis method to the example of the
Namib Sand Sea, where in situ field measurements are used to check the validity of this
dataset, and to calibrate the derivation of the sand fluxes. We then compute the sediment

and dune properties for the entire desert, and show that they match field observations.

Note that this chapter reports preliminary work from this collaboration with researchers
at Oxford, Southampton and Loughborough Universities. Further developments are there-
fore under way, notably on the comparison between computed quantities and field obser-
vations, as well as on the implications of this work for the development of the Namib Sand

Sea.

5.2 From wind data to sand fluxes

In this study, sand fluxes are derived from wind data that come from different sources:

climate reanalyses and in situ measurements.
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5.2.1 Datasets

Climate reanalyses

Climate reanalyses provide numerical estimates of various climate-related quantities
(temperature, humidity, winds, etc.) at a global cover (typically the whole Earth). They
are based on forecast models, which are forced at certain spatial or temporal points by
observations using data assimilation systems. Improvements in models coupling different
parts of the climate system, such as atmosphere, land surface, ocean, sea ice or carbon
cycle, as well as the incorporation of new types of observations, such as satellite records,
have led to the release of different generations of climate reanalyses since the 1980s.

In this work, we mention three successive generations of climate reanalyses produced

by the European Centre for Medium-Range Weather Forecasts (ECMWF):

e ERA-Interim has been released to replace ERA-40 dataset (Uppala & et al. 2005).
It covers the period from 1 January 1979 to 31 August 2019, with a temporal reso-
lution of 6 hours, and a spatial resolution of 0.75°, i.e. ~80 km (Dee et al. 2011).

e ERAS5 has been released in 2018 to replace ERA-Interim, whose production has now
stopped. It covers the period from 1 January 1950 to within 5 days of real time.
Many improvements have been made over its predecessor. The main one relates to
much higher temporal and spatial resolutions, of 1 hour and 0.25° (i.e. ~ 30 km),

respectively, thanks to new data assimilation systems (Hersbach et al. 2020).

e ERA5-Land is a replay of the ERAD reanalysis at a finer spatial resolution of 0.1°,
i.e. ~9 km. There is no coupling to the data assimilation system, and observations
influence the simulation indirectly only through the forcing by the ERA5 dataset.
It however incorporates a new model for land /atmosphere interactions. Note that it
will cover the period from 1950 to present, but has now only been released for the
period 2001-2018.

The grids of the three datasets are represented in figure 5.1. Due to its much finer

spatial resolution, we use in the following the ERA5-Land dataset.

In situ measurements

In situ measurements are provided by a station placed in the middle of the Namib Sand
Sea (figure 5.1) from 20 June 2015 to 15 September 2018. Wind strength is measured by
a cup anemometer at a height of 2.6 m, and direction by a wind vane at a height of 2 m,
both every 10 min (figure 5.2). Transport intensity is measured by SENSIT, an instrument
that uses a piezoelectric surface to count the number of particle impacts during the interval
between two wind measurements (Stout & Zobeck 1996). The surface is cylindrical, with

a diameter of 23.5 mm, and extends from the surface to a height of 12 mm, which is about
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Figure 5.2 — Picture of the station providing the in situ measurements.
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Figure 5.3 — Comparison between the ERA5-Land and in situ datasets. (a) Corresponding
wind roses. (b) z-component and (c) y-component of the shear velocity during the dom-
inant southerly wind as a function of time. Here, shear velocities are calculated with an
aerodynamic roughness of zp = 1 mm.

the typical thickness of the saltation layer (Creyssels et al. 2009). Note that, because the
station is in an interdune between two large (~ 50 m high) linear dunes, we should expect

to see some surface wind funnelling (see figure 5.2).

5.2.2 Comparison of the two datasets

The two wind datasets are represented in figure 5.3. Both wind roses exhibit a similar
dominant wind blowing towards the north-northwest in winter. Note the difference in
terms of secondary summer winds. The easterly wind present in the ERA5-Land dataset
is replaced in the in situ measurements by a small northerly wind. Note that the existence
of this easterly wind is not an artefact of the reanalysis dataset, as it is present in the data
from the Gobabeb meteorological station (Livingstone et al. 2010). This difference is then
probably due to the giant dunes on either side of the station. Since they are approximately
perpendicular to the easterly wind, the corresponding shadow zone is then large enough
to encompass the station. This drastically reduces the wind velocity perceived in the
interdune, but also probably induces some wind redirection.

As shown by figure 5.3(b) and 5.3(c), the correspondance between the two datasets
of the x (northward) and y (eastward) components of the shear velocity is remarkable
during the dominant wind, in winter. Note that the differences are stronger for the x-

component, supporting that the giant dunes impact the wind by the station. Climate
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Figure 5.4 — Transport law from in situ measurements. The raw data are averaged into
bins of 0.01 m s~! in terms of velocity at 2.6 m. The corresponding distribution is shown
in (b). The fits give Q = 13.5 s7! and g, = 0.37 m s7! (or equivalently 7.3 m s™* at 2.6 m)
for the quadratic law, and Q' = 25.1 s! and u, = 0.36 m s™! (or equivalently 7.1 m s™! at
2.6 m) for the Bagnold law.

reanalysis datasets may thus not be suited to the study of small scales patterns developing
in the interdune. However, they are able to reproduce most of the wind seasonal variability,

necessary to the study of sand flow paths and giant dune patterns at the sand sea scale.

5.2.3 Calibration of the transport law

Figure 5.4 shows the number of impacts detected by SENSIT as a function of the wind
velocity for the whole period of measurements. It exhibits a clear threshold, above which
the number of impacts increases with the wind velocity. Note that SENSIT saturates at
7000 counts. After averaging the data into bins, we can fit transport laws to the resulting
points (we checked that the results are independent of the bin size). We obtain a threshold
velocity of 7.1+ 0.2 m s}, independently of the transport law (figure 5.4).

In order to compare with theoretical predictions of the threshold velocity and the sand
flux, the data first need to be converted in terms of shear velocity and sand fluxes. The
shear velocity is inferred from the law of the wall (1.4) using an aerodynamic roughness zg of
1 mm. This leads directly to a threshold shear velocity of u¢, = 0.36+0.01 m s™*. It can also
be calculated from (1.14), using the fluid and grain properties. The grain diameter is taken
from the mode of distributions made from local samples, giving d = 550 pm (figure 5.5).
Unfortunately, we do not have any measurements of the grain and fluid densities. As grains

in the Namib Sand Sea are largely composed of quartz (Garzanti et al. 2012, Eckardt et al.
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Figure 5.5 — Grain size distributions for three different samples taken near the station. The
dotted black line is the fit of a log normal distribution, leading to a most probable value
of d =550 pm.

2013), we use a grain density of ps = 2.7 kg m™3. Combined with a typical value of the air

1

density, pf = 1.2 kg m™3, it leads to u, = 0.35 m s™!, in agreement with our measurements.

The sand fluxes are derived from the number of impacts n using:

4 3
1=37(3) 7 >0
where A; = 10 min is the measurement duration and Wy = 23.5 mm the apparent width of
SENSIT, i.e. the diameter of the cylindrical surface. The fit of the measured sand fluxes
leads to a prefactor in front of the transport law (1.19) of Q = 12+ 1 s™! (see figure 5.4).
They are then about 35 times smaller than the fluxes calculated using the calibration (1.20)
of this prefactor presented in section 1.2.3, which leads to € = 420 s™'. This is due to the
duration of our measurements, that makes SENSIT saturate in terms of counts just above

the transport threshold.

In conclusion, these in situ data allow the measurement of the threshold velocity, but
also the validation of its theoretical expression, hence confirming the grain diameter and
density. Unfortunately, the fitted transport law cannot be used due to the saturation of
SENSIT.

However, the extracted threshold velocity corresponds to the grain properties of our in
situ station, i.e. to the interdune between two giant linear dunes. While the sand there is
dynamic and will transfer from dune to dune across the interdune, it is coarser than the
sand found on the dune bodies and crests, ranging from 180 pum to 250 um (Lancaster 1981,
Livingstone 1987, Eckardt et al. 2013). In the following, all sand fluxes are thus derived
from the calibrated theoretical expressions of the threshold velocity (1.14) and saturated

sand flux (1.20) using a typical grain diameter 200 pm, more relevant to dune dynamics.
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Figure 5.6 — Wind and sand fluxes across the Namib Sand Sea from the ERA5-Land
dataset. (a) Some wind roses, spaced of 0.8°. (b) Corresponding angular distributions of
the sand fluxes, calculated using a hydrodynamic roughness of 1 mm, and the sediment
and fluid properties given in section 5.2.3. The resultant sand flux direction is given by
the brown arrow. Flux intensities are detailed in figure 5.7.

5.3 Winds and sand fluxes across the Namib Sand Sea

Using the ERA5-Land dataset, we derive from the wind velocity at 10 m the sand
fluxes corresponding to sediment grains analogous to those at the station. The method
is the same as the one used in chapter 2, described in appendix A.2. It is based on the
calculation of the shear velocity using the law of the wall (1.4), followed by the use of the
transport law (1.19). From the time series of the sand fluxes, we define the resultant sand
flux as the vectorial time average (qg,;). Note that in the literature, its magnitude | (g, )|l
is sometimes referred to as the Resultant Drift Potential (or RDP), and its direction the
Resultant Drift Direction (or RDD). Likewise, we define the scalar time average (||qga ),
also referred to as Drift potential (or DP).
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5.3.1 Wind regimes

Wind roses corresponding to this analysis are shown in figure 5.6(a), exhibiting various
wind regimes across the Namib Sand Sea. From west to east, the wind regime changes
from unimodal on the coast to multidirectional as one approaches the mountains. This
variation is also associated with a decrease in wind strength. In the middle of the sand sea,
the giant linear dunes are shaped by a well defined bidirectional wind regime (figure 5.3(a)

and figure 5.6(a)).

5.3.2 Sand fluxes

The corresponding angular distributions of the sand fluxes are shown in figure 5.6(b).
Note that not all of the resulting sand flows are directed northward, which is a notable
difference with respect to the output of the ERA40 and ERA-Interim datasets (Livingstone
et al. 2010). In particular, the flux distributions are in agreement with in situ measure-
ments from Lancaster (1985) and the Gobabeb meteorological station (Livingstone 2003),
both around the Kuiseb river bordering the northern edge of the Namib Sand Sea.

The magnitude of the resultant sand flux [(gg,;)| is shown in figure 5.7(a) along flux
lines running through the sand sea. The sand is transported from the coast and the
south to the north, following the spatial evolution of the wind regimes. Note that |(gg)]|
decreases along the sand flow paths, reflecting that the Namib Sand Sea is a zone of
sediment deposition.

In terms of transport, wind multidirectionality is usually represented using the ratio
between vectorial and scalar time average of the sand flux, [{(geu)ll/{l|@satll)- As shown
by figure 5.7(b), high values of this ratio indicate unidirectional wind regimes, typical of
the coast. Low values correspond to wind regimes where transport directions cancel each

others, nearby topographical obstacles.

5.4 Dune morphology

5.4.1 Dune shape

As discussed in chapter 1, wind directionality is, along with sediment availability, one
of the two dominant factors controlling dune shape (see figure 1.3). Different pattern mor-
phologies have thus been reported depending on the |[(@gu)l|/{]gsat |l )-value (Livingstone &
Warren 1996). Then, barchan and transverse dunes are found for [(geu)|/{|l€@satl) 2 0.7,
star dunes for [(geu)l/{l|@sat]) $ 0.3, and linear dunes in between (McKee 1979, Wasson
& Hyde 1983, Lancaster 1994, Livingstone & Warren 1996).

Figure 5.8 shows different patterns in the Namib Sand Sea along an eastward transect

around the 26" parallel south. From west to east, the dune morphology shifts from
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Figure 5.7 — (a) Flux lines following the resultant sand flux. (b) Ratio between the resultant
sand flux (i.e. vectorial average) and the scalar average of the sand flux. Letters indicate
the position of the three sites shown in figure 5.8.
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Figure 5.8 — Different dune morphologies along an eastward transect around the 26"
parallel south. (a) Transverse dunes close to the coast. (b) Linear dunes in the middle of
the sand sea. (c) Star dunes nearby the mountains. Sites are indicated in figure 5.7(b).
The ratio ||(ggu)|/([gsatll) is indicated just below the angular distributions of the sand
flux. Predicted orientations are shown in red (elongation mechanism, equation (1.46)) and
blue (bed instability, equation (1.45)).

transverse, to linear, and then star dunes as one approaches the mountains, in agreement
with the decrease in |[(ggu)|l/{||@sat ). Furthermore, the corresponding values of this ratio
fall nicely into the categories given above. Note that barchan dunes can also be found

along the coast where the sand availability is lower.

5.4.2 Dune orientation

Dune orientations can be predicted from the angular distributions of the sand fluxes
using the theoretical models described in this manuscript. First, we use the model of
Courrech du Pont et al. (2014) described in section 1.5.2, and compute the two dune
orientations corresponding to the elongation mechanism (equation (1.46)) and the bed
instability (equation (1.45)). The only parameter here is the flux-up ratio =, that we take
equal to 1.7, from calibrations using field results and laboratory experiments (Courrech du
Pont et al. 2014).

Then, the orientation resulting from the bed instability is also computed using the
extension of the linear stability analysis to multidirectional wind regimes presented in
chapter 3 (see equation 3.61). The characteristic flux and the wind velocity ratio are then
calculated at each time step from our wind data. However, this model has parameters for
which we do not have measurements. The hydrodynamic coefficients are set to Ag = 3.6
and By = 1.9, values derived from the field analysis presented in chapter 2. The avalanche

slope (1 is taken to the usual value of tan(35°).
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Figure 5.9 — Comparison between the dune orientations for the bed instability predicted
by the model of Courrech du Pont et al. (2014), agim, and the linear stability analysis,
arsa, for all points of the grid shown in figure 5.1. The standard deviation of the residuals
is 3°.

Comparison between the two models

In chapter 3, we have shown that the two models predicts the same orientation. How-
ever, this correspondance was tested only in strictly bidirectional flow regimes, and found
only for specific values of flux-up ratio v and velocity ratio u./ug,. Furthermore, fig-
ure 3.6 shows that the linear stability analysis can predict a wide diversity of orientations
depending on the velocity ratio.

Nevertheless, figure 5.9 shows that the orientations predicted by the two models are
fairly the same, with an average difference of 3°. This is remarkable as the predictions of
the linear stability analysis integrate various velocity ratios, depending on the time step
as well as the spatial location. This suggests that wind variability, in terms of strength
or direction, tends to smooth out effects related to the velocity ratio (slope effects and
hydrodynamic recirculations), so that the growth rate remains mainly controlled by wind

geometry, which corresponds to the model of Courrech du Pont et al. (2014).

Qualitative comparison with satellite images

The predicted orientations are shown on the northern half of the Namib Sand Sea on
figure 5.10. Overall, they correspond qualitatively to those visible on the satellite image:
on the coast, transverse dune orientation matches the prediction of the bed instability (blue
lines), and in the middle of the sand sea, linear dune orientation agrees with the prediction
of the elongation mechanism (red lines).

However, between the 23 et 24 parallel south, our predictions differ of about 15° from
the observed linear dune orientation, that slightly tends to incline westward, following the
Kuised river bed. Other discrepancies of this magnitude exist, and cannot be attributed
to the choice of the v value, which has little impact on the prediction of orientations

(figure 5.10), especially from those corresponding to the bed instability. Note that they
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Figure 5.10 — Predicted orientations in the northern part of the Namib Sand Sea cor-
responding to the elongation mechanism (red) and the bed instability (blue). Wedges
correspond to the whole range of solutions when ~ is varied from 0 to oo. For the bed
instability, both models are used, and orientations superimpose (see also figure 5.9).
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Figure 5.11 — Crossing dunes between giant linear dunes in the Namib Sand Sea
(-24.14°, 15.01°). The roses show sand flux angular distributions. Arrows indicates the
orientations predicted using the model of Courrech du Pont et al. (2014) for the elonga-
tion mechanism (red) and the bed instability (blue). Wedges indicate the areas covered
by these arrows when the grain size is varied from 0 pm to 600 ym. The left rose and the
plain arrows/wedges correspond to the ERA5-Land dataset, and the right rose and dashed
arrows to the in situ measurements. Satellite images: Google™ Maxar Technologies.

often occur near obstacles related to water flows, such as the three main rivers indicated

in figure 5.1. This may explain why this effect cannot be extracted from the wind data.

5.5 Discussion

In this chapter, we present preliminary results from a method for desert large-scale
analysis, based on climate reanalysis datasets. After assessing the validity of the wind
data from the ERA5-Land dataset, we derive sediment fluxes and dune orientations for
the entire Namib Sand Sea. Our data show the local impact of topographic obstacles on
sediment flow paths as well as the spatial evolution of the ratio [(qu.)|l/{|gsat|), reflecting
the high spatial resolution of the wind data. As a result, the computed angular distributions
of the sand fluxes agree with the literature, in contrast to what has been previously derived
using the ERA-Interim and ERA-40 datasets (Livingstone et al. 2010). Furthermore, we
checked using satellite images that dune orientations and shapes agree with our predictions.

As shown in figure 5.11, only the orientations of the giant dunes are reproduced by the
ERA5-Land dataset. Smaller scale patterns, such as these crossing dunes elongating in
between two linear dunes, are sensible to the modifications of the large-scale wind induced
by the bordering giant dunes. Their orientation can then be predicted from our in situ
measurements (red dashed arrow in 5.11). Although these different orientations may result
from the evolution of wind regimes through different climatic periods (Bristow et al. 2007,
Lim et al. 2016), we show here that they can be explained by modern winds.

The computed fluxes correspond to the chosen grain properties, which change along

the dune profiles or across the desert (Lancaster 1981, Lancaster & Ollier 1983, Lancaster
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1983, Watson 1986, Lancaster & Teller 1988, Fenwick 1991, Yamagata 2010, Livingstone
et al. 2010). As a result, including a detailed spatial distribution of grain properties over
the entire desert in this type of analysis would thus enhance the quality of the calculated
sand fluxes, and thus of all related quantities (predicted dune orientations, erosion and
deposition rates, dune growth rates). More generally, it could be improved by taking into
account all parameters affecting sediment transport, such as vegetation, rainfall or moisture
content (Livingstone & Warren 1996, Andreotti et al. 2012b).

This analysis is applicable to all active deserts on Earth, currently in progress for the
Lut (Iran) and Taklamacan (China) deserts, but also to other planetary bodies where

global coverage by wind data is available.
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Dunes emerge while selecting their own wavelength and orientation. In this manuscript,
we investigated how both depend on the external natural conditions, as the wind regime
or the sand availability, using a theoretical approach combined with numerical modeling,

subaqueous experiments and field analyses.

6.1 Bed instability

We first investigated the destabilization of a loose sediment bed using a field study
at White Sands, Mexico. Over there, the unimodal sand flux distribution allows the
simplification of the problem to an idealized case where only transverse dunes form under
a unidirectional wind. On the upwind margin, where incipient dunes emerge, we found that
elevation profiles exhibit spatially exponentially amplifying trends, typical of a convective
instability that simultaneously grows and propagates. Our measurements of the most
unstable mode properties, i.e. wavelength, propagation velocity, growth length and local
growth rate, also match the prediction of the linear stability analysis, assessing its validity
in describing the process of dune emergence from a loose sediment bed.

We then extended this linear stability analysis to bidirectional wind regimes. We
found that the emerging pattern integrates the two winds, instead of being a combination
of two patterns produced by each of the two winds. Both incipient orientation, wavelength
and growth rate then vary according to the wind regime. Predicted orientations are in
agreement with previous studies under bidirectional flows (Rubin & Hunter 1987, Rubin &
Ikeda 1990, Courrech du Pont et al. 2014), but can be modified depending on the distance
to the transport threshold. In addition, we found that the variation of the wavelength and
growth rate is dominated by a geometrical effect resulting in up to 30% decrease when
the two wind directions are perpendicular. This is supported by subaqueous experiments
and numerical simulations, in which we also found a clear discrepancy between reversing
and non-reversing dunes. This might be the signature of enhanced non-linear effects for

reversing dunes, and needs further investigation.

6.1.1 Coarsening and increase of the wavelength

In natural dune patterns, the observed wavelength is often much larger than the incipi-
ent one, as it has increased since emergence due to coarsening (see figure 6.1). As discussed
in section 1.4.2 of chapter 1, understanding and quantifying these processes is still an open
issue, despite their primary importance in the evolution of dune fields. More importantly,
the increase of the wavelength, and the associated scalings, have never been investigated
under natural, multidirectional, wind regimes.

In the experiments presented in chapter 3, coarsening processes are impacted by the

wind regime (Figure 6.1). The larger the divergence angle, the faster the wavelength
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Figure 6.1 — Wavelength as a function of time for different angles 6 between the two flow
directions, in the experimental setup presented in chapter 3.

increases. However, coarsening for reversing dunes (6 < 90°) is much faster than for non-
reversing dunes (6 > 90°). At first, this can be understood with the same argument detailed
in section 3.4.4, pointing out enhanced non-linearities under reversing flows, as each wind
blow encounters an avalanche slope. However, it is surprising that the fastest wavelength
increase occurs for # = 180°, where the resultant transport is null, and thus where defect
migration should be the smallest. These are new results that have never been reported
in the literature to our knowledge, and further studies are required to understand and

quantify it.

6.1.2 Elimination of defects

In many different physical situations, from convective rolls to liquid cristals, coarsening
is deeply related to the diffusion and annihilation of defects present in the patterns (Rasenat
et al. 1990, Bodenschatz et al. 1991, Pargellis et al. 1992, Pismen 1999, Desai & Kapral
2009, Hansen et al. 2009, Black et al. 2017). As a result, the study of defect dynamics
in dune patterns is still an active research topic, driven by its potential in dating dune
fields (Werner & Kocurek 1999, Huntley et al. 2008, Rachal & Dugas 2009, Bourke et al.
2009, Skarke & Trembanis 2011, Telfer et al. 2017, Scuderi 2019).

Recently, Day & Kocurek (2018) have shown that many different dune fields on Earth,
Mars and Titan verify the same scaling law I* o< A2, where I* is the defect density of the
dune field, and A its wavelength. This result, based on a dimensional analysis, strongly
suggests that dune interactions remain the same during all stage of coarsening. Note
that, in their study, two trends corresponding to two proportionality coefficients arise,

which might depend on dune type (reversing vs non-reversing dunes), wind regime or sand
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Figure 6.2 — (a) Automatic defect detection on a picture from the experiment presented in
chapter 3, after 136 blows and for § = 0°. (b) Corresponding defect density as a function
of the pattern wavelength for the 170 first blows. The dashed line represents I* oc A72.

availability.

Using the same experimental setup as described in chapter 3, or analogous simulations
in the ReSCAL dune model, we can track the defects through time (see figure 6.2(a)) and
see that the same scaling law is recovered (figure 6.2(b)). By extending this analysis to
different situations, we could assess the impact of wind regime or sand availability on defect

dynamics and pattern coarsening.

6.2 Elongating dunes

In the second half of this thesis, we investigated the early stage of linear dune elongation.
Fields of elongating dunes often exhibit a clear periodicity, characteristic of an instability.
However, as elongation occurs over non-erodible beds from a sediment source, it cannot
be described by the stability analysis of a sediment bed described in chapter 2 and 3. By
means of numerical simulations, we study the elongation of incipient dunes from the border
of an avalanche slope making the transition between a flat sand layer and a non-erodible
bed. We found that all linear dunes elongate at the same constant velocity, independently
of the initial imposed wavelength. In addition, their wavelength coincides at all times
with the wavelength of the pattern developing on the sand layer. This suggests that their
spatial arrangement is in fact a juxtaposition of individual structures controlled by spatial
initial /boundary conditions, which can result themselves from another instability.

Elongating dunes thus need to be studied as individual objects. This is the work
of Rozier et al. (2020), which I was able to participate in during my thesis. By means of

numerical simulation, we studied the elongation of an isolated linear dune. We found that
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it can reach an equilibrium state controlled by the balance between input sediment flux and
losses. Importantly, this equilibrium is, unlike barchan dunes, stable. The corresponding

dune shape is then mainly controlled by the wind reorientation period, relating to the

length scale \/QT'.

6.2.1 Elongation under various wind regimes

Number of our results are in fact wind regime dependent. For example, changing the
divergence angle or the transport ratio leads to different dune orientations with respect to
the wind directions. The aspect ratio of the dune as seen by the winds is also different,
which changes the efficiency of sand trapping by the avalanche slope and thus the losses
along the dune.

As aresult, our numerical simulations now need to be extended to a wider range of wind
regimes before being reliably used to interpret field data. For example, on Titan, methane
storms, which blow in addition to the usual bidirectional wind regime, appear to control
the direction of linear dune elongation, showing the importance of studying trimodal wind
regimes (Charnay et al. 2015). Another related issue adresses the impact of the wind
variability in terms of orientation. Under a unidirectional wind regime, Gao et al. (2018)
show that the standard deviation of the wind orientation controls the transition from
barchan to dome dunes. Its impact under bidirectional (or multidirectional) wind regime
on dune elongation remains to be studied, and could be at the origin of “complex linear
dune” (Livingstone & Warren 1996, Wang et al. 2004), and further to a transition to train

of dome or star dunes.

6.2.2 Breaking of a sand bar under multidirectional wind regimes

As shown in section 4.1.4, elongation also occurs from pre-existing dunes. In this
case, the linear dune is not fixed, and the dune head is often shaped as an asymmetric
barchan or a dome dune (Figure 4.4A). In one hand, the dune head migrates roughly in
the direction of the resultant flux. On the other hand, the body does not migrate as the
fluxes perpendicular to the crest cancel each other. The interplay between these two parts
can lead to the destabilization of the entire structure. However, elongation is also able
to reattach parts of the dune that would break (Reffet et al. 2010), leading to curved
nail-shaped dunes (Figure 4.1B).

The dynamics of sand bar break-up under multidirectional regimes has not been studied
much yet, and the ReSCAL dune model could be an appropriate tool to investigate it.
Recently, this problem has been addressed using a simplified theoretical model for the
crest line dynamics. Nakao-Kusune et al. (2020) show that, for reversing dunes, specific
orientations exist for which all modes of the transverse instability are stable. Using their

model, we could compute these stable orientations for different wind regimes and compare
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them to the orientations predicted by Courrech du Pont et al. (2014). This would allow
the study of other parameters influencing the orientation of elongating dunes, such as the
upstream influx present in natural fields of elongating dunes.

Finally, the impact of the wind reorientation period on the stability of linear dunes
remains to be investigated. When one of the two winds blows long enough/strong enough
with respect to the dune width (typically /QT > W), it can also destabilize the dune
before the other wind can re-stabilize the sand bar. Natural linear dunes are also referred
to as “seif” because they often exhibit sinuous crest lines, which could result from the
development of the transverse instability. These models could then be used to investigate
the minimal linear dune width under which the crest line will destabilize and break in one

blow duration.

6.3 Sand sea analysis

In the last chapter, we couple the theoretical framework on dune morphodynamics
and sediment transport to wind data from climate reanalyses, and run a large scale anal-
ysis of the Namib Sand Sea. Thanks to the high resolution of our data, the computed
sand fluxes encompass the influence of topographical obstacles, contrary to previous stud-
ies (Livingstone et al. 2010). The predicted dune shapes and orientations correspond to
field observations from satellite images on different sites.

Unfortunately, we did not have time to check by hand the correspondance between
predictions and observations across the whole sand sea. A complementary analysis would
be to compute the dune properties from elevation data. For example, the NASA’s Shuttle
Radar Topography Mission provides data at a spatial resolution of 30 m over the entire
Earth, on which the giant dunes of the Namib Sand Sea are clearly visible. Extracting the
dunes widths, heights, orientations and shapes from these digital elevation model would
allow a quantitative comparison with our predictions, but also add a significant contribution
to the database created by our analysis.

Dune sizes (widths and heights) would also give access to dune growth, elongation and
migration rates (see chapter 1). For example, following Lucas et al. (2015), the elongation
rate of linear dunes scales with their width W as e o< (1 ++)Q/W, with a proportionality
coefficient around 10. For the linear dunes close to the Kuiseb river, bordering the northern
edge of the Namib Sand Sea, we find W ~ 400 m, with corresponding sediment fluxes around
10 m? yr~! (see figure 5.7(a)). We infer elongation rates of ~ 1 m yr™!, in agreement with
previous studies (Stone 2013, Bristow et al. 2007, Paillou et al. 2020). One can push
the analysis further by pointing out that these dunes elongate over paleo-channels of the
Kuiseb river (figure 6.3). As the width covered by these paleo-channels is around 8 km,
we find that they are at least older than 8 kyrs, in agreement with Paillou et al. (2020).
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Figure 6.3 — The Kuiseb river, bordering the northern edge of the Namib Sand Sea. Light
blue: current river bed. Dark blue: paleo-channels. The rose show the sand flux angular
distribution over this area, and the brown arrow the direction of the resultant sand flux.
Adapted from Paillou et al. (2020).

Desert-scale analyses such as this one then allows to discuss the evolution of dune fields,

in addition to unravel their apparent complexity.
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Appendix A

Supplements to chapter 2

A.1 Measurements of the angle of repose

The avalanche slope u of a granular material can be measured from the shape of a
conical pile built with these grains. Its value depends on the grains’ shape, and, because it
enters the parameters of the linear stability analysis, we have measured it for the gypsum
particles that compose the dunes at the the upwind margin of the White Sands. The
experimental setup is presented in figure A.1. We fill a cylindrical tube with the grains
and slowly pull it up. The grains flow out of the tube bottom, forming, in a quasi-static
way, a conical pile. The slope of the pile evolves through a succession of avalanches. We
take pictures after every incremental lift of the tube. We have so obtained data for 39
cones of different volumes. On these pictures, we detect the edges of the pile by simple
image processing, and fit them by straight lines to measure the corresponding slope. The
results are shown in figure A.1. The values are nicely independent of the pile height, as
it should for homothetic cones, showing that finite size effects (the piles are small) can be

neglected. These data allow us to obtain a mean value:
©=0.79 £0.05, (A1)

corresponding to an avalanche angle ~ 38°. It is slightly larger than the usual value of 35°,
in agreement with the elongated and angular shape of the grains (see figure A.2). The

dispersion of the data relates to the metastability of the avalanching process.

A.2 Wind data processing

The sand fluxes are derived from the wind data of the KHMN weather station at the
Holloman air base (32°51’'N, 106°06"W) corresponding to the topography measurements,
between 2007 and 2010. The method of analysis used here is based on that described
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(d)
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Figure A.1 — Measurement of the avalanche slope. (a-c) Evolution of the sand pile when
the tube is pulled up. Contour detection is shown by the blue lines. (d) Measured slope as
a function of the non dimensional pile height, where d = 435 pum is the dsg of the particular
sample we have used. The blue line is the mean value, and the shaded area represents one
standard deviation above and below it.
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Figure A.2 — In situ image of representative gypsum grains on the upwind margin; their
oblate shape and large size can be seen. The contrast and brightness of grains have been
adjusted so their shapes are identifiable.

in the supplementary material of (Courrech du Pont et al. 2014). The data are hourly
measurements of the wind velocity u; and direction 6; at 10 m height, with velocity and
angle bins of 0.5 m/s and 10°, respectively. The sub-letter ¢ indicates here the time of the
corresponding data.

The sediment flux depends on the shear velocity u., characteristic to the logarithmic
velocity vertical profile of the wind u(z) = u./kIn(z/z9) inside the turbulent boundary
layer. k= 0.4 is the von Karméan constant and zg is the aerodynamic roughness. At time
t, this law of the wall is reciprocally used to estimate the shear velocity from the wind
measurement as:

(A.2)

U .
wt = K——F—,
4
()
where z is set to the height at which the wind data have been recorded. Here we take
zo ~ 1 mm, associated with the thickness of the saltation layer.
Furthermore, the wind shear velocity exceeds a threshold wuy;, to maintain steady salta-

tion. Its value is empirically given by

ugp = 0.1 @gd, (A.3)

Pt

where pp, and py are the grain and air density, d the grain diameter and g the gravitational

acceleration Iversen & Rasmussen (1999). The saturated flux can then be computed at
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each time step using the transport law Ungar & Haff (1987):

Q(uzt—ufh)egt it e > wn,
qsat,t = 7 (A4)
0 else,

where eg, = (cosby,sinf;) is a unit vector, and Q = 25(pr/pp)/d/g is a dimensional
constant calibrated by measurements and numerical simulations (see review of (Duran
et al. 2011)). From this time series, one can define the resultant sand flux. Likewise, we

also compute the characteristic sand flux @ as:

Qu?,eg, if  wwy> ug,
Q, = 0 Lo (A.5)

0 else.

Finally, as the sand flux direction is mostly unimodal, dune growth and migration mainly
result from the component of the fluxes aligned with the resultant sand flux direction S,
perpendicular to the dune crests. The relevant characteristic sand flux for the study of the

spatial development of the dune instability then become:

Qu2 , cos (0 - if Uy > Ugn,
Qs = €08 (0 = B) > Uth (A.6)

0 else.

Note that ); can have positive or negative values depending on the orientation of the sand
flux at time with respect to the resultant (average) sand flux direction. Quantification of
the impact of the variations in wind direction can then be done by looking at the ratio

between scalar and vector average of the characteristic sand flux. Using the wind data we

obtain
(|Q¢]) =38+ 5 m? yr !, (A7)
(Q)=23+3m? yr !, (A.8)
resulting in
(@) o6, (A.9)
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Supplements to chapter 3

B.1 Inertial flow over an inclined sinusoidal topography

In this section, we describe the properties of an inertial flow over an inclined sinu-
soidal topography. We thus consider a three-dimensional inviscid stationary flow (R, > 1)

described by the following Euler equations,

ps(v-V)v==VP+psg, (B.1)
V-v =0, (B.2)
Vsurface " T = 0, (BS)

where v = (u,v,w) is the flow velocity, P the pressure, g the gravity, ps the fluid density
and n the unitary vector normal to the topography, flowing along e, over a flat bed, such
that this base state is described by v° = Ue,, P%(2) = Py - prgz and hY = 0. We introduce

in the previous equilibrium state a small perturbation of the topography of amplitude ¢

kx

Figure B.1 — Stream line of an inertial flow over a sinusoidal inclined topography at the
height of the bed, seen from above. Here, we take k( = 0.25. The base line is represented
in dashes.
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such that n = k( «< 1, writing all quantities as:

X(z,y,t) = X+ X (2,y,t) +O (n*),

—_———
O(n)

The equations then becomes at the first linear order :

ovt 1
v - —vp,

ox Py
Vvl =0,

oht 1

Fra

(B.4)

(B.5)
(B.6)

(B.7)

Rescaling every velocity by U, and pressure by pU?, the previous equations now reads on

their non-dimensional form as

1
Vvl = 0,
oh' 1
e

Using a sinusoidal perturbation of the bed elevation as:

ik i —ct
B = Cez (cos ax+sinay—c )’
we look for solutions of the form:
X = XO(Z)eik:(cos az+sin ay—ct)
the previous system now reads:

Uo = —po,

Vg COS @ = —pg Sin «,

: dpo
wptk cosa = ———,
0z
. . 8w0
ik (upcosa +vpsina) = 5,
z

wo,2=0 = tk( cos a,

(B.11)

(B.12)

(B.13)
(B.14)

(B.15)
(B.16)

(B.17)

Solving leads to the non-dimensional expression of the Fourier transform of the quan-
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tities

up = k¢e ™ cos? a (B.18)
vo = k¢e ™ cosasina (B.19)
wo = ik¢e ™ cosa (B.20)
p=—kCe™™ cos? a (B.21)

As shown by figure B.1 in (x,y) plane, the corresponding streamline oscillates asym-
metrically around the base line. As the flow also follows the topography in the (y, z) plane,

the three dimensional structure of the streamline is an helix.

B.2 Measurement of the diffusion length in the ReSCAL dune

model

Due to the transition for diffusion present in the ReSCAL dune model, erodible cells
does not move only along the streamwise direction. At each time step, they have a prob-
ability to jump either at the left or the right instead of moving along the flow direction.
In order to quantify this process, we run simulations where we put only one cell on the
non-erodible bed, and follow its trajectory for different random seeds. As shown by fig-
ure B.2(a), the trajectories disperses as the cell travel downstream. We then measure
the variance across the different trajectories of the particle cross-stream position for each
streamwise position z. Figure B.2(b) shows that the cross-stream variance increases lin-
early with the streamwise distance, as expected for random walkers.

Following Seizilles et al. (2014), a diffusion length can be defined from this linear
relationship:

oy? = 2qz. (B.22)

Repeating this process for different values of the transition rate Aq, we find {4 = 0.078A4.
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Figure B.2 — Measurement of the diffusion length in the ReSCAL model. (a) Different
erodible cell trajectories over a flat non-erodible ground in the ReSCAL dune model for
Ag=0.01¢%;". (b) Variance of the cross stream cell position across the different trajectories
as a function of the streamwise distance for different value of A4. (c) Diffusion length as a
function of A4q. The linear fit gives a slope of 0.078 lytg.
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