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collaboration at the second half of my thesis and for being an outstanding

professional and a person that has my admiration also. Many thanks to all

those that passed though the IfB and contribute uniquely to this multicul-

tural environment full of good lessons.

Many thanks to Switzerland for accepting me with open arms in this 4 years

and provided several lessons that made me grow a lot as a person. Many

i



thanks to my country, Brazil, for making my way to this point a possible

journey. I acknowledge the support of the funding organizations of both

countries and the European Union, CNPq, CAPES, ETH and European

Research Council.

Personally, I dedicate this work to my mom Eliana, which was my inseparable

partner in life unconditionally supporting me through my journey. My aunt

Elaine, who introduced me to the computer world in my early ages and my

aunt Heloisa, who inspired me into the academia and taught me that the

Education is the only way for the oppressed ones. My big thanks to my loyal

friends in Brazil, which friendship hasn’t change after I moved 9000 km away.

Also to the friends I found here and became family guiding and supporting

me through hard lessons.

ii



Zusammenfassung

Der Transport des Sandes durch Wind, beispielsweise erlebbar bei der Bewe-

gung einer Düne, offenbart die komplizierte Wechselwirkung zwischen gran-

ularen Medien und Fluiden.

Die Sandkörner werden bei der Saltation in die Luft gehoben und beschle-

unigt. Sobald diese Sandkörner den Boden berühren, schlagen sie weitere

Sandkörner aus dem Boden heraus, was eine Kettenreaktion auslöst.

Wir benutzen die Methode der diskreten Elemente, um äolischen Sandtrans-

port in zwei und drei Dimensionen zu simulieren. Unser Modell simuliert das

Verhalten eines ungeordneten Teilchenbetts unter Einwirkung eines logarith-

mischen Windprofils. Der Wind ändert sich dynamisch, wie es dem Impul-

saustausch mit den transportierten Körnern entspricht. Wir studieren einen

Übergang im gesättigten Fluss für äolische Saltation, den wir in unserem

numerischen Modell erhalten haben. Der Diskontinuität geht ein Koexisten-

zinterval voraus, in dem zwei metastabile Lösungen existieren. Wir unter-

suchen das metastabile Verhalten mit Perturbationen und Auftriebskräften.

Eine Ausgleichsrechnung ergibt, dass der gesättigte Fluss in 3D-Simulationen

mit dem von Owen entwickelten Modell beschreiben werden kann, bei dem

q = A0(u
3
∗ρw/g)(1− uτ/u∗), mit A0 = 1.6 und uτ = 0.18 m/s.

Im Windtunnel erhalten wir experimentelle Werte für den Fluid- (uτ =

0.17 m/s) und den dynamischen Schwellwert (uD = 0.145 m/s), sowie

Hysterese-Effekte dazwischen. In der Nähe der Schwelle zum aeolischen

Partikeltransport beobachten wir in Windtunnel-Experimenten ein Regime

mit einem intermittierenden Fluss, charakterisiert durch Sandausbrüche.

Ein Saltationsmodell, das den Transport durch turbulente Fluktuationen
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des Windes berücksichtigt, kann diese Beobachtungen reproduzieren und

liefert somit Erkenntnisse über deren Ursprung. Die Dauer der Ausbrüche

folgt einer exponentiellen Wahrscheinlichkeitsverteilung. Bei steigender

Schergeschwindikeit des Windes sinkt der durchschnittliche Zeitabstand zwis-

chen den Ausbrüchen, bis der Sandfluss stetig wird.

Schliesslich analysieren wir die Rolle von Körner-Kollisionen in der Luft im

äolischen Transport. Wir finden heraus, dass diese Kollisionen erstaunlicher-

weise den gesamten Fluss erheblich erhöhen. Die Wirkung hängt stark vom

Restitutionskoeffizienten und von der Windgeschwindigkeit ab. Wir können

diese Beobachtung als eine Folge des “soft bed” der Sandkörner erklären, das

über dem Grund schwebt und an dem die am höchsten fliegenden Sandkörner

reflektiert werden. Wir machen die unerwartete Beobachtung, dass der Fluss

bei einem Restitutionskoeffizienten von ungefähr 0.7 maximiert wird. Dieser

Koeffizient ist in guter Übereinstimmung mit dem experimentell gemesse-

nen Wert für Kollisionen zwischen Sandkörnern. Wir unterscheiden auch

“saltons”, “creepers” und “leapers” in Saltation.
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Summary

The transport of sand by wind commonly seen in dune motion reveals a

complex interaction between granular media and a fluid. In saltation, the

air lifts and accelerates sand grains that, in a chain reaction, eject others as

they impact back on the ground.

We simulate aeolian sand transport in two and three dimensions using the

Discrete Elements Method. Our model simulates the behavior of a disordered

particle bed under the influence of a logarithmic wind profile. The wind dy-

namically changes according to the momentum extraction of the saltating

grains. We study a transition in the saturated flux for aeolian saltation

obtained by our numerical model. The discontinuity is followed by a coex-

istence interval with two metastable solutions. We analyze the metastable

behavior in the presence of perturbations and lift forces. The saturated flux

in 3D simulations was reasonably fitted with the model proposed by Owen,

q = A0(u
3
∗ρw/g)(1− uτ/u∗), with A0 = 1.6 and uτ = 0.18 m/s.

Experimentally, we verify in the wind tunnel the fluid and dynamic thresholds

at uτ = 0.17 m/s and uD = 0.145 m/s, displaying hysteresis for low wind

shear velocities. Close to the onset of Aeolian particle transport through

saltation we find in wind tunnel experiments a regime of intermittent flux

characterized by bursts of activity. A saltation model including the wind-

entrainment from the turbulent fluctuations can reproduce these observations

and gives insight about their origin. The duration of the bursts follows an

exponential probability distribution. The time intervals between each burst

decrease on average as the wind shear velocity increases until the sand flux

becomes continuous.
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Finally, we discuss the role of mid-air collisions in Aeolian transport. We find

that, surprisingly, these collisions do enhance the overall flux substantially.

The effect depends strongly on restitution coefficient and wind speed. We

can explain this observation as a consequence of a “soft bed” of grains which

floats above the ground and reflects the highest flying particles. We make the

unexpected observation that the flux is maximized at an intermediate resti-

tution coefficient of about 0.7, which is comparable to values experimentally

measured for collisions between sand grains. We also distinguish saltons,

creepers and leapers in saltation.
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Chapter 1

Introduction

1.1 Motivation

The word sediment comes from the latin word sedere, that means, to sit. It

refers to particulated matter that is carried by air, water, or ice and deposited

on the surface of the land or the seabed. The particulates can be sand, gravel,

boulders, mud or clay [1].

Fig. 1.1: The moving pattern of the sand dunes in Lençóis Maranhenses in

Brazil. Source: Google Maps.

1



2 CHAPTER 1. INTRODUCTION

Here, we focus on the transport of sand by the air. Nature poses a large

number of phenomena that illustrates this type of transport, some of them

with planetary proportions. For instance, the moving sand dunes at the coast

of the Northern part of Brazil has a fascinating natural beauty that not only

attracts the attention of the visitors but also intrigues science [2–4]. Figure

1.1 shows the moving pattern of the sand dunes at Lençóis Maranhenses in

Brazil. The sand dunes are part of the landscape of many deserts around

the world, such as the Sahara desert in Africa and Negev desert in Israel.

The dynamic landscape is constantly molded by the wind-sand interaction,

as shown in Fig. 1.2 of a sand dune in the desert in Namibia.

Fig. 1.2: Sand blows from a dune in Namib-Naukluft National Park in

Namibia in 2009. Copyright from Frans Lanting, National Geographic.

The understanding and prediction of physics of the sand dunes concerns

preservation politics for the desert ecosystems. For instance, coastal sand

dunes form a natural barrier against wind and waves, protecting inland ar-

eas from damage due to storms. However they are highly vulnerable to dis-

turbances. Pedestrians and motor vehicles can compact the sand and crush

vegetation. Without the stabilizing vegetation, the sand is blown away and

dunes disappear. This can leave the shoreline more susceptible to damage

from storm surges [5]. Which other self-regulatory mechanisms could possi-

bly prevent the wind from blowing the sand dunes away? Could we explain

2
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them?

Fig. 1.3: A 3048 m tall dust storm engulfs the city of Phoenix in the State

of Arizona, US. Source: FOX News.

In the other hand, some major natural events involving the sand transport

affect dramatically society in daily life. For instance, in July of 2011, a

3048 m high dust storm took over the skies of Phoenix in the state of Arizona

in the United States reducing visibility and delaying flights as strong wind

caused power outages for thousands of residents in the valley. The event

called attention by its magnitude. Figure 1.3 shows the size of the dust

storm. Due to this storm, air traffic was interrupted for one hour. Two

years later, another storm caused the death of three people in the same city.

Sand storms also occur often in other countries, such as Australia and Iraq.

What are the factors that magnify the intensity of sand storms like the one

in Phoenix? Could we prevent them?

In April of 2010, a relatively small eruption of Eyjafjallajkull created an ash

cloud that caused the highest level of air travel disruption since the Second

World War affecting 100,000 travelers. In an eruption, large amounts of

sand are normally spitted from the volcano. Figure 1.4 shows the black

sand spitted by a different volcano that covered completely the white icy
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Fig. 1.4: The large amount of black sand spitted at the eruption of Gŕımvötn

in 2011 covered the white landscape of ice and snow. Source: John A. Steven-

son at all-geo.org.

landscape. The transport of sand creates a dust cloud suspended in higher

altitudes that propagates over large distances. Figure 1.5 illustrates the

extension of the ash clouds and its effects in airports all over Europe. Could

we estimate the amount of sand that covered the landscape? Could we

understand properly the dust diffusion in the atmosphere and predict the

radius of the affected area?

Every summer strong winds in the Sahara Desert push dust particles into the

atmosphere affecting the people living in Europe and North America. Figure

1.6 shows a picture from satellite of a wave of dust grains traveling over the

Atlantic ocean. Could we use our computational resources to forecast events

like this?

The magnitude and the impact of these phenomena highlight the importance

of understanding the mechanism of sand transport. The answer for these

question could contribute significantly to society.
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Fig. 1.5: The ash cloud that covered Europe after the eruption of Eyjaf-

jallajkull stopped the airports of several countries. Red squares indicate the

airports where all fights were canceled. Yellow squares show the airports with

some operating flights. Green squares show the open airports, for which only

the flights to and from the affected areas were canceled. Source: Jørgen

Brandt, National Environmental Research Institute at Aarhus University,

Denmark.

1.2 Aeolian transport

Aeolian transport occurs according to the particle size and wind velocity as

illustrated in Fig. 1.7, which can be summarized into three major types:

saltation, suspension and creep.

Saltation occurs when the wind entrains and accelerates particles of ≈ 100µm

from the ground. The sand particles hop over the surface and eject other

particles in a chain reaction. The number of transported particles grows ex-

ponentially until the system reaches the saturation [6–8]. Saltation is mainly

responsible for the evolution of seabeds, dunes, and ripples [9–11].

Suspension occurs when the wind lifts lighter (dust) particles smaller than

100µm and transport them higher and farther in comparison to saltating

5
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Fig. 1.6: A dust storm transported from the desert over the Atlantic ocean.

Source: Visible Earth, NASA.

grains [12]. In the short term suspension, particles of a size between 20 and

70µm are suspended for hours but hardly transported over large distances

[13]. Particles smaller than ≈ 20µm are suspended and transported over

larger distances in the long-term suspensions [13,14].

The heavy mass from particles larger than 500µm limits them only to creep or

reptation, i.e., heavy particles either hop shortly or roll onto the surface [7].

1.3 Mechanism of sand transport

From the bigger picture of the sand transport, we focus now on the particle

scale. To lift the first saltating particles, the wind shear velocity at the

surface must be above the fluid threshold uτ to lift the first particles [9].

Once saltation starts, the energy from the impacting particles keeps saltation

going for lower wind shear velocities. However, below a dynamic threshold

uD, no sand transport occurs anymore independently of prior particle splash.
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Fig. 1.7: Illustration of the different modes of sand transport. Extracted

from the Refs. [13,15]

Many factors define the value of the fluid threshold, such as the particle size,

gravitational field, cohesive forces, and lift forces [9,16]. Figure 1.8 illustrates

the force balance for a particle at the surface.

The surface particle will be entrained by the flow when it pivots around

the point of contact P with the supporting neighbors [16]. The particle is

entrained when the drag and lift components Fd and Fl are larger than the

gravitational and inter-particle forces, Fg and Fip [13]. At the moment the

particle is lifted, we have

rdFd ≈ rg(Fg − Fl) + ripFip, (1.1)

where rdFd, rgFg and ripFip are the torques proportional to the particle di-

ameter Dp [17]. Fg is the effective gravitational force in a fluid with buoyancy

force defined as

Fg =
π

6
(ρs − ρa)gd3, (1.2)

where g is the gravity constant, d the particle diameter, and ρa and ρs are the

densities of the air and the sand, respectively. On Earth, the air and sand

7
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Fig. 1.8: Diagram of the forces acting on a particle resting on surface of the

particle bed. Picture extrated and modified from Refs. [13, 17].

density are equal to ρa = 1.174 kg/m3 and ρs = 2650 kg/m3, respectively [18].

The drag force from the wind on the particle surface is defined as

Fd = Kdρad
2u2∗, (1.3)

where Kd is the drag coefficient and u∗ is the wind shear velocity, which is

a scaling parameter proportional to the velocity gradient in the boundary

layer flow defined as

τ = ρau
2
∗. (1.4)

The fluid shear stress τ is equivalent to the flux of horizontal momentum

through the fluid by viscous and turbulent mixing [17, 19]. The expression

for the fluid threshold can by obtained through the combination of the Eqs.

1.1, 1.2, 1.3, which gives Bagnold’s formula for the fluid threshold uτ ,

8
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uτ = Aτ

√
ρs − ρa
ρa

gd, (1.5)

where Aτ is a constant carrying information from the inter-particle forces, lift

forces and the Reynolds number. Bagnold obtained Aτ ≈ 0.10 after fitting

the Eq.1.5 for loose sand and neglecting other dependencies [8].

In a semi-empirical approach, Iversen and White created distinct expressions

for Aτ , each for different interval of the friction Reynolds number, defined as

R∗ = ρauτd/µ, where µ is the dynamic viscosity [9, 20,21].

As a consequence of relation 1.5, a different saltating behavior is expected

from sand grains in Mars, where gravity and fluid density are lower than

those on Earth [22, 23]. In fact, saltation trajectories on Mars are higher

and longer [24,25]. On Mars, the dynamic threshold is only 10% of the fluid

threshold (which gives a larger gap between both thresholds), whereas on

Earth the ratio between the dynamic threshold and the fluid threshold is

uD/uτ = 0.80, as estimated by Bagnold [6, 22].

Finding experimentally the correct fluid threshold is very hard due to many

technical difficulties. There is no common agreement about the exact value

for this threshold [16]. The proper measurement of saltation close to the im-

pact threshold through experiments is very affected by temporal fluctuations

and weather conditions, such as humidity, temperature and pressure . The

results often display large error bars.

1.3.1 Intermittent Saltation

For wind shear velocities close to the threshold, saltation is intermittent and

characterized by sporadic sand bursts. The random effects of turbulence

are magnified and a local fluctuating increase of the u∗ above the uτ lifts

some grains, that starts a temporary saltation, followed by periods of no

saltation [26].

The burst effects of turbulence were first identified in sediment transport

in water [27, 28]. In aeolian saltation, Rasmussen and Sørensen reported

that some Aeolian sand transport is indeed possible also below the fluid

threshold [29]. Jackson observed that saltation has inertial properties and

9
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may continue after the shear velocity drops below the fluid threshold [30].

Stout defined an intermittency function and found that the occurrence of

bursts of saltation follow a normal distribution with respect to the relative

wind strength [31]. Schönfeldt studied intermittent saltation considering the

fluid and dynamic thresholds [32]. However, all these studies were performed

in the field, i.e. not under reproducible or fully controlled conditions.

1.4 Particle motion

After the particle is lifted by the wind, it is important to identify the relevant

forces that affect the particle motion. For a particle with velocity v localized

at a position where the wind velocity is u, the equation of motion can be

roughly written as

m
dv

dt
= Fd + Fl + Fg + Fm + Fe, (1.6)

where Fd is the aerodynamic drag force, Fl the aerodynamic lift, Fg the grav-

ity force, Fm the Magnus force, and Fe the electric force from the electrostatic

iteration between the grains illustrated by Fig. 1.9 [13]. The description of

Eq.1.6 does not consider the mechanical forces from the inter-particle colli-

sions, which would add more complexity to the model. Each of these com-

ponents requires a model that will return a force to be added to the net

force. Some experimental works lately have argued in favor of the relevance

of eletrostactic forces in the particle motion [33–35]. Some other analytical

works also tried to model these interactions [36–39].

In experimental observations, Bagnold and Rice used photographic tech-

niques to study the trajectories of the saltating particles [8, 40, 41]. They

identified a pattern in the trajectories of the grains, which normally contains

a large degree of randomness from irregular lift-off velocities and angles.

Therefore, the theoretical studies neglect the turbulent effects close to the

ground. Particles have a fixed lift-off condition and, consequently, identical

trajectories [13].

Figure 1.10 shows in the thick line the characteristic trajectory for the parti-

10
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Fig. 1.9: Diagram of the main forces acting on particle during saltation: Fd is

the aerodynamic drag force, Fl the aerodynamic lift, Fg the gravity force, Fm

the Magnus force, and Fe the electric force from the electrostatic iteration

between the grains. Modified picture from Ref. [13].

cles in saltation generated by our model. In a stretched parabolic trajectory,

the particles lift-off with a large angle α1, steeply reach the maximum height

α2 follow a flatter descending path and hit the surface with a small angle.

The lift-off and splash angles are approximately α1 = 55◦ and α2 = 13◦. The

quantities l and ym are the characteristic saltation length and height, respec-

tively. In uniform saltation, we assume an idealized saltation with identical

trajectories for the particles. Bagnold and Owen assumed identical trajec-

tories for the particles that simplified the initial models in order to develop

the saltation theory [8, 42].

The region below ym (the horizontal dashed line on Fig. 1.10) is the saltation

layer. The outer layer is the region above the saltation layer. In Nature, there

is no universal law for the height of the saltation layer, due to the diversity of

the grains’ trajectories. In the wind tunnel, the saltation layer is measured

from the flux profiles [43–45]. Here, we consider that the saltation layer

contains 90% of saltating particles.

This height can be calculated for uniform saltation. All particles lift-off with

initial velocity v0. Therefore, the saltation layer is the maximum height of
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Fig. 1.10: Idealized trajectory of a particle in saltation generated using our

code. A stretched parabolic trajectory with an ejection angle α1 larger than

the impact angle α2 and height ym and length l. The thick dashed line in-

dicates the height of the saltation layers, where 90% of transported particles

are concentrated. Assuming a fixed ejection angle and velocity for the tra-

jectory, it is possible to estimate the height of the saltation layer, still not

precisely verified by experiments. Modified picture from Ref. [13].

the particle trajectories, ym = V 2
0 /2g. For an initial velocity proportional to

the wind shear stress, we have

ym = Cm
u2∗
2g
, (1.7)

where Cm is a proportionality constant [17].

1.5 The saltation flux

The saltation flux q is the quantity mostly used to measure the intensity of

mass transport in saltation. It also accounts for the mass which is lifted and

transported per area per time unit, therefore it is very important in studies

of dune motion and erosion events [17]. Many papers in the literature focus

on the prediction of mass transport in saltation.

12
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1.5.1 Bagnold Model

The analytical model of Bagnold describes the mass flux inside of the salta-

tion layer through the equation of momentum balance. The model assumes

that the particles have a lift off velocity of (vx, vy) and an impact velocity of

(v′x, v
′
y). From the experimental observations, a take off angle of 55◦ implies

that vx � v′x [8]. The saltation height and length are ym and l respectively.

There is momentum transfer from the wind to the surface through the saltat-

ing particles. After some derivation, the mass flux can be estimated as

q = c0
ρa
g
u3, (1.8)

where c0 is a dimensionless empirical coefficient, which contains among other

physical parameters information about the particle size [8].

1.5.2 Owen Model

Owen also proposed a model based on uniform saltation. He assumes spher-

ical particles with the same radius in a two dimensional motion with a large

lift-off angle. However he introduced the concept of the saltation roughness

length by dividing the flow into outer layer and saltation layer. The par-

ticles in the saltation layer behave as momentum sinks by transferring the

momentum from the wind to the surface. From the point of view of the outer

flow, the saltation layer increases the momentum absorption of the surface,

which increases the roughness length from y0 to y0s as illustrated in Fig.

1.11 [13,42].

The mass flux in Owen’s model (1964), which is similar to the expression

proposed by Bagnold, is defined as:

q =
c0ρa
g
u3∗

(
1− u2τ

u2∗

)
. (1.9)

For very strong saltation (u∗ � uτ ) regimes, q ∼ u3 [13, 42].
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(a) (b)

Fig. 1.11: (a) shows the logarithmic wind profile with the roughness length

y0. In (b), the change in the roughness length from y0 to y0s provoked

by momentum extraction of the saltating particles. Modified picture from

Ref. [13].

1.5.3 Other flux models

After Bagnold and Owen, other works proposed different relations for the

q(u∗). Most expressions relate the saturated flux with the wind shear velocity

u∗ and the fluid threshold uτ . Despite the numerous models, they all predict

a function for the flux with an exponent between 2−3 for u∗. Other pertinent

parameters in the flux models are the diameter of the grains, the fluid density,

and gravity. Here, we highlight the models from:

1. White [46]

c0
ρa
g
u3∗

(
1− uτ

u∗

)(
1 +

uτ
u∗

)2

, (1.10)

2. Lettau and Lettau [47],

14
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q = c0

(
d

D

)1/2
ρa
g
u3∗

(
1− uτ

u∗

)
, (1.11)

3. and Sørensen [48,49]

q = u3∗

(
1− u2τ

u2∗

)(
α + γ

uτ
u∗

+ β
u2τ
u2∗

)
, (1.12)

where d/D is the ratio of the particle diameter d and the particle diameter

D = 250µm, and α, β, and γ are fitting parameters.

(a) (b)

Fig. 1.12: In (a), the mean logarithm wind profiles in the absence of saltating

grains for two different wind shear velocities. In (b), the mean wind profile

during saltation for different wind shear velocities crossing each other at the

Bagnold-focus at y = 3mm with u(3mm)= 2−5m/s. Figures extracted from

Ref. [19].

Owen proposed the idea of a modified wind profile as a result of the momen-

tum transfer between wind and grains [42]. Later, Ungar and Haff observed

in the experimental wind measurements from Bagnold that saltating grains

strongly affect the shape of the wind profile. Figures 1.12a and 1.12b show
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the wind profile in the absence and presence of saltation grains, respectively.

The acceleration of the particles decelerates the wind intensity. Ungar and

Haff proposed an analytical feedback model for the momentum exchange be-

tween grains and wind which is included in our work and clarified in Section

2.2 [19].

In a self-regulating or feedback mechanism, the number of particles trans-

ported is also limited as the wind intensity is decelerated [17]. In Fig. 1.12b,

the intersection point of the modified wind profiles for different wind shear

velocities is known as “Bagnold-focus” [7].

1.5.4 Subsequent numerical and experimental works

Saltation started to be numerically studied with the work of Anderson and

Haff [50,51]. They used the discrete element method (refer to Section 2.1 for

more information about this method) to reproduce the particle splash which

is the key mechanism of saltation. They simulated several single particle

impacts on a packing of spheres to study the splash entrainment of particles.

Figure 1.13 shows a sketch from the numerical simulation.

The number, velocity and angle of ejected particles, normally referred also as

ejecta, are related to the impacting velocities. The impact angles ranged from

8◦ to 15◦ , which are normally the impact angles in Aeolian saltation. The

mean ejection velocity found after a particle splash was 10% of the impact

velocity [52]. Their numerical results were reasonably close to the experi-

mental ones from Rice et al. [40, 41]. Consequently, these data corroborate

the obtention of the splash function, which is an semi-empirical expression

for the number of ejected grains and their initial velocities for a given impact

velocity.

Later, the particle splash was exhaustively studied through experiments of a

single particle impacting on packings of disks (2D) and spheres (3D) [53–58].

Figure 1.14 shows the particle splash experimentally reproduced by Ref [53].

Many other parameters such as restitution coefficient, number of particle

16
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(a) (b)

Fig. 1.13: The particle splash numerically studied through the impact of

a single particle to a packing of spheres. Figures extracted from Haff and

Anderson [52].

Fig. 1.14: The particle splash studied in the experiments contributes to defin-

ing a splash function in saltation models. Figure extracted from [53].

layers and impacting angle also interfere quantitatively in the velocity and the

number of ejecting particles. They defined, for instance, a minimum number

of layers that prevents the shockwave created by a particle splash of being

reflected by the boundaries of the system. This reflection could incorrectly

magnify the intensity of the impact and therefore eject more particles [55–57].

17
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These experiments help to improve the numerical models to reach a proper

reproduction of saltation. Later, Almeida reproduced the particle dynamics

of saltation coupled to the fluid description, which describes properly the

momentum exchange between wind and grains [59]. Figure 1.15 illustrates

his numerical model. The wind profile is defined between two flat walls, one

static at the bottom and another mobile with same velocity of the fluid on

top. Particles are subjected to a logarithmic velocity field that represents

the wind. However the ejection angle is a fixed parameter in the system.

The result for the saturated flux fits the model proposed by Lettau and

Lettau [47].

Fig. 1.15: Schematic representation of the model of Almeida et al.. A log-

arithmic velocity field is defined between two flat walls. The ejection of

particles is defined by an angle which is a fixed parameter in the model.

Figure extracted from Ref. [59].

Likewise, a similar numerical model proposed by Kok and Renno reproduced

satisfactorily the saturated flux for velocities close to the fluid threshold [60] .

Their numerical results matched the experimental data and were reasonably

close to most classical models for the saturated flux (listed on Section 1.5.3).

Alternatively to fixing a ejection angle, this model uses a splash function to

calculate the number of ejected particles in a particle splash.

These and other theoretical studies, e.g., [61–63], however, describe the sand

bed as a rough wall instead of resolving it at the particle scale and conse-

quently relying on the splash functions.

18
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The substitution of the rough flat wall by an erodible bed is a natural evolu-

tion of the saltation model, because it does not require any assumption about

the particle splash or any splash function. The particle splash is mechani-

cally correctly reproduced as shown in Fig. 1.16. Therefore a new saltation

model combines the numerical description at the particle scale with the latest

saltation models proposed by Almeida and Kok [59,60]. Furthermore, up to

now, the splash functions and the experiments from Refs. [53–58] described

only the impact of one particle against a packing of sphere. However, a

correct reproduction of the particle splash in stationary saltation could give

better insight about its role in sand transport. This approach was recently

adopted to model aeolian saltation by a different group [64]. At ETH Zürich,

one thesis used simulations at particle scale to study sediment transport in

water [65].

Fig. 1.16: Numerical particle splash reproduced by our model. A high energy

particle hits the packing of particles ejecting several other saltating particles.

Another benefit of simulations at the particle scale is the individual distinc-

tion of the particles. Each particle has shape, mass, and other properties that

could be arbitrary changed according to problem studied. It also provides
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information about the particle trajectories, considering the mid-air collisions,

neglected by all models so far.

Neglecting that grains collide strongly simplifies the saltation models, there-

fore, there are not many works discussing effects of particle collision in salta-

tion. Only few works approached saltation including mid-air collisions. Some

models included mid-air collisions through kinetic theory [66,67]. Dong stud-

ied saltation with mid-air collision using probability functions and predicted

a decrease of the flux with the mid-air collisions [68, 69]. Sørensen also used

probability functions to investigate the effects of the mid-air collisions [70].

He proposed the soft-bed hypothesis in saltation for high shear velocities.

Numerical simulations can be used also to parametrize the quantities used

in kinetic theory, such as the granular temperature.

Through the analysis of particle trajectories, we distinguish an interplay

between two species of sand grains that was observed in aeolian saltation,

i.e., high energy grains named saltons eject other particles named reptons in a

particle splash [61,71]. The numerical approach explains that this distinction

between particles is directly connected to the particle splash and the mid-air

collisions.

This thesis is organized as follows: in Chapter 2, the first section introduces

the Discrete Element Method used for the description of the particle-particle

interactions; later sections explain the calculation of the velocity profile that

mimics the wind and the reproduction of the stochastic fluctuations from

turbulence in our model. Chapter 3 describes the set-up of the experiments

driven in the wind tunnel at Aarhus university in Denmark. Chapter 4

presents the numerical results for saltation in two and three dimensions. We

focus on the effects of different wind intensities on the dynamics of saltation.

Chapter 5 discusses the results of the experiments performed to validate the

findings of the numerical approach shown in Chapter 4. We reproduce nu-

merically the intermittent saltation verified in the experiments in Chapter 6.

In Chapter 7, we present a study of the effects of mid-air collisions in salta-

tion. In Chapter 8, we investigate the influence of the restitution coefficient

on the saltation model followed by the Conclusions at the end.
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Chapter 2

Methods

The main advantage of numerical simulations of the aeolian saltation through

DEM is the complete individual information about the trajectories of sand

grains. Simulating particle trajectories and velocities provides better statis-

tical measurements and information about the collective behavior of the sand

grains. This approach provides both, the discrete description of the system

by tracking the trajectories of one particle through the whole simulation, and

the continuum description, in which the system is described through density

functions of the particles. We can track the behavior of one particle during

the whole simulation and also analyze the system within one volume of the

system. Furthermore, we can estimate the behavior of the system just by a

simple change in the parameters. For instance, a change in the particle diam-

eter in a numerical simulation is relatively simple compared to the process of

replacing the sand specimen in the wind tunnel. Naturally, numerical simula-

tions do not have the completeness of the real physical world and might have

some numerical errors, but those are not larger than the fluctuations of envi-

ronmental conditions that increases the size of the error bars in experiments

in the field or wind tunnels. This chapter shows the techniques employed in

the numerical simulation of saltation. First section introduces the discrete

element methods. The potential of the particle collision is also studied. The

second section discusses the particle-fluid interaction and how the momen-

tum exchange between wind and grains is modeled. The third section briefly

summarizes the model of Burgener et at. that investigated the stochastic
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fluid fluctuations used in this work to simulate wind turbulence [72].

2.1 Partice dynamics

2.1.1 The velocity-Verlet algorithm

Discrete Elements Methods (DEM) in engineering, or Molecular Dynamics

in physics, make a deterministic simulation of the motion of a classical many

body system [73]. It consists of the numerical solution of Newton’s equation

to describe the trajectory of each particle. The mesoscale dynamics of N

particles can be described by

miẍi = Fi, i = 1, ..., N, (2.1)

where mi is the mass, and xi and Fi are vectors corresponding to the position

and the total force acting on particle i [74].

This set of differential equations is iteratively solved using time-discretization

obtaining the new positions and velocities of the particles from the old po-

sitions, old velocities, and the corresponding forces. A time discretization

divides the total time [0, tend] into same size sub-intervals by ∆t = tend/l,

where l is the number of sub-intervals. A mesh contains points where

tn = n · ∆t, n = 0, ..., l. In the Euler method, differential operator of first

and second order in each point of the mesh are approximated by the Eqs.

2.2 and 2.3 using a Taylor expansion:

dx

dt
=

1

∆t
(x(tn+1)− x(tn)) (2.2)

d2x

dt2
=

1

∆t2
(x(tn+1)− 2x(tn) + x(tn−1)) (2.3)

where the Eq. 2.2 uses a forward Taylor expansion. Alternatively, the central

or backward schemes could be adopted. The backward and forward schemes

generate a discretization error of the order O(∆t) and the central difference

a O(∆t2). The second order operator (Eq. 2.3) also has discretization error

of O(∆t2) [75].
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Using the second order derivative approximation from Eq. 2.3 in the system

of equations 2.1

mi
1

∆t2
(xn+1

i − 2xni + xn−1i ) = Fn
i (2.4)

after rearranging, gives the position of the particles by

xn+1
i = 2xni − xn−1i + ∆t2Fn

i /mi. (2.5)

In the Verlet scheme, the sum between O(∆t0) (2xn+1
i ,xn−1i ) and O(∆t2)

(∆2Fn
i /mi) produces large round-off errors [75]. Additionally, the particle

velocities can only be indirectly calculated and assigned (initial velocity) by

using the positions of two time steps through

vni =
1

2∆t
(xn+1

i − xn−1i ), (2.6)

Alternatively, in the velocity-Verlet method, we can rewrite Eq. 2.6 as

xn−1i = −2∆tvni + xn+1
i (2.7)

and combine it with Eq. 2.5 to obtain a new expression for the positions

xn+1
i = xni + ∆tvni +

Fn
i ∆t2

2mi

. (2.8)

Including the expression for xn+1
i from Eq. 2.5 into Eq. 2.6 gives

vni =
1

2∆t
(xn+1

i − xn−1i ) =
xni − xn−1i

∆t
+

Fn
i

2mi

∆t. (2.9)

Writing the Eq. 2.9 for the next time step n+ 1

vn+1
i =

xn+1
i − xni

∆t
+

Fn+1
i

2mi

∆t. (2.10)

The sum of Eqs. 2.9 and 2.10,

vn+1
i + vni =

xn+1
i − xn−1i

∆t
+

(Fn+1
i + Fn

i )∆t

2mi

, (2.11)

produces the final expression for the particle velocities in the velocity-Verlet

algorithm,
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vn+1
i = vni +

(Fn
i + Fn+1

i )∆t

2mi

. (2.12)

The velocity in the Verlet scheme requires the storage of the sum of the

forces for each particle at two different time steps. However, this scheme is

more robust concerning round-off errors and more practical when assigning

the initial velocities to particles [75]. The particle trajectories are obtained

by iteratively solving the Eqs. 2.8 and 2.12 from initial values for x0
i and v0

i ,

i = 1, ..., N .

Figure 2.1 illustrates the algorithm steps for a single iteration in the velocity.

In the first step, the new position xn+1
i uses all the values calculated in n.

Then, the new forces must be calculated given the new positions. Finally, the

new velocities are calculated using the sum of the forces in n and n+ 1. At

least one loop over all the particles O(N) is required at each step to evaluate

x, v and F.

Fig. 2.1: Calculation steps at the velocity-Verlet algorithm. All the three

values are used to update the particle position at the first step. The new

contact forces must be calculated from the new positions. The sum of the

forces in n and n + 1 produces the new velocities at n + 1. Figure modified

from Ref. [76].

In most cases for simplicity, only the positions x0 and velocities v0 are given

as initial conditions. Therefore, the sum of the forces must be calculated for

each particle before starting the main iteration loop.

The sum of the forces in every particle includes the main relevant components

of the real physical system in the model. It accounts for the contribution of

the field forces, short range forces and long range forces. As field forces, we

consider the gravitational field, and the stochastic turbulent wind field solely
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dependent on the height of the particles. The mechanical contacts from the

particle-particle and particle-wall interactions are described by short range

forces. The electric field generated by electrically charged particles produces

long range forces.

The computation of contact forces between particles has a high computa-

tional cost and therefore it is very often the reason for many optimization

studies and techniques in Discrete Element Method. For every particle i, we

calculate

Fi =
N∑

j=1,j 6=i

Fij, (2.13)

where Fij results from the mechanical contact between particle i and j de-

scribed by a potential. Initially, an algorithm O(N2) evaluates Fi for all par-

ticles. However, some optimization techniques decrease the computational

time for the sum of the forces:

• The introduction of a cut-off radius: The short range nature of the

mechanical contacts allows us to neglect the interactions between pairs

having a distance larger than the cut-off radius (rij > rcut). There-

fore, we save computational time by calculating the force only for the

particles nearby.

• The use of pairwise interactions: According to the third Law of New-

ton, Fij + Fji = 0. Fij can be directly calculated as −Fji.

The next section shows the linked cell method used to optimize the selection

of the pairs at the sum of the contact forces.
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2.1.2 The Linked-Cell method

To check if the proximity between pairs is shorter than the cut-off radius

still requires the calculation of the distance between one particle and all the

others. Alternatively, the linked cell method maps the particle positions into

a grid with cell sizes larger than the particle diameter. This method uses the

particle lists of the neighbor cells to identify the local pairs in an efficient

way. The linked lists are data structures appropriate for dynamic element

sets, where the elements can be inserted and removed efficiently (see Ref. [77]

for more details).

Each cell stores a linked list with the particles located within that area or

volume. This list consists of a root pointer that indicates the first element.

Every element points recursively to the next element of the list. The last

pointer has a null value. Figure 2.2 shows an example of the implementation

of the linked cell.

Fig. 2.2: The linked cell method maps the particle positions into a lattice by

storing their indexes in linked lists. For a given particle in a cell, it avoids

the calculation of the distance function between all pairs by retrieving the

particle lists from of neighbor cells. The sum of contact forces for the particle

3 includes only the potential with particles inside the green area.

The potential between i and j is calculated only if j is located in the neigh-

borhood of i. For example, particle 3 located at the center of the shaded

area interacts only with the particles 1, 2, 3, 4, 6, 7, 8. A particle moving into
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a different cell requires only some pointer reorientation but no data copy or

removal, as illustrated in Fig. 2.3. The algorithm checks if the particles still

belong to the current cell after the update of the new positions.

Fig. 2.3: The update of the linked cell after particle 6 moves to a different

cell. Instead of deleting the data of particle 6 from one list, the structure

with the element 4 is redirected to the element with 3 and automatically

“removes” 6 from the list. The structure with element 8 is also redirected,

which inserts the 6 in the new list. 6 points to NULL until the next element

is inserted in the same list.

The Linked Cell method in DEM enhances the algorithmic performance spe-

cially for low density granular media because it restricts the evaluation of

the potential only to close neighbors [75]. Furthermore, the neighbors of a

particle are already indexed in the cells, thus there is no need to check the

distance between i and other particles to select the pairs. The sum of forces

only considers the pairwise interactions in the linked cell. For instance in

Fig. 2.4, starting from the left-bottom-corner of the lattice, the algorithm

calculates only the potential between the particles inside of the current dark

green cell and between the particles from the dark green and the light green

cells. The interaction BA was previously calculated as BA = (−AB) .

The three criteria combined give the area with the pairs for the sum of contact

forces, as shown in Figure 2.5. The particle 3 located at the center shaded

area interacts only with the particles 2, 4, 6, 7 in the sum of forces.
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Fig. 2.4: Example of how the recalculation of potential can be avoided con-

sidering pairwise interactions in two dimensions. Assuming a loop going from

bottom to top, the sum of forces in B includes only the potential between

particles in the green sites, for example in BC. The potential of BA was al-

ready calculated previously and it can be simply taken as (−AB). A similar

approach is used for three dimensional simulations.

Fig. 2.5: The resulting intersection area in dark green considering all the

techniques decreases substantially the number of pairs used in the sum of the

forces for particle 3. The sum of forces for particle 3 for this configuration

uses the potential with particles 2, 4, 6, and 7 after the introduction of a cut-

off radius of pairwise interactions (assuming a loop going from bottom to

top) in a lattice with linked cells.

2.1.3 The particle collisions

There are several models available in the literature depending on the scale of

the particles. For instance, the Lennard-Jones and the gravitational poten-

tial are very often used to model interactions between molecules and planets
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respectively [75, 76]. At the mesoscale, the precise description of the col-

lision between two particles is still open. Ideally, the model for hard-core

interactions between two spheres is purely repulsive and defined as

U(r) =

{
+∞, |rij| < Ri +Rj

0, |rij| ≥ Ri +Rj,
(2.14)

where Ri and Rj are the radii of the particles and rij = ri − rj points from

particle j to i. Figure 2.6 exemplifies the model of hard-core spheres where

the minimum distance between both particles is |rij| = Ri +Rj and particles

do not overlap [78]. The discontinuous function U(r) is idealized and cannot

be implemented numerically.

Fig. 2.6: The contact between two hard spheres. The minimum distance

between the centers of the particles is |rij| = Ri +Rj. Figure modified from

Ref. [78]

At the moment of a collision between two particles, there is a deformation

of both grains and some kinetic energy from the relative motion is dissi-

pated [79]. The energy dissipated depends on the material properties such as

material plasticity, visco-elasticity and roughness of the surface [80]. We al-

low particles to overlap as way to represent the deformation of the grains [79].

Figures 2.7a and 2.7b show the phenomenology and the model representation

of the particle collision, respectively.
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(a) (b)

Fig. 2.7: (a) Illustrates the deformation occurred at the collision of two

particles. (b) shows the model for the particle collision. Particle i with Ri

collides with particle j with Rj and moves away with velocity vij.

We use the mutual compression ξ to calculate the overlap between two par-

ticles defined as

ξij ≡ Ri +Rj − |rij|. (2.15)

Particles are in contact if ξij ≥ 0. In two dimensions and three dimensions, we

consider that our particles are disks and spheres respectively. The symmetric

geometry simplifies the collision model. The contact detection is different for

other geometrical shapes.

The linear spring dash-pot model is a simple yet efficient potential to model

the mechanical contact between sand grains [79, 80]. For simplicity of the

model, we consider only the normal force Fij = Fel + Fdiss for the contacts.

The elastic component is defined as

Fel
i = kmiξ

rij
|rij|

, (2.16)

where k and mi are the spring constant and the mass of particle i respectively.
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The dissipative component, that accounts for the elasticity of the collision,

is defined as

F
(i)
diss = −γvij, (2.17)

where vij = vi − vj is the relative velocity and γ is phenomenological dis-

sipation coefficient [79, 81]. The spring constant determines the overlap and

stiffness of the particle collisions. High collision stiffness requires very small

time steps, so the contact between the particles is detected even for very

small ξ. The computational cost increases with the particle stiffness and it

is limiting factor in sedimentological systems. The time steps required in

the simulation of hard particles are tiny compared to the times in sediment

transport processes [52]. There is no common agreement about the real be-

havior of friction and dissipation, despite the wide variety of collision models.

We chose a very simplified dissipation model restricted to the normal direc-

tion that assures an average velocity decrease after particle collisions. The

coefficient of restitution defined as

e =
vai
vbi

(2.18)

is the ratio between the velocities after vai and before vbi the collision, and

quantifies the kinetic energy transformed into heat and sound. In our work,

we chose k = 0.5 and adjust γ to set e in the particle collisions. We consider

dry particles, neglecting the influence of cohesive forces. Coulomb friction

and the rotation of particles are also neglected.

2.1.4 Boundary conditions

Most events of sand transport involve extensively large areas, which are,

most of the times, not computationally implementable in a DEM simulation.

Not only grains are transported over large distances, but also the number

of grains in a real sandstorm challenges the current computational power.

Defining the behavior of the particles at the boundaries of a finite system is

a very important part of simulation work.
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Periodic boundary conditions can reduce the finite size effects. An image of

the system is placed at each end of the direction with periodicity. A particle

crossing one end of the system re-enters through the opposite end [76] as

shown in Fig 2.8a.

The sum of interaction forces must also include the potential between one

particle and all copies from the other particle, including its own copy. In our

work, the short range forces required only one pair of images at each end

of x- and z-directions (von Neumann neighborhood), as shown in Fig 2.8b.

The Linked-cell is adapted at the boundary and the cells of one end are

connected to the cells of the opposite end. The sum of long range forces, i.e.,

forces from electrical field, required a full neighborhood of 8 images (Moore

neighborhood) to obtain a good approximate solution of the electric potential

using Green’s functions.

(a) (b)

Fig. 2.8: A two dimensional system with periodic boundary conditions in the

horizontal and vertical directions. In (a), The particles re-enter in the system

through the upper boundary at the same x-position. Likewise, it re-enters

the system through the left boundary at the same y-position. (b) illustrates

the periodic boundary conditions in a von Neumann neighborhood.
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Reflective boundary conditions are used to reproduce solid walls, the ground,

or other mechanical barrier [75]. A particle with velocity v collides with a wall

and returns with velocity −ewv, where ew ∈ [0; 1] is the restitution coefficient

of the wall collision. Different approaches are proposed in the literature to

reproduce the behavior of a wall [75, 79]. In this work, when a particle

collides with a wall, the same forces act as if it would have encountered

another particle of same diameter di at the collision point [81]. The other

particle is a mirror-inversion of the colliding one as shown in Fig. 2.9. Figure

2.10 shows a sketch of the combination of the two boundary conditions in

the model of saltation.

Fig. 2.9: To simulate an reflective boundary conditions, we consider a colli-

sion between the particle and its own image at the position of the wall.
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Fig. 2.10: The use of periodic and reflective boundary conditions combined

in our saltation model.

2.2 The wind profile

This section explains the integration of the dynamic velocity field that de-

scribes the wind. Figure 2.11 shows the coordinate system for the saltation

model. The system length is represented by the x-coordinate, the width by

the z-coordinate, and the height by the y-coordinate. z − x is the plane

parallel to the ground. The wind logarithmic profile is integrated along the

y-coordinate and it accelerates the particles in the x-direction. The height

of the simulation box is ten times larger than its length and more than 60

times larger than its width. The wind profile is a constant function in x- and

z-directions.

2.2.1 Boundary-layer approximation

The wind flow at the free stream, i.e., in the absence of a physical body, is

a constant velocity field with velocity u. However, the presence of a surface,

i.e., planetary ground or a aircraft wing, divides the wind flow into two
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Fig. 2.11: Coordinate system of the saltation model.

regions: the thin layer immediately above the surface, where the wind field

is distorted by the effects of the viscosity, and the region of free stream above

the boundary layer which is unaffected by surface.

Figure 2.12 illustrates the two regimes. A no-slip condition requires a zero

wind velocity at the surface of the solid. The wind velocity inside the bound-

ary layer is a logarithmic function of the height u(y) known as the law of

the wall. The thickness of the boundary layer δ(x) is a monotonous function

of x defined as the distance from the solid body at which the viscous flow

velocity is 99% of the free stream velocity. This function δ(x), which has a

singularity at δ(0), reaches a stationary height for very large x. The wind

velocity profile can be measured.

Typically, the boundary layer is thin compared to L, i.e.,

δ

L
� 1 (2.19)

where δ/L is a dimensionless quantity. The boundary layer approximation

assumes that velocity changes in y are much larger than in x and z-directions,

i.e.,

∂

∂y
�
{
∂

∂x
,
∂

∂z

}
. (2.20)

The acceleration of the particles by the wind affects the wind intensity. A
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Fig. 2.12: The boundary layer created when the wind free stream finds

a surface. The velocity profile grows logarithmically with the height from

u(0) = 0 m/s (no-slip condition) to the wind velocity of the free stream. The

boundary layer has a stationary height as x→∞.

proper description of the wind profile must include the momentum exchange

between the sand grains and the wind. However, the coupling between soil

and fluid adds considerable complexity to the model. This work focuses

mainly on the dynamics of granular media, therefore a course grained approx-

imation of the wind profile through a logarithmic law is a good alternative

to avoid the complete description of the fluid.

2.2.2 The grain-stress profile

Ungar and Haff derived the coupled equation of motion from the Navier

Stokes equation and obtained a general equation for the logarithmic wind

profile u(y).

As the grains are accelerated by the wind, they exert a feedback on the wind.

The force Fx from a grain on the wind is included as an extra term in the

Navier-Stokes equation

ρa
∂u

∂t
+ ρau · ∇u = −∇p+∇ · τ t − ρag − Fx, (2.21)

where ρa is the air density, u the mean horizontal wind velocity, g gravity,

and τ t the turbulent shear stress representing the flux momentum via corre-
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lations in the velocity fluctuations. We consider a constant pressure for each

sub-interval of the discretized height, which implies in ∇p = 0. Further sim-

plifications from the steady and horizontal flow, ∂u/∂t ∼ 0 and u · ∇u ≈ 0,

and the boundary layer approximation, (in Eq. 2.20), lead to the equation

for the momentum in the x-direction [19],

∂τt(y)

∂y
= Fx(y), (2.22)

that describes the change in the stress in y-direction with the (opposing)

forces, from the extraction of momentum of the wind by the grains. If no

particles are accelerated, τt is constant [50].

If we assume a constant total stress τb available for transporting momentum

of grains or fluid at given height y,

τb(y) = τt(y) + τg(y), (2.23)

where the τt(y) is the stress available to shear the air or the fluid momentum

across the level y, and τg(y) is the grain stress, corresponding to the change

in horizontal momentum from the upward and downward crossings of the

grains in level y defined as [70]

τg(y) =

∞∫
y

Fx(y
′)dy′. (2.24)

The grain stress, which is the main quantity of interest to obtain the wind

velocity profile, depends on the forces from wind applied on particles for

y′ > y.

2.2.3 The wind profile above a particle bed

Finding the velocity field from the relation Eq. 2.22 requires quantifying the

body force profile, Fx(y) and the constitutive relation between the turbu-

lent stress and the mean velocity gradient. Alternatively, if we consider the

postulate of eddy diffusivity used to parametrize the transport in turbulent

flows in the atmospheric boundary layer [82],
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τt = ρaK
∂u

∂y
, (2.25)

where K = κu∗y is the eddy viscosity with a linear relation with the height,

κ is the von Kármán constant and u∗ is the wind shear velocity, we obtain

∂u

∂y
=

1

κy

(
τt
ρa

)
1

u∗
, (2.26)

If we consider a local, or effective shear velocity, u∗(y) = (τt/ρa)
1/2, we get

∂u

∂y
=

1

κy

(
τt
ρa

)1/2

. (2.27)

Using the definition of τt from Eq. 2.23, we obtain

∂u

∂y
=

1

κy

[
τb − τg
ρa

]1/2
. (2.28)

In the absence of saltating grains in the x-direction, τg = 0, the Eq. 2.28

becomes

∂u

∂y
=

1

κy

[
τb
ρa

]1/2
=
u∗
κy
, (2.29)

in which, the solution is the law of the wall defined (Fig. 2.12) as

u(y) =
u∗
κ

ln
y − h0
y0

, (2.30)

where y0 and h0 are the bed roughness and height respectively.

In the presence of grains, we find the modified wind profile reduced by the

grain stress τg(y), which accounts for the momentum transfer between sand

and grains. The wind velocity profile is obtained through the numerical

solution of Eq. 2.28 rewritten as

∂u

∂y
=

1

κy
uτ (y), (2.31)

where uτ is the wind shear velocity multiplied by a deductive factor propor-

tional to the square root of the grain stress from the particles, i.e.,
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uτ (y) = u∗

[
1− τg(y)

ρau2∗

]1/2
. (2.32)

In the numerical results, we control the wind velocity using the dimensionless

Shields number θ defined as

θ =
u2∗

(s− 1)gDmean

. (2.33)

where s = ρs/ρa is the ratio between the grain and fluid density.

In discrete units, the height [0, ymax] is divided in segments of ∆y = Dmean,

where each height yj = j · ∆y, j = 0, ..., ymax/Dmean has a grain stress τ
(j)
g

and a wind velocity uj. The grain stress profile (Eq. 2.24), in discret units,

is defined as

τg(y) ∼=
∑
i:yi>y

F i

A
, (2.34)

where yi is the height of particle i, F i is the force applied on the particle by

the wind, A is the horizontal area parallel to the ground. In three dimensions,

we use the width of system for A, and in two dimensions, we assume a width

of z = 1.3Dmean.

Since the grain stress depends on the drag force on the particles, which in turn

depends on the wind velocity profile, we perform an iterative computation

until an approximate steady state is reached, in which the velocity profile

stays approximately constant from iteration step to iteration step. For the

stability of the iterative computation it is necessary to perform a weighted

average between the velocity profiles of iteration step (not time step) k and

k + 1, ujk and ujk+1

uik+1 := 0.99uik + 0.01uik+1. (2.35)

The position of the bed surface is used as starting point of the integration of

the wind profile. However, the particle splash and the sheet flow dynamically

affect the shape of the bed surface. Consequently, we need to find h0 for every

time step.
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We use a criterion based on the wind values to define an approximate position

for the particle surface. High density areas strongly reduce wind velocities.

If the calculated velocity uj in area/volume yj is below 0.1u∗, we assume that

this area contains the particle bed and the velocity is set to zero. This means

that h0 is chosen to be the point where the calculated velocity exceeds 0.1u∗.

Once the wind profile is calculated, it is possible to define the wind drag

force applied to the particles along the x-direction,

Fd
i = −πD

2

8
ρaCdvrvr, (2.36)

where vr = v − u is the velocity difference between particle and wind, with

vr = |vr|, and Cd drag coefficient. A drag coefficient suited to model grains

with irregular, natural, shapes, proposed by Cheng [83], is given by,

Cd =

[(
32

Re

)2/3

+ 1

]3/2
. (2.37)

The Reynolds number Re has the definition below

Re =
ρavrDmean

µ
, (2.38)

where µ = 1.8702× 10−5 kg/(m.s) is the dynamic viscosity.

In summary, the computation of the wind profile has the following order:

1. From an initial velocity profile u(y), we calculate the drag forces F d
i

from Eq. 2.36.

2. We use the drag forces F d
i to calculate the grain stress profile τg(y)

according to Eq. 2.34.

3. From the grain stress profile τg(y), we compute h0 and obtain the ve-

locity profile by the integration of Eq. 2.31 with 2.32, which is weighted

with the profile of the previous iteration step according to Eq. 2.35.

4. We perform the steps above until the iteration procedure converges

to an approximately steady solution. To guarantee that the steady
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solution is reached, it is sufficient to perform the iteration procedure

100000 times for the initial profile and 4 times at each following time

step.

Figure 2.13a shows an example of the wind profile for a very high wind shear

velocity of u∗ = 1.4 m/s. As the wind strength decays with the number of

saltating particles, the slope of the modified curve falls much slower than the

curve of the original profile for y where the particle bed is located. Because

few or no particles are located in the higher regions, the slope of the modified

curve asymptotically converges to the same as in the unmodified one. Figure

2.13b shows modified velocity profiles for θ > θc crossing each other at the

“Bagnold-focus” [8] and approximately located 0.5 cm above the sand bed

which is in qualitative agreement with measurements and theory [19, 60, 61,

84].

The wind velocity profile is approximately zero inside the particle bed and it

accelerates only the saltating particles. Saltation starts only after an accel-

erated particle splashes the ground and ejects other particles. The triggering

mechanism is one important component in saltation. In nature, complemen-

tary to the horizontal wind drag of the saltating particles, the wind can also

affect the sand transport by the entraining grains from the ground and re-

cruiting them into the saltation process. The complexity of the aerodynamic

lift lies on the correct description of turbulent eddies close to the ground.

At low Reynolds numbers, the aerodynamic lift can be approximately de-

scribed by [13,85]

F l
i =

πD3
i

8
ρaCl∇v2r , (2.39)

where the lift coefficient Cl is proportional to Cd [86].

Alternatively, we mimic the aerodynamics by perturbing the system at rest

and lifting up every second a fraction c = 0.2 of the surface particles by a

height Dmean with a probability c = 0.2 in order to trigger the saltation.
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(a) (b)

Fig. 2.13: (a) Wind profiles with and without momentum exchange. The

modified profile has a weaker increase at highly concentrated regions but

an asymptotic slope equal to the unmodified one. At y = h0, we have

u = 0. (b) Modified wind profiles intersect for θ > θc at the Bagnold-focus.

This calculation confirms measurements for a particle size Dmean = 200µm

[19, 60,61,84].

The vertical motion of the particle is given by the competition between grav-

ity g, lift forces, and the rebouncing of particles on the ground. In practice,

the lift forces compensate the gravity field, when applied uniformly to the

particles. It does not reproduce the randomness of turbulent fluctuations.

Therefore, we explain in the next section how we model turbulent wind fluc-

tuations.

2.3 The turbulence model

We included a generator of turbulent fluctuations based on the model created

by Thomas Burgener in his Ph.D.

Burgener et. al. [72] proposed a new numerical model based in stochastic
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processes to simulate the dispersion of particles in turbulent flows. In his

approach, the particles are coupled to a turbulent fluid velocity field by an

empirical drag law.

However, the complete description of the fluid requires a definition of the

turbulent flow velocity u. Alternatively to solving the complete description

of turbulence in the fluid, we keep the flow description deterministic but

include a stochastic component in the trajectories. Therefore, u splits into

the mean stream velocity u(y) and a stochastic part ut:

u = u(y) + ut. (2.40)

For ut, several measurements [87–90] have shown a highly non-Gaussian be-

havior of the Lagrangian acceleration distribution of fluid particles.

The system of stochastic differential equations (SDE) for the logarithm of

the dissipation rate χ = log(ε/ < ε >), with < ε > as the mean dissipation

rate, reproduces the Gaussian distribution of the velocities ut, and the highly

non-Gaussian distributions for the acceleration at of the particles in fully

developed turbulence [91],

dχ =− (χ− < χ >)T−1χ dt+
√

2σ2
χT
−1
χ dξ1 (2.41a)

dat =−
(
T−1L + t−1η − σ−1at|ε

dσat|ε
dt

)
atdt− T−1L t−1η utdt

+
√

2σ2
u(T

−1
L + t−1n )T−1L t−1n dξ2 (2.41b)

dut =atdt, (2.41c)

In Eq. 2.41, the variance of χ is approximated by σ2
χ = −0.354+0.289 logRλ

[92], where Rλ is the Reynolds number based upon the Taylor microscale

defined by Rλ =
√

15Re. The mean value is given by < χ >= −0.5σ2
χ, and

the relaxation time scale Tχ = 2σ2
u/(C0 < ε >) .

In Eq. 2.41b, we use the energy containing scale TL = 2σ2
u/C0ε, the energy-

dissipation scale tn = C0ν
1/2/(2a0ε

1/2), the conditional acceleration variance

σ2
at|ε = a0ε

3/2ν1/2, two universal Lagrangian velocity structure constants a0 =
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Fig. 2.14: Non-gaussian distributions of the random fluctuating accelerations

generated by different dissipation rates < ε > with a mean at at 0. Smaller

dissipation rates yield narrower distributions.

3.3 and C0 = 7.0, the kinematic viscosity ν and the velocity variance σ2
u.

The values of a0 and C0 are determined by demanding consistency with

Kolmogorov’s (1941) hypothesis [93] and fitting them to experimental data

[91]. Finally there are two independent Wiener processes, i.e. Gaussian

distributed random numbers, dξ1 and dξ2 with zero mean and variance dt.

To every particle, we attach a tracer moved by fluctuating accelerations at by

iterating Eq. 2.41 in time. The accelerations have probability distribution

function centered at zero. Figure 2.14 shows the probability distribution for

at for different dissipation rates. Smaller the dissipation rates yield narrower

probability distributions. The accelerations are turned into forces and added

to the net force.
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Chapter 3

Experimental setup

To validate our model and our findings, we made some experiments of sand

transport in a wind tunnel. The experiments in general display qualitative

results that should be reproducible by the numerical approach. Moreover,

they help the calibration of the parameters in the numerical model to obtain

a quantitative agreement.

At Aarhus university, we used a wind tunnel as illustrated in Fig. 3.1.

Fig. 3.1: Experimental set-up of the wind tunnel.

The wind tunnel is 15 m long and has 5 m of working section in the down-

stream end. Figure 3.2a shows a picture of the wind tunnel taken from the

upwind side. Figure 3.2b shows a picture of the working section, where we

observed and collected the sand from the experiments. Wind flow is created

by a fan in the downwind end (suction) and the fan setting can be adjusted
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between 0 and 50 Hz with a resolution of 0.1 Hz.

(a) (b)

Fig. 3.2: Photos from the wind tunnel used in the Aarhus university

(a) (b)

Fig. 3.3: The set of turbulence spires in (a) and the wooden roughness blocks

in (b) mold the wind flow to a boundary layer inside the wind tunnel.

The rectangular cross section is 0.60 m wide and 0.90 m high. A set of

turbulence spires (shown by Fig. 3.3a) placed at the entry and a 4 m long

array of roughness blocks (shown by Fig. 3.3b) downwind of the spires have

been designed to produce a boundary layer which has approximately the

same characteristics as that forming over an infinitely long sand bed near

the fluid threshold.
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Feeding is appropriate for studying saltation when the shear stress is above

the dynamic threshold, and normally sand is fed into the tunnel via 5 tubes

that will distribute it fairly evenly across the bed. The feeding rate is ap-

proximately the same as that by which sand is transported downstream the

tunnel. This will simulate an infinite upwind fetch and also prevent the up-

wind end of the bed to be depleted of sand. Figure 3.4a shows the funnel for

the input of sand, which is distributed through the tubes shown in Fig. 3.4b.

(a) (b)

Fig. 3.4: A funnel at the top of the tunnel in (a) feeds sand into the tunnel

through 5 tubes shown by (b).

The bottom of the tunnel is covered by a 15 mm thick bed of pre-sieved sand

samples of 180 µm as shown by Fig. 3.5a. Contrary to this, feeding must

be avoided when studying the grain pick-up as a result of aerodynamic lift.

However under this condition, the transport rate is low so the 15 mm thick

bed still allows fairly long experiments to be made before depletion occurs. A

small container, shown in Fig. 3.5b at the end of the working section collects

the transported sand from which we obtain the average flux.

Saltation is recorded on a standard video camera (2 megapixels) outside the

tunnel, shown by Fig. 3.6a. This focuses on the central part of the tunnel
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(a) (b)

Fig. 3.5: In (a), the 15 mm thick bed of pre-sieved sand samples of 180 µm.

In (b), a sand collector at the end of the working section.

(a) (b)

Fig. 3.6: In (a), the video camera used to record the sand flux, and in (b)

the laser used to illuminate the saltating sand particles.

where saltating particles are illuminated when they pass a vertical laser sheet.

The laser is placed at the top of the wind tunnel as shown by Fig. 3.6b. Color

frames are extracted from the videos and converted to gray-scale and then

into binary black and white images using a low pixel threshold thus trying

to keep the noise level low. Some particles may be lost during this selection.

We initially used the linux command convert to generate gray-scale figures

in binary format *.ppm and a routine in C++ to count and create a time

series of white pixels. Figure 3.7a and 3.7b show the result of the image

analysis.

Later, we wrote a small routine in Matlab using the command im2bw that
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(a) (b)

Fig. 3.7: In (a), the color frame extracted from the video of the experiment.

In (b), the black and white picture after the image processing. For a clear

visualization, we inverted the black and white pixels from the picture in (b).

reduced the noise from luminosity and provided better results. The command

im2bw at line 11 turns a color frame in *.png format into grayscale, where

pixels have values between [0, 1], i.e., 0 for black, 1 for white. Pixels under

and above the threshold (0.06) are turned into black and white, respectively.

Figures 3.8a and 3.8b show the final images generated by the algorithm used

in the video analysis. The lines 20-23 create two time series, one for the

number of white pixels in the frames and another for the change of the white

pixels between one frame and the next.

1 white = 0 ; white ant = 0 ;

2

3 D = dir ( [ ’ . ’ , ] ) ; Num = length (D) ;

4

5 for i = 2 : 2 :Num

6 s t r p r e f i x = ’ img− ’ ;

7 s t r s u f f i x = s t r c a t (num2str( i ) , ’ . png ’ ) ;

8 word = s t r c a t ( s t r p r e f i x , s t r s u f f i x ) ;

9 i f ( exist (word , ’ f i l e ’ ) )
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10 I = imread (word ) ;

11 BW = im2bw ( I , 0 . 06 ) ;

12 s i ze m = s ize (BW) ;

13 white = 0 ;

14 for j = 1 : s i ze m (1)

15 for k = 1 : s i ze m (2)

16 i f (BW( j , k ) == 1) white = white + 1 ;

17 end

18 end

19 end

20 t im e s e r i e s ( i / 2 . , 1 ) = i / 5 0 . ;

21 t im e s e r i e s ( i / 2 . , 2 ) = white ;

22 t im e s e r i e s ( i / 2 . , 3 ) = white − white ant ;

23 white ant = white ;

24 end

25 end

26

27 save ( ’ f l u x . dat ’ , ’ t im e s e r i e s ’ , ’−a s c i i ’ , ’−double ’ )

The intensity of the saltation flux is then determined from the number of

white pixels. We observe saltation through the increase and change of white

pixels in the images. We define the start and end of saltation when the

change in the number of white pixels from one frame to the next is more

than 70. Initially the duration of the experiment varied form 2-3 minutes

(short-runs), but this produced very poor statistics for the bursting process.

Therefore two series of new experiments were made where data were taken

over three consecutive periods of 20 minutes (long-runs).

The span in the wind shear velocity between fluid and the impact threshold

is small [6], so that it is essential to precisely measure the wind shear velocity.

The wind velocity is measured in the wind tunnel using a pitot tube. Ten

wind profiles have been recorded as function of the wind tunnel setting and

the corresponding wind shear velocities which fall in the interval of below
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(a) (b)

Fig. 3.8: In (a), a better quality frame extracted from the video of the

experiments. The picture in (b) is the final result after processing in Matlab

used to measure the flux. At this time, we cropped the particle bed out of

the video images before the conversion.

0.13 m/s to about 0.18 m/s have been determined. From a fit to the data,

shown in Fig. 3.9, it is then possible to determine the wind shear velocity

for any setting within this interval. Since measurements were taken over

several months, the speed at 60 mm height was recorded (100 Hz) in every

run to ensure that no drift of the relationship takes place. Although there

may be a small uncertainty in the absolute value of the wind shear velocity,

this procedure assures that the error in the relative difference between speed

is only 0.002− 0.003 m/s.

Conversion of pitot tube data require information about air density which

is a function of temperature, humidity and pressure which on a particular

day can vary strongly during the same day when a depression passes. In

the experiment durign July 2012 values were as follows: temperature 20.6 C,

pressure 1018 millibars and humidity 64%. In the fall 2012 the temperature
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Fig. 3.9: Correspondence between the fan setting and the wind shear velocity

measured inside the tunnel. The fitting function u∗ = 0.8833− 0.1087Hz +

0.00393Hz2 is used to estimate the wind shear velocity from the fan-settings.

was 21 C, the pressure varied from 1006-1010 millibars, and humidity was

near 58%. In the winter 2013 the temperature was 21.5 C, the pressure was

1013 millibars, and the humidity 57%.
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Numerical Results

In this chapter, we present results for numerical simulations of saltation

in two and three dimensions varying the Shields number θ. In these

calculations, we do not consider the stochastic fluctuations presented in

Section 2.3. Those will be discussed in chapter 6. The results from the 2D

numerical simulation of this chapter were published in the Physics Review

Letters in the Ref [94]:

M.V. Carneiro, T. Pähtz, H.J. Herrmann

Jump at the Onset of Saltation

Phys. Rev. Lett. 107, 098001 (2011).

4.1 Saltation in two dimensions

First, we consider a disordered particle bed with 500 spherical disks initially

at rest in a two dimensional system. The diameters are randomly chosen from

a Gaussian distribution around Dmean = 2×10−4 m of width 0.15Dmean. We

simulated systems with more particle layers in the particle bed to verify that

the bottom wall effects are negligible as discussed in Ref [55, 56]. Within

the error bars, systems with different number of particle layers displayed

identical properties and therefore we did not need to consider larger systems.

At t = 0, some particles are dropped from randomly chosen heights and

when they reach the ground they collide with particles at rest inside the bed

53



54 CHAPTER 4. NUMERICAL RESULTS

and thereby trigger saltation. The lower boundary at y = 0 represents the

deep ground. It is strongly dissipative with a fixed restitution coefficient of

ew = 0.2 to suppress the reflection of shock waves on the lower boundary due

to finite depth, which could eject additional grains at the surface [55–57].

Fig. 4.1: Snapshot of the simulation with an initially logarithmic wind profile.

Colors represent the particle velocity.

Space is sliced in vertical rectangular domains of size (250× 75)D2
mean. The

top is placed sufficiently high to mimic an open system. Periodic boundary

54



4.1. SALTATION IN TWO DIMENSIONS 55

conditions are imposed in wind direction and top and bottom boundaries are

reflective.

Figure 4.1 shows a snapshot of the simulation of saltation. The colors repre-

sent the particle velocity. The dimensionless flux in the direction of the wind

is defined as

q =
1

DA

N∑
i

miv
x
i (4.1)

where A = (50 × 7.5)D2
mean is the area of the bottom of the channel, vxi

and mi are, respectively, the velocity along the horizontal direction and the

mass of the particle i, and D = ρs
√

(ρs/ρa − 1)gD3
mean is a normalization

constant.

Figure 4.2 shows flux series for θ = 0.03, 0.05, 0.07, and 0.10. The system

reaches fast the stationary state and fluctuates around the saturated flux in

2D simulations for low Shields numbers θ. It shows also a lower limit in the

Shields number for the sand transport.

We simulated saltation with 500 and 1000 particles for low (θ = 0.07) and

high Shields numbers (θ = 0.32). Figure 4.3 shows that systems with different

number of particles display similar flux.

We verified numerically that the dimensionless saturated flux remains invari-

ant under changes of the parameters as long as the Reynolds number and

the Shields number are fixed.

Figure 4.4 shows, for two different Shields number, time series of the sat-

urated flux with very large fluctuations. For an increasing Shields number,

when the saturated flux becomes larger than the fluctuations, simulations ex-

hibit the existence of an onset velocity for sustained flux θc = 0.052. Below

this value the flux eventually stops after sometime. This happens because a

splash might not have the necessary energy to eject other particles that can

carry on saltation. Therefore the saltation cannot restart unless a perturba-

tion or lift force is introduced.

In Figure 4.4a below the onset, after saltation has stopped, we introduced

some perturbations in the system at t = 9s, 10s and 11 s to restart salta-

tion. The perturbation at t = 11s restarted the saltation and the flux re-
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Fig. 4.2: Flux series for θ = 0.03, 0.05, 0.07, and 0.10.

turned to the previous levels. For θt < θ < θc, the system displays this

kind of metastable behavior with two possible solutions, either saltation or

no motion, strongly dependeding on the initial conditions and the triggering

mechanism. The previously defined perturbations or lift forces according to

Eq. 2.39 are not sufficient to restart saltation for θ < θt, where θt ' 0.038

for perturbations with c = 0.2. Lift forces and perturbations are no longer

needed to maintain the saltation for θ ≥ θc. The fact that perturbations are

necessary to sustain saltation underlines the importance of the turbulent lift

forces in the metastable region.

Figure 4.5 presents the saturated flux for different Shields numbers in com-

parison with field and wind tunnel experimental data from Iversen and Ras-

mussen [95]. The data from the simulations are fitted with the red curve

q = q0 + A(θ − θc)θ1/2 with A = 1.52 and q0 = 0.01 which is similar to the

relation proposed in Ref. [47].

Figure 4.6 presents details of the discontinuous transition at θc with a jump
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Fig. 4.3: Flux series for a low Shields number (θ = 0.07) and for a high Shields

number (θ = 0.32) for different number of particles (500, 1000 particles).

Systems with different number of particles diplay similar saturated flux.

q0 in the saturated flux. We studied the effects on this transition from pertur-

bations with probability c = 0.2 (shown by the green curve) and from the lift

forces with Cl = 0.425Cd (shown by the blue line). Additional simulations

show that θt and the jump q0 depend on the lift coefficient Cl.

Figure 4.7 presents the average transient time< ts > it takes for the system to

settle without perturbation or lift. < ts > diverges when θ → θc. The dashed

line fits the data according to ts = t0(θ/(θc − θ))p with t0 = 0.052s, p = 1.5.

The transient times < ts > were averaged over 60 simulations with different

initial conditions.

The discontinuity in the saturated flux is verified also at the same value θc

using the drag coefficient from Ref. [96] and is shifted in the velocity axis by

the dissipation rate γ, i.e to lower (higher) critical velocities for lower (higher)

dissipation rates. Interestingly, we were able to find the same discontinuous
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Fig. 4.4: Flux series for two different Shields numbers near the onset. In (a),

the system was perturbed at t = 9, 10, and 11s to keep the flux different from

zero. The small peaks at t = 9 and 10s show that some particles were lifted

but did not provoke a splash. In (b) the system never settled down.

transition and metastable region also using the code of Ref. [60].

Figure 4.8 shows the concentration of the particles for different Shields num-

ber. The transported sand for a certain height increases with the Shields

number.

Figure 4.9 shows the profile in y-direction of average particle velocity in the

x-direction, that also increases with Shields number. The average velocity

profile is similar to the wind velocity profile with asymptotic logarithm law.

The region near to the particle bed has a reduced velocity increase following

the same behavior of the modified wind profiles on Fig. 2.13.

Figure 4.10 shows the momentum transfer to the particles as function of

height for different Shields numbers. The momentum transfer has a peak
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Fig. 4.5: Saturated flux as function of the Shields number. Simulated data

fitted by q = q0 + A(θ − θc)θ
1/2, q0 = 0.01, A = 1.52, and θc = 0.048 in

comparison with experimental data [95].

that also grows with the Shields number. This peak is located slightly above

the particle bed and corresponds to the region with biggest concentration

of particles, excluding the particle bed itself. This result matches with the

finding from Ref. [59].
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Fig. 4.6: Detailed view of the metastable region of the discontinuous tran-

sition. The green curve with triangles and blue lines with squares are the

results including perturbations with c = 0.2 and lift forces with Cl = 0.425Cd,

respectively.

4.2 Saltation in three dimensions

We extended our model to three dimensions. Every sand grain is now rep-

resented by a hard sphere of average diameter Dmean. We consider particles

of the same average diameter Dmean = 2 × 10−4 m, Gaussian distributed

size dispersion σD = 0.15Dmean, and same density ρs = 2650 kg/m3, in a

three-dimensional wind channel of dimension (700 × 50 × 7.5)D3
mean. The

upper boundary is reflective, placed sufficiently high to avoid any particle

colliding against it. In fact, no collision with the upper boundary did ever

occur in our simulations. We use periodic boundaries in x- and z-directions.

For the fluid density, we keep ρa = 1.174 kg/m3.

We consider a bed of 12 particle layers. In the beginning of the simula-

tion, a few particles are dropped at random positions to trigger saltation.
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Fig. 4.7: Average transient time to settle without perturbation in the

metastable region. The dashed line fits the data according to ts = t0[θ/(θc−
θ)]p with t0 = 0.524s, p = 1.5, θc = 0.048.

Like in the two dimensional simulations, we also measure the saturated flux,

concentration and particle velocities.

Previously, at the integration of the wind profile for the 2D simulations, we

assumed a fictitious width of z = 1.3Dmean. In three dimensions, we use the

real width of the system for the integration of the wind profile. Therefore

the wind behaves similarly to the previous approach.

Figure 4.11 shows a comparison between the results in three dimensions and

the experimental results from Ref. [95]. The numerical results were fitted

according to model of the Ref. [42]. The model of Owen for the saturated

flux, q = A0(u
3
∗ρa/g)(1−uτ/u∗) could be fitted with A0 = 1.18 and uτ = 0.18

m/s. Alternatively, the fit function can be rewritten with the Shields number

as q = A(θ(s − 1)ρaDmean)(
√
θ(s− 1)gDmean − θt). The fit parameter is

A = 1.07 for θt = 0.0073.
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Fig. 4.8: The concentration of particles and the maximum height of saltation

increase with the Shields number in 2D simulations.

Figure 4.12 shows that the discontinuity on the saturated flux persists in the

three dimensional simulations in the absence of any lift mechanism. However,

the discontinuity is located at a smaller Shields number θ = 0.0073 that

corresponds to the wind shear velocity of u∗ = 0.18 m/s.

Figure 4.13 shows that the concentration of particles behaves similarly in

three dimensions. As we increase the Shields number, the particle concentra-

tion in each layer in y and the maximum height reached by the particles also

increases. The maximum height reached by the particles is lower in three

dimensions due to the larger free path of the particles. The larger free path

decreases the number of collisions that shoot particles to higher heights. In

Chapter 7, we explain further the role of mid-air in saltation.

Figure 4.14 shows the average particle velocity in x-direction. Similarly to

two dimensions, the particle velocities increase with Shields number. In three

dimensions, particles are faster compared to two dimensions as a consequence

of the feedback. The saltation column is higher in 2D which decreases the
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Fig. 4.9: The average particle velocity in x-direction increases with the

Shields number in 2D simulations.

particle velocities underneath. The momentum extraction from the particles

in higher regions reduces the wind velocity in the lower regions. The lower

maximum height from particles in three dimensions reduces less the wind in

the lower heights and particles get higher acceleration.

The results from saltation in three dimensions can be obtained from two

dimensional simulations after rescaling. Figure 4.15a shows the rescaling

of the particle concentration in two dimensions through a factor 0.62. The

average particle velocity in two dimensions is rescaled to three dimensions

by a factor 1/0.79, as shown in Fig. 4.15b.

Figure 4.16 shows the rescaling of the flux in two dimensions by a factor of

0.82. In fact, both functions used for the fit of the data in two and three

dimensions are basically the product of one term θ and another term θ1/2.
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Fig. 4.10: Momentum exchange in y direction becomes non-monotonic as

function of height as we increase the Shields number. In the bottom part, it

increases with the wind velocity due to the high concentration of particles.

The rescaling of the saturated flux for different restitution coefficients, e = 0.8

and e = 0.6, is shown in Figs. 4.17a and 4.17b.
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Fig. 4.11: Saturated flux as function of the Shields number. Simulated data

fitted by q = A(θ(s − 1)ρaDmean)(
√
θ(s− 1)gDmean) − θt), with A = 1.07

and θt = 0.0073.
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Fig. 4.12: The discontinuity in the saturated flux for three dimensional sim-

ulations at θ = 0.0073 and e = 0.7
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Fig. 4.13: Concentration of particles for an increasing Shields number in 3D

simulations.
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Fig. 4.14: Average particle velocity in x-direction for an increasing Shields

number in 3D simulations.
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Fig. 4.15: In (a) the concentration of particles, for θ = 0.44, collapse after

the rescaling of the 2D values c (red squares) by 0.62 . Also the curves for

the average particle velocity in x-direction for θ = 0.44 in (b) collapse after

the rescaling of the 2D < vx > (red squares) by (1/0.79).
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Fig. 4.16: The saturated flux in 2D simulations (red squares) collapses with

the one in 3D simulations (black circles) after rescaling θ by a factor 1/0.82.
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Fig. 4.17: The saturated flux from 2D simulations (red squares) using differ-

ent restitution coefficients for particle collisions (e = 0.6 in (a) and e = 0.8

in (b)) can also be rescaled by a factor 0.82 to collapse it with the saturated

flux in 3D simulations (black circles).
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Chapter 5

Experimental Validation

The discontinuity in the saturated flux inspired us to study saltation exper-

imentally in the wind tunnel for wind velocities around the threshold. Here

we investigate experimentally the discontinuity in the flux threshold and re-

port the bursts occurred in intermittent saltation through the experimental

setup presented in Chapter 3.

In the first array of short experiments, for every wind shear velocity, we

monitored two runs of two minutes each, with and without feeding. An

extra run checks the sand transport if the two first runs had very different

transport rates.

Figure 5.1 shows the transported sand for different u∗ for the tests with (in red

squares) and without feeding (black circles). Without the sand feeding, the

experiments in the wind tunnel for u∗ < 0.17 m/s produced no grain at the

end of the wind tunnel. The sand transport shoots up at u∗ ≈ 0.17 ± 0.01

m/s. The red squares curve shows the mass transport in the experiments

using grain feeding. The input of particles from feeding at the upwind end

of the tunnel triggers saltation by adding momentum to the system and thus

sustains transport as long as the wind shear velocity is above the dynamic

threshold. Thus sand flux can occur for wind shear velocities that did not

display any transport without feeding. The feeding significantly shifts the

threshold to u ≈ 0.145 m/s since the initiation of saltation depends less on

fluid lift. The transition at the dynamic threshold is less steeper than the

one found at the fluid threshold in the experiments without feeding. The
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Fig. 5.1: The experiment with (red squares) and without feeding (black

circles) shows the hysteresis zone in the red area between u∗ = 0.18 m/s

and the dynamic threshold at u∗ = 0.145 m/s. The dashed lines show two

possible transitions for the saturated flux at the threshold, a continuous and

a discontinuous one.

dashed lines in the curves with feeding and without feeding show that the

results are consistent with either a continuous or a discontinuous transition.

The red area shows the hysteresis zone that ends at u∗ = 0.18 m/s where

the transported sand is the same for both experiments within the error bars.

The contribution of the feeding to the sand transport decreases as u∗ → 0.18

m/s. We note that the ratio between the dynamic and the fluid threshold is

0.80, as originally found by Bagnold[2].

We also made 60 min long test to obtain statistical information about the

occurrence of the bursts. Fig. 5.2 shows the sand flux in the long tests.

Smaller amounts of sand were transported for u∗ = 0.17 m/s during the

long runs for the same experimental setup. This evinces the role of the

climate conditions around the wind tunnel and the challenge of reproducibly
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Fig. 5.2: Sand transported during the 60 min (3× 20 min) long runs for dif-

ferent shear velocities near the threshold. Also in this case, the experimental

results are consistent with either a continuous or a discontinuous transition

in the flux at the fluid threshold.

measuring q(u∗). Moreover, the shear velocities can vary also for each fan-

setting depending on these conditions.

Without feeding, the sand transport starts intermittently at u∗ = 0.17 m/s

and saltation occurs in bursts. The camera images of Fig. 5.3 show the sand

bed lighted by the laser beam at t = 53s, 57s, 61s in a single run in the

wind tunnel for u∗ = 0.17 m/s. The pictures on the left and on the right

side confirm the nonexistent sand transport before and after the sand burst

occured at t = 57s.

Figure 5.4a shows the time series for the sand transport in the experiments

with u∗ = 0.17 m/s. Complementarily, Fig. 5.4c shows also an exponential

probability distribution for the delay time of the saltation bursts. Similarities

75



76 CHAPTER 5. EXPERIMENTAL VALIDATION

Fig. 5.3: Three snapshots of a sand burst surrounded by periods of no salta-

tion (left and right) are shown corresponding to 53s, 57s and 63s.

in the probability distribution strongly relate the occurrence of the burst to

fluctuations in the wind speed. The burst sizes also follow an exponential

probability distribution as shown in Fig 5.4b. The finite size of the wind

tunnel can not reproduce in the turbulent structure the big low frequency

eddies observed in Nature that could also contribute quantitatively to the

occurrence of bursts.

The occurrence of a burst can not be directly connected to the wind velocity

measured at the observation point. Unless we measure the wind speeds at

many different points of the working section, we can not specify if the burst

originates from strong gusts at the area nearby or from the gradual devel-

opment of the saltation initiated far upstream and propagating downstream.

However, we obtained a time series of the average wind velocity u(40 mm )

at the observation point in the wind tunnel to study the wind fluctuations,

as shown by Fig. 5.5. We measured the time delay between wind fluctua-

tions above the fluid threshold u∗ > uτ . Figure 5.6 shows that the intervals

between these major fluctuations has an exponential probability distribution.

The bursting activity turns on and off within a very short shear velocity

interval. Figure 5.7 shows that bursts disappeared and intermittent saltation

stopped, when the wind shear velocity of a 10 min run was switched down

at t = 5 min from u∗ = 0.17 m/s to u∗ = 0.165 m/s. Alternatively, the
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Fig. 5.4: (a) The time series of intermittent saltation for u∗ = 0.17 m/s.

(b) The burst size distribution is obtained from the integration of the burst

signalized by the interval b in yellow in (a) and it has a probability distri-

bution fitted by 2× 10−4exp(−0.002x). (c) The time delay indicated by the

blue arrows and the interval tb in (a) has a probability distribution fitted by

0.08exp(−0.03x).

bursts appear immediately after the wind shear velocity was switched up

from u∗ = 0.17 m/s to u∗ = 0.165 m/s in a similar test.

The bursting activity occurred mainly in interval 0.17 m/s ≤ u∗ < 0.18 m/s.

Figure 5.8 shows the flux for two different wind shear velocities, u∗ = 0.165

m/s and u∗ = 0.167 m/s under the fluid threshold. The flux at these two

velocities did not display any major bursting event. Figure 5.9 shows the

intermittent saltation for u = 0.173 m/s and u∗ = 0.175 m/s. Their prob-

ability distribution, shown in Figs. 5.10 and 5.11 follow similar exponential

laws as observed in Fig. 5.4. As the wind velocity increases, the average
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Fig. 5.5: Time series of the average wind velocity u(40 mm ) at the observa-

tion point in the wind tunnel.

burst size increases until the saltation becomes continuous at u∗ ≈ 0.18 m/s.

Figure 5.12 shows that the time series are non intermittent for u∗ = 0.177

m/s and u∗ = 0.18 m/s. At u∗ ≈ 0.177 m/s, the short and few intervals

between bursts require much longer runs to get good statistics.

In our analysis, the results indicate that the time delay between bursts could

follow a power law. However, data from much longer experiments are required

to prove this nature phenomenon is scale free.

We can not expect a perfect match between our findings in the wind tunnel

and Nature. Experiments do not reproduce the low frequency of big eddies

normally observed in the field. The wind shear velocity is a mean quantity

which does not account for the large fluctuations of the wind. The bursting

activity, and consequently the transported sand, has a nonlinear dependence

on wind fluctuations. Therefore, the same wind shear velocity could have

two different rates of mass transport in the field and in the wind tunnel.
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Fig. 5.6: Probability distribution of wind gusts above the fluid threshold is

fitted by 0.016exp(−0.01x).
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Fig. 5.7: The flux series in (a) shows an immediate response in the sand flux

when the wind velocity is decreased below the wind threshold at t = 300

s. This reveals almost no inertia effects in saltation. In (b), saltation starts

seconds after the wind speed is increased to wind shear velocities above the

threshold also at t = 300 s. Both tests transported approximately the same

amount of sand, which is also the same amount of sand transported in the

tests of u∗ = 0.165 m/s and u∗ = 0.17 m/s separately.
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Fig. 5.8: The flux series for two different wind shear velocities below the fluid

threshold, u∗ = 0.165 m/s and u∗ = 0.167 m/s, do not show evident bursting

activity.
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Fig. 5.9: Flux series of the bursting activity for u∗ = 0.173 m/s and u∗ =

0.175 m/s.
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Fig. 5.10: Probability distribution for the burst sizes and time delay for

u∗ = 0.173 m/s also follows an exponential law.
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Fig. 5.11: Probability distribution for the burst sizes and time delay for

u∗ = 0.175 m/s has an exponential law.
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Fig. 5.12: The time series of the flux for two different wind shear velocities,

u∗ = 0.177 m/s and u∗ = 0.18 m/s are non intermittent with continuous

saltation.
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Chapter 6

Numerical intermittent

saltation

In this chapter, we present results from numerical simulation of intermittent

saltation. We add to our saltation model the turbulent fluctuations described

in the Section 2.3.

Each particle is now attached to a tracer that generates random accelerations

in x, y and z-directions. Here, the same packing of spheres, fluid and sand

densities and wind profile calculation are used as in Chapter 4. However,

particles are not dropped over the particle bed to start saltation at the be-

ginning of the simulation. Saltation should start trigged by these random

turbulent fluctuations. Therefore the initial conditions consist of a particle

bed completely at rest. The relevant parameters studied are the dissipation

rate < ε >, the wind velocity u∗ and the restitution coefficient e.

Without any perturbation from the fluctuations, the saturated flux with a

restitution coefficient e = 0.65 has a threshold approximately around ut =

0.20 m/s. Therefore for u∗ < ut, no saltation occurs in the absence of lift

mechanisms.

We use < ε > to control the probability for the bursts. Initially, we keep

< ε >= 0.03 constant to observe the effects of increasing u∗ on the occurrence

of bursts. Figure 6.1 shows the time series for u∗ = 0.15 m/s and u∗ = 0.16

m/s. Although the flux is not completely zero as observed in the experiments,

the transported sand for u∗ = 0.15 m/s is relatively very small and very

87



88 CHAPTER 6. NUMERICAL INTERMITTENT SALTATION

Fig. 6.1: Time series for the flux for u∗ = 0.15 m/s and u∗ = 0.16 m/s using

< ε >= 0.03. The sand transport starts effectively at u∗ = 0.16 m/s and

shows periods with saltation and periods with no saltation.
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Fig. 6.2: Time series for the flux for u∗ = 0.17 m/s and u∗ = 0.18m/s using

< ε >= 0.03. The increase of u∗ affects the duration and the occurrence of

the saltation periods.

Fig. 6.3: Time series for the flux for u∗ = 0.19 m/s using < ε >= 0.03. The

flux is nearly permanent.
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subjected to randomness. For u∗ = 0.16 m/s, the transport becomes relevant.

The turbulent fluctuations detach a particle from the bed and that starts

saltation. However, the particle splash might eject no particles, specially for

low restitution coefficients. If other particles are neither ejected nor lifted by

the stochastic force meanwhile, saltation stops. Saltation restarts if another

saltating particle is detached from the particle bed by the stochastic turbulent

forces. The simulations shows periods with saltation and no saltation.

The flux from the numerical simulations for u∗ = 0.17 m/s in Fig. 6.2

reproduces the sand bursts observed in the experiments in Fig 5.2. The time

series in Figs. 6.1 and 6.2 clearly show that the increase of u∗ for a fixed

< ε > increases the flux and reduces the periods with no saltation. The sand

transport slowly converges to a regime with constant saltation as we increase

u∗. Figure 6.3 shows a non intermittent flux similar to those observed in

the experiments. However, the increase in the saturated flux by increasing

u∗ and keeping < ε > constant is slightly lower than the change in the flux

observed in both experiments.

Figure 6.4 shows the saturated flux for different dissipation rates. The bursts

occur for winds with dissipation rate 0.001 << ε >< 0.005. Dissipation

rates < ε >< 0.001 entrain no particles, and < ε >≥ 0.005 produces a

non intermittent flux by entraining many particles. Higher dissipation rates

increase the flux also by lifting more particles as consequence of the broader

distribution of Fig. 2.14. We expect an intermittent flux for u∗ = 0.17 m/s.

However, Fig. 6.5 shows that saltation is continuous and the time series for

u∗ = 0.17 m/s is non-intermittent for < ε >= 0.05. On the other hand, the

saturated flux is relatively small compared with the flux observed in Fig. 5.2

for < ε >= 0.02.

The restitution coefficient also affects the overall flux and the occurrence of

the bursts. Figure 6.6 shows the saturated flux as a function of < ε > for a

fixed u∗ = 0.17 m/s for different restitution coefficients. Similarly to previous

tests, the saturated flux becomes non intermittent as we increase the flux by

increasing the restitution coefficient. As discussed in the previous chapters,

the restitution coefficient affects the number of ejected particles.

In summary, bursting activity could be numerically simulated using DEM
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Fig. 6.4: The saturated flux related to u∗ for different < ε >. The increase

of both parameters < ε > and u∗ increases the saturated flux.

Fig. 6.5: Time series for the flux for u∗ = 0.17 m/s using < ε >= 0.05. The

increase of < ε > reasonably suppresses the bursts and the saltation is nearly

continuous.
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Fig. 6.6: The saturated flux as a function of < ε > for different e. The

increase of the restitution coefficient affects the particle splash and more

particles are ejected augmenting the overall flux.
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coupled to the model for turbulent fluctuations proposed by Ref. [72]. For a

better quantitative match between the flux from simulation and from exper-

iments, a relation between the three parameters, u∗, < ε >, and e should be

established in the future.
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Chapter 7

Mid-air collisions enhance

saltation

This chapter investigates the role of mid-air collisions during saltation. As

opposed to experiments, the direct computer simulation of saltation offers

the possibility of switching on or off the collisions between particles or of

modifying the collision parameters, such as the coefficient of restitution.

In the following, we study the aeolian saltation using different restitution

coefficients and compare the results with saltation neglecting mid-air

collision. The results presented in this chapter were published in the Physics

Review Letters in the Ref [97]:

M.V. Carneiro, N.A.M. Araújo, T. Pähtz, H.J. Herrmann

Mid-air collisions enhance saltation

Phys. Rev. Lett. 111, 058001 (2013).

The publication was highlighted by the general public and science me-

dia such as CNN, Nature, Science, Scientific American, Physical Review

Focus. The relevant echos from the media are attached in the Appendix.
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Fig. 7.1: Typical splash obtained numerically with our model in 3D. The

impinging particle (yellow) bounces after ejecting other particles from the

bed (red and green). While the green particles essentially only move on the

ground, the red ones are lifted and dragged by the wind.

7.1 Introduction

Would a sandstorm be stronger if the sand grains in the air did not collide

against each other? This question has puzzled practitioners and theoreticians

alike in the past. Models for Aeolian sand flux in Refs. [59, 60, 63, 84, 98,

99] become certainly much simpler if such mid-air collisions are neglected,

but does this approximation underestimate or overestimate the value of the

calculated saturated flux?

The mid-air collisions are, in fact, the key ingredient for understanding the

relation between different concepts that have been put forward in the past,

such as the splash [8, 17], the soft bed [70, 100], and the distinction between

saltons and reptons [61, 71]. During saltation, particles are ejected from

the granular bed in a splash, produced by the impact of fast particles, so-

called saltons (yellow trajectory in Fig. 7.1). These saltons must have the

necessary kinetic energy to assure that, despite the substantial dissipation in

the ground, some ejected particles can again fly sufficiently high. After all,
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Fig. 7.2: Simulated trajectory of a salton in three dimensional saltation. The

(yellow, upper trajectory) salton is kept in the air by colliding against (red,

lower trajectories) particles from the soft bed. For clarity only the relevant

particle trajectories are shown and the ground is schematically represented

by a flat plane.

only high-flyers can acquire sufficient acceleration to again become saltons

because the wind velocity at the ground is zero, increasing logarithmically

with height. Our detailed study reveals the following picture: Due to the

irregularities of the surface, a splash produces three types of moving particles

(see Fig. 7.1): Many (green) creepers that do not leave the bed, many (red)

leapers making small jumps, remaining in regions of small wind velocities,

thereby not being able to produce a new splash, and very few saltons (yellow)

which fly higher up. Only the saltons assure that the saltation process is

sustained. Both creepers and leapers (reptons) contribute considerably to

the global sand flux, but play a very different role in what follows.

Can one really make such a sharp distinction between leapers and saltons?

After all, the collision process is random and should yield a continuous distri-

bution of ejection velocities. The experimental observation of single impacts

on granular packings shows a bimodal splash distribution [54], reproduced

numerically by Anderson and Haff [50], exhibiting a broad spectrum of slower

particles and a small peak of faster ones. The analysis of these observations

led Andreotti [61] to coin the terms saltons and reptons. However, so far there

is no experimental evidence that the same velocity distribution in steady state

saltation is also bimodal. What makes these two types of particles different
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are the mid-air collisions. In Fig. 7.2, we see the trajectory of a typical salton

simulated with the method described below in three dimensions: It makes

several jumps without touching the ground, rebouncing upwards each time

due to a collision with a (red) leaper. The probability for such a collision

is reasonably high because the leapers form a rather dense layer, which is

precisely the soft bed described earlier in Ref. [70]. Consequently, the salton

stays longer in areas of strong wind and less time close to the ground, where

the wind drag acceleration is weaker. This explains why the saltons acquire

so much energy and can sustain the saltation process. Summarizing, mid-

air collisions in the soft bed is the crucial mechanism that differentiates the

saltons, and doubles the saturated sand flux as we will show in the following.

7.2 The model

Every sand grain is represented by a hard sphere of average diameter Dmean.

We consider particles of average diameter Dmean = 2 × 10−4 m, size disper-

sion σD = 0.15Dmean, and density ρs = 2650 kg/m3, in a three-dimensional

wind channel of dimension (700 × 50 × 7.5)D3
mean with a reflective upper

boundary, placed sufficiently high to avoid any particle colliding against it,

and periodic boundaries in the other directions. For the fluid density, we

chose ρa = 1.174 kg/m3. In fact, no collision with the upper boundary has

ever occurred in our simulations. The lower boundary at y = 0, representing

the deep ground, is strongly dissipative with a fixed restitution coefficient of

ew = 0.5. We consider a bed of 12 particle layers to suppress the reflection

of shock waves on the lower boundary due to finite depth [55–57]. In the

beginning of the simulation, a few particles are dropped at random positions

to trigger saltation.

We define mid-air collisions as those for which both particles have their center

of mass above h0. Collisions with bed-particles occur when the center of mass

of at least one particle is below h0. We study the effects of the restitution

coefficient on mid-air collisions for a fixed restitution coefficient for collisions

with the particle bed. Mid-air collisions have a restitution coefficient e and
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Fig. 7.3: Simulation sketch. A packing of particles subjected to a logarith-

mic velocity field. We divided the simulation volume into two regions. The

collisions approximately above the particle bed (gray line) are the mid-air

collisions using the restitution coefficient e. Inside the particle packing (be-

low the gray line) particles interact with a fixed restitution coefficient ebed.

Another restitution coefficient ewall is used for the particle-wall collisions. At

t = 0, some particles are dropped above the packing to start saltation.

collisions with the bed have a fixed restitution coefficient ebed = 0.7. In

the simulations without mid-air collisions: particles in the bed (below h0)

interact with ebed; Above h0 the collisions are neglected, i.e., the particles

are transparent to each other. Figure 7.3 illustrates the initial state of the

simulations and shows the possible collision cases in the model

The wind channel is divided along the y-direction in horizontal slices of vol-

ume (2.5× 50× 7.5)D3
mean to calculate the profiles of particle concentration,

average particle velocity, alignment, and granular temperature. The parti-

cle concentration is the ratio between the volume of particles and the total
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volume. The flux profile is obtained for each slice from the product of the

concentration and the average particle velocity. The granular temperature,

defined as

T (y) =
1

3N(y)

N(y)∑
i

mi(vi − vm(y))2, (7.1)

quantifies the fluctuations around the mean velocity vm(y) =

1/N(y)
∑N(y)

i vi. The dimensionless flux in the direction of wind is

defined as

q =
1

DA

N∑
i

miv
x
i , (7.2)

where A = (50 × 7.5)D2
mean is the area of the bottom of the channel, vxi

and mi are, respectively, the velocity along the horizontal direction and the

mass of the particle i, and D = ρs
√

(ρs/ρa − 1)gD3
mean is a normalization

constant. The saturated flux, which is the average flux in the stationary

state, does not change with the number of particles in the system.

7.3 Results

Figure 7.4 shows a comparison of a particle trajectory for the two scenarios,

with and without mid-air collisions. In the absence of mid-air collisions,

all particles are reptons (either creepers or leapers) and follow stretched

parabolic trajectories, as typically assumed in saltation models [59].

Saltons emerge with mid-air collisions. They are located at higher positions

where the wind is stronger (as shown in Fig. 7.2) and spend less time close to

the ground, where wind drag acceleration is weaker. With mid-air collisions

particles reach higher regions by bouncing on top of other particles and have

longer trajectories without touching the ground.

The particle from the yellow trajectory at the simulation with mid-air colli-

sions stays predominatly at the higher positions and longer in the air. Con-

sequently, this increases the particle concentration in the higher positions.

Figure 7.5 compares the concentration profiles for θ = 0.44 with and without
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Fig. 7.4: Particle trajectories in the simulations with (yellow) and without

(red) mid-air collisions. The particle of the yellow trajectory stays longer at

heights with stronger wind acceleration. The particle of the red trajectory

collides several times with the particle bed. The minus symbols in green

refers to the energy dissipation ocurred at each particle splash. The energy

dissipation is therefore higher in the red trajectory.

mid-air collisions in the yellow and red curves respectively. These results are

in good agreement with the ones obtained by Jenkins and co-workers with

kinetic theory with [66] and without [62] mid-air collisions, respectively. The

number of collisions and, consequently, the flying time of a salton strongly

depend on the concentration of leapers.

The uplift from the particles from the collisions increases with the restitution

coefficient of the particles. Figure 7.6 shows that the highest positions are

reached by the simulation with the elastic collisions. However, the decrease

of the restitution coefficient decreases also the particle concentration in the

higher regions.

Saltons are much faster and contribute much more to the overall flux. Huang
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Fig. 7.5: Concentration profile of particles as a function of the height y for

θ = 0.44 in the absence (red, lower curve) and the presence (yellow, upper

curve) of mid-air collisions (e = 0.7).

et al. have also recognized that mid-air collisions might sustain grains above

the ground reducing the frequency of collisions with the bed [68, 69, 101].

However, in contrast to our observation, they hypothesized that such a de-

crease would reduce the mass transport. Figure 7.7 shows the saturated flux

for different Shields numbers for the cases for inelastic collisions (e = 0.7),

elastic collisions (1.0) and no collisions. Indeed, we confirmed that the mass

flux of the no-collision case is below the one of the collisional case (e = 0.7)

even for small Shields numbers close to the transport threshold. Interestingly,

the case for e = 0.7 displays a higher flux than e = 1.0. For θ > 0.44, the

saturated flux is higher for e = 0.7 than for e = 1.0. Figure 7.8b shows the

dependence of the saturated dimensionless flux (Eq. (7.2)) on e for different

Shields numbers. A maximum at e = 0.7 increases substantially with the

Shields number, i.e., the stronger the wind, the higher the peak.

A similar effect occurs in two dimensions. Figure 7.9 shows the that the

102



7.3. RESULTS 103

Fig. 7.6: The particle concentration as function of the height for θ = 0.32 in

3D simulations with e = 0.5, 0.7 and 1.0

saturated flux is higher for e = 0.7 than for e = 1.0 for high Shields number.

Figure 7.10 shows that a similar peak as found in the 3D simulations occurs in

2D. The decrease in the spatial dimension enhances the relevance of mid-air

collisions, and the consequences discussed here are even more pronounced.

However, as shown in chapter 3 the curves for the saturated flux in 2D and

3D overlap if the Shields number in 2D is rescaled.

Figure 7.11 shows the average particle velocity in the x-direction for different

restitution coefficients in 3D. The average velocity of the particles in the

x-direction decreases with the restitution coefficient. The average particle

velocities are the highest in the simulations with e = 0.5.

The saturated flux calculated in Figs. 7.7, 7.8, 7.9 and 7.10 uses the definition

of Eq. 7.2. Alternatively, we verify the product of the concentration profiles

on Fig. 7.6 and the average particle velocity in the x-direction Fig. 7.11 to

confirm the existence of the this peak.

The higher saturated flux for e = 0.7 is also verified in the flux profile in
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Fig. 7.7: Saturated flux as a function of the Shields numbers for e = 0.7,

e = 1.0 and without mid-air collisions in 3D. Simulations including mid-

air collisions displayed a higher flux than the simulations without mid-air

collisions. Surprisingly, the saturated flux was highest for e = 0.7.

Fig. 7.12, where the area below the curve, which corresponds to the total

flux, is larger in the presence of dissipation. The mass flux for e = 0.7

is concentrated close to the particle bed, whereas for e = 1.0 particles are

spread in the simulation box. Interestingly, this optimal restitution coefficient

is comparable to the values experimentally measured for collisions between

grains of quartz sand [102].

This maximum in the flux at a specific value of the restitution coefficient as

the result of competition between two different mechanisms: loss of alignment

between trajectories and mounting uplift of particles with increasing e.

The increase of the restitution coefficient increases the uplift of the parti-

cles. But simultaneously, another important mechanism is activated. While,

without dissipation, particles rebound randomly in air, dissipation tends to

align the trajectory of colliding particles [103].
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Fig. 7.8: The relation between the saturated flux and the restitution co-

efficient in the 3D simulations exhibits a peak around e = 0.7 for higher

shear velocities. The horizontal dashed lines show the flux without mid-air

collisions.

The higher is the collision dissipation, the more particles get faster and

aligned near the particle bed. The peak is the optimal equilibrium point

at which very fast particles are being transported close to the particle bed.

In Aeolian transport, the particle alignment occurs in the direction of the

wind, affecting the overall flux.

We define particle alignment as the variance of the velocity angle with respect

to wind direction, i.e.,

σ2
α =< α2 > − < α >2 (7.3)

where α = arctan(vy/vx). A larger variance corresponds to a weaker particle

alignment. Another indicator for the particle alignment is the inverse of the

temperature anisotropy defined as

a(y) = Ty/Tx (7.4)

where Ty =< v2y > and Tx =< (vx− < vx >)2 >.
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Fig. 7.9: Saturated flux as a function of the Shields number for e = 0.7,

e = 1.0 and without mid-air collisions in 2D display similar result. The

effects caused by the mid-air collisions are pronounced with the decrease in

the spatial dimension.

Moreover, we measure the granular temperature T (y) for the dissipative (e =

0.7) and the conservative (e = 1.0) cases and for the case without collisions.

The granular temperature in Fig. 7.15 displays at every height a larger

temperature for e = 1.0 than for e = 0.7 with a peak around y = 50Dmean.

In the region of the soft-bed, the granular temperature profile is an increasing

function of height, as shown in Fig. 7.15. This result is in line with what

was previously observed by Pasini and Jenkins, using kinetic theory [66].

The plots confirm that a lower temperature in the inelastic case (when com-

pared with the elastic one) corresponds to a lower dispersion in particle

velocities, i.e., higher alignment of trajectories. Clearly, the alignment of the

particle trajectories, which tends to enhance the overall flux, decreases with

e. We measured the maximum temperature at the peak of each profile for θ

in the cases for e = 0.7 and e = 1.0. Figure 7.16 shows the dependence of
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Fig. 7.10: The relation between the saturated flux and the restitution coef-

ficient in the 2D simulations also exhibits a peak around e = 0.7 for higher

shear velocities.

the maximum temperature on Shields number θ for both cases. The maxi-

mum temperature grows with θ1/2 (linearly in u∗) for e = 0.7 and increases

linearly with θ (quadratically with u∗) for e = 1.0, being always larger in the

conservative case. This higher temperature for e = 1.0 could be due to a

larger dispersion either in magnitude or in direction of the particle velocities.

To distinguish these two possibilities we plot, in Fig. 7.13, the variance of

the velocity angle σ2
α and the inverse of temperature anisotropy a(y) in Fig.

7.14. Figure 7.13 shows a large velocity variance close to the particle bed

for simulations with e = 1.0. Figure 7.14 show that the particle alignment

is larger for the case e = 0.7 at the region close to the particle bed, which is

also the same region where the angle variance was larger for the elastic case.

We measured the maximum heights and the flying time of the saltating par-

ticles. Each time a particle crosses a certain height approximately above the

surface of the particle bed, we save the highest position the particle reached

and how long it took until the particle crossed the same height with a de-
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Fig. 7.11: The average particle velocity in the x-direction in 3D for θ = 0.44

decreases with the coefficient of restitution.

scending velocity. When the particle returns to the particle bed, we reset the

counter for the case the particle is ejected again.

In the absence of mid-air collisions, the distribution of maximum heights can

be approximated by a Poisson process and, therefore, is well described by

an exponential decay, as shown in Fig. 7.17 (dashed (black) line). With

mid-air collisions, however, this distribution can only be described by the

superposition of two exponential functions. The first exponential dependence

(dashed (yellow) line) corresponds to leapers in the simulation without mid-

air collisions, while the second one corresponds to saltons, which typically

fly above the leapers (dash-dotted line). We can now quantitatively define

the upper bound of the soft bed as the height above which saltons are in

majority. From the trajectories of individual particles, we can also relate the

flying time to the maximum height (see Fig. 7.18); we observe that saltons

stay much longer in the air than leapers.

The intersection point between the exponential distribution of the leapers
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Fig. 7.12: The flux profiles confirm the higher flux for e = 0.7, 1.0. The flux

profile is defined at each height as the product of the concentration and the

average velocity.

and the exponential distribution of saltons provides the position of the upper

bound of the soft bed. The soft bed is approximately delimited by the surface

of the bed and this intersection point. The mass transport in this region can

be calculated.

Three major types of transport contribute to the total flux in saltation: sheet

flow, transport of leapers (in the soft bed), and of saltons (above the soft bed).

Once the limits of the soft bed are identified, we can compute for each Shields

number the contribution of each mechanism to the total flux, as shown in

Fig. 7.19. The sheet flow, computed from the mass transport in the particle

bed (y < h0), results from the wind shear stress and the creep of particles on

the surface. The contributions of leapers and saltons are obtained from the

fluxes in and above the soft bed, respectively. As observed in the figure, the

relative contribution of saltons and leapers significantly increases with the

Shields number in comparison to the sheet flow. Figure 7.19 also shows that
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Fig. 7.13: The angle variance between particle trajectories for e = 0.7, e =

1.0, and without mid-air collisions, for θ = 0.44.

the saltons contribute the most to the total flux.

Figure 7.20a shows the dimensionless average velocity in x-direction at the

region of the particle bed. We use a dimensionless velocity to compare the

results from our simulation with the results from Ref. [66], that simulated

a collisional flow in saltation using kinetic theory. As expected, < vx >

/(gD)1/2 ≈ 0 at the particle bed. For y > 7.5Dmean, < vx > /(gD)1/2

matches the results found by Pasini and Jenkins [66]. Figure 7.20b shows

the particle concentration at the region of the particle bed. The particle

overlap causes a high volume fraction at the bottom of approx. 0.62. (refer to

Section 2.1.3 for more information about particle stiffness and computational

costs). Concentration drops considerably and the volume fraction gets loose

and mobile at the surface y > 7.5Dmean, and the particle bed gets fluidized.

In Fig. 7.21a, we show the energy that is transferred per area to the particle

bed from the air-borne particles. We measured the energy through
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Fig. 7.14: The profile of the inverse of the temperature anisotropy for e = 0.7

and e = 1.0. The profile is divided by the estimated height of the soft-bed,

where the particle alignment for e = 1.0 is lower than in e = 0.7.

E(y) =
1

ρs(gD)3/2N(y)

N(y)∑
i

mivyv. (7.5)

The model from Pasini and Jenkins shows a energy flux around −1.1, which

is also in reasonable agreement with our values. Figure 7.21b shows the di-

mensionless temperature in x-direction. Also in that case, the dimensionless

temperature was in accordance with the values found by Ref. [66] and, as

expected, close to zero at the particle bed.
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Fig. 7.15: Temperature profiles for e = 0.7, 1.0, and without midair collisions,

for θ = 0.44. At every height, the granular temperature for e = 1.0 is larger

than e = 0.7.
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Fig. 7.16: Dependence of the maximum temperature on θ. It grows with θ1/2

(linearly in u∗) for e = 0.7 and increases linearly with θ (quadratically with

u∗) for e = 1.0, being always larger in the conservative case.
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Fig. 7.17: The probability distribution for the maximum height for θ =

0.44, with (black circles) and without (blue triangles) mid-air collisions. The

results in the absence of mid-air collisions can be fitted by the dashed (yellow)

curve, given by [0.041exp(−0.052x)], and only include leapers. The case with

mid-air collisions is fitted by the solid (red) curve which is a superposition of

the contribution of leapers and of the one of the saltons (dash-double-dotted

(purple) curve), given by [0.6365exp(−0.15x) + 0.02exp(−0.026x)].
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Fig. 7.18: Relation between the flying time and the maximum height, where

the horizontal dashed line delimits the soft bed.
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Fig. 7.19: Contribution to the total saturated flux by sheet flow (lower curve),

leapers in the soft bed (middle curve), and saltons above the soft bed (upper

curve) for e = 0.7 as function of the Shields number. The green area (lower

region) shows the sheet flow in the particle bed y < h0.
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Fig. 7.20: In (a), the dimensionless average particle velocity in x-direction

is virtually zero at the particle bed. For y > 7.5Dmean, < vx > /(gD)1/2

matches the results found by Pasini and Jenkins [66]. In (b), the concentra-

tion at the particle bed has a high volume fraction at the bottom due to the

particle overlap. For y > 7.5Dmean, the particle bed becomes fluidized.
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Fig. 7.21: (a) shows the energy E(y) transferred per area to the particle bed

from the air-borne particles. (b) shows the dimensionless granular tempera-

ture Tx(y) in x-direction at the region close to the particle bed.
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Chapter 8

Conclusions

In summary, we performed particle simulations of Aeolian saltation without

any assumptions for particle trajectories or splash functions.

We obtained a discontinuous transition and a metastable state from the nu-

merical simulations through perturbations and lift forces. In the experiments,

the curve for the saturated flux is consistent with either a continuous or a

discontinuous transition. We verified that sand feeding in experiments shifts

this transition to lower wind shear velocities.

In the experiments, we also found that the turbulent gusts of the wind cre-

ate intermittent saltation through bursting. Intermittent saltation occurs at

wind shear velocities slightly above the fluid threshold before saltation gets

continuous as the wind shear velocity increases until u∗ ≈ 0.18 m/s. The

entrainment from turbulence plays a very important role in the intermittent

saltation. In Nature, low wind shear velocities around the fluid threshold

are very common, therefore bursting should be given more attention despite

the major experimental difficulties. We numerically simulated intermittent

saltation for the first time in a DEM simulation using stochastic fluctuations

that mimic the turbulent wind entrainment. Future numerical work should

improve the turbulent model including spatial correlations while future ex-

periments could investigate the spatial coherence in the bursting process.

Finally, the contribution of mid-air collisions cannot be neglected in salta-

tion. Neglecting collisions strongly underestimated the total mass flux in the

numerical simulations. The saltons contribute significantly to the flux en-
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hancement by acquiring large momentum from the wind and using it to eject

more particles through more intense splashes. We proposed a new picture

of Aeolian saltation, in which the competition between uplift due to mid-air

collisions and alignment due to inelasticity, optimizes the mass transport in

the presence of dissipative collisions. Interestingly, the position of the maxi-

mum corresponds to the restitution coefficient typically observed in granular

collisions. Berger et al. have shown a non-trivial dependence of the erosion

rate on the restitution coefficient of mid-air collisions during a lunar land-

ing, in the absence of saltation [104]. As a follow-up, continuum models of

Aeolian transport would profit from a systematic analysis of the dynamics of

particle ejection from the surface in the presence of the soft bed.

Our results are crucial for future studies in Aeolian saltation since they pro-

vide qualitative and quantitative information about the influence of mid-air

collisions, which should be considered in future modeling. Additional work

might include in the saltation model the electrostatic interaction between

particles. Further possibilities are the study of the role of collisions in salta-

tion under subaqueous, or Martian conditions. It is also still an open question

why the maximum granular temperature scales linearly with the shear veloc-

ity in the inelastic and quadratically in the elastic case.

Another improvement of the numerical description for saltation would be to

include the electrostatic interation between grains. Many evidences lately

suggest that triboeletrification of the sand grains is more relevant as previ-

ously suspected.

We believe that the results obtained with the numerical approach presented

in this thesis contributed significantly to the knowledge of Aeolian saltation.
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saltation et formation des rides. PhD thesis, University of Rennes 1,

2002.

[65] F. Rioual, A. Valance, and D. Bideau, “Collision process of a bead

on a two-dimensional bead packing: Importance of the inter-granular

contacts,” Europhys. Lett., vol. 61, pp. 194–200, 2003.

[66] L. Oger, M. Ammi, A. Valance, and D. Beladjine, “Study of the col-

lision of one rapid sphere on 3d packings: Experimental and numer-

ical results,” Computers and Mathematics with Applications, vol. 55,

pp. 132–148, 2008.

[67] J. T. Jenkins, I. Cantat, and A. Valance, “Continuum model for steady,

fully developed saltation above a horizontal particle bed,” Phys. Rev.

E, vol. 82, p. 020301, 2010.

[68] I. K. McEwan and B. B. Willetts, “Adaptation of the near-surface wind

to the development of sand transport,” J. Fluid Mech., vol. 252, no. 2,

pp. 99–115, 1993.

[69] O. Durán, B. Andreotti, and P. Claudin, “Numerical simulation of

turbulent sediment transport, from bed load to saltation,” Phys. Fluids,

vol. 24, no. 10, 2012.

[70] D. F. Vetsch, Numerical simulation of sediment transport with meshfree

methods. PhD thesis, ETH Zürich, 2011.

[71] J. T. Jenkins and D. M. Hanes., “Collisional sheet flows of sediment

driven by a turbulent fluid,” J. Fluid Mech., vol. 370, pp. 29–52, 1998.

[72] Z. Dong, N. Huang, and X. Liu, “Simulation of the probability of midair

interparticle collisions in an aeolian saltating cloud,” J. Geophys. Res.,

vol. 110, 2005.

[73] Y. Z. N. Huang and R. D’Adamo, “A model of the trajectories and

midair collision probabilities of sand particles in a steady state saltation

cloud,” J. Geophys. Res., vol. 112, 2007.

127



128 REFERENCES

[74] M. Sørensen and I. McEwan, “On the effect of mid-air collisions on

aeolian saltation,” Sedimentology, vol. 43, pp. 65–76, 1996.
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Appendix A

Media Highlights

Here, we list the links in which our work is mentioned. We selected and

attached the relevant reviews in next pages.

Science: The Physics of Sandstorms

http://news.sciencemag.org/2013/08/physics-sandstorms

Nature: Sand collisions kick up storms

http://www.nature.com/nature/journal/v500/n7462/full/500256a.html

CNN: The science behind damaging sandstorms

http://edition.cnn.com/video/?/video/bestoftv/2013/08/17/exp-science-

behind-sandstorms.cnn

Physics Focus: Colliding Grains Make Stronger Sandstorms

http://physics.aps.org/articles/v6/86

Physics Central: Tiny collisions power saltation

http://physicsbuzz.physicscentral.com/2013/08/tiny-collisions-power-

sandstorms.html

Physics Today: Simulation shows sand grain collisions increase strength of

sandstorms

http://blogs.physicstoday.org/newspicks/?p=21402

Scientific American: Cambyses’ Lost Army and the Physics of Sandstorms

http://blogs.scientificamerican.com/cocktail-party-

physics/2013/08/05/cambyses-lost-army-and-the-physics-of-sandstorms/

Inside Science: Tiny Collisions Power Sandstorms

http://www.insidescience.org/content/tiny-collisions-power-
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Physics World: Grains colliding in mid-air create stronger sandstorms
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in-mid-air-create-stronger-sandstorms

Phys.org: Researchers discover midair collisions enhance the strength of

sandstorms

http://phys.org/news/2013-08-midair-collisions-strength-sandstorms.html

Gulf News: Getting into the heart of a sandstorm

http://gulfnews.com/news/world/usa/getting-into-the-heart-of-a-

sandstorm-1.1220151

Dagbladet: Den enorme styrken er like overraskende som selve stormen
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/kollokviumno/28742311/

Chicago Tribune: The physics of sandstorms

http://www.chicagotribune.com/news/plus/chi-wp-science-now-
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We reveal that the transition in the saturated flux for aeolian saltation is generically discontinuous by

explicitly simulating particle motion in turbulent flow. This is the first time that a jump in the saturated

flux has been observed. The discontinuity is followed by a coexistence interval with two metastable

solutions. The modification of the wind profile due to momentum exchange exhibits a maximum at high

shear strength.

DOI: 10.1103/PhysRevLett.107.098001 PACS numbers: 45.70.Mg, 47.27.�i, 47.55.Kf, 83.80.Hj

Aeolian saltation is one of the main actors of molding
Earth’s landscape. It not only has impact on the evolution
of the agricultural areas but also on the change of river
courses and the motion of sand dunes. Saltation consists in
the transport of sand or gravel by air or water and occurs
when sand grains are lifted and accelerated by the fluid,
hopping over the surface and ejecting other particles [1,2].
The proper measurement of saltation close to the impact
threshold through experiments is strongly limited by tech-
nical difficulties. Because of temporal fluctuations, one
obtains unreliable data and large error bars. The computa-
tional simulation of aeolian saltation, however, can moni-
tor every mechanical interaction between particles giving
local insight about the particle splash and, in particular,
about the system close to the impact threshold. Here, we
report for the first time the existence of a discontinuity in
the flux at the onset of saltation using discrete elements.

Saltation was first described by Bagnold’s seminal
work discussing the particle splash and proposing a cubic
relation between wind shear velocity and saturated mass
flux [3–5]. Greeley et al. [6] confirmed experimentally
Bagnold’s result and Ungar and Haff [7] complemented
it in their numerical model with a quadratic relation near
the impact threshold. Anderson and Haff [8,9] studied
numerically the statistical properties of the particle splash
relating the number and velocities of ejected particles to
the impacting ones. Splash entrainment was carefully
studied in experiments [10–13] and used in nonsteady
saltation models [14,15] finding that the splash mechanism
dominates the saturation of sand flux. Recently, Almeida
et al. [16,17] implemented the full feedback with the fluid
and fixed splash angle while Kok and Renno [18] used a
splash entrainment function, both resulting in good agree-
ment with experiments. These and other theoretical stud-
ies, e.g., [19–21], however, describe the sand bed as a
rough wall instead of resolving it at the particle scale and
consequently rely on an empirical splash function.

We present a discrete element simulation for aeolian
saltation which does not require the use of a splash func-
tion. Particles are subjected to gravity g and dragged by a

height-dependent wind field. The unperturbed wind profile
is [2]

uðyÞ ¼ u�
�

ln
y� h0 þ y0

y0
; (1)

where y0 is the roughness of the bed, u� the wind shear
velocity, � ¼ 0:4 the von Kármán constant, and h0 the bed
height, below which the wind velocity is zero. We adopted
the widely used roughness law, y0 ¼ Dmean=30, measured
by Refs. [22,23] for hydrodynamically rough pipe flow and
confirmed by Ref. [5] for air flow, whereDmean is the mean
diameter of the particles. A particle of diameter D is
accelerated by the wind drag force given by [2]

Fd ¼ ��D2

8
�aCdvrvr; (2)

where �a is the air density and vr ¼ v� u is the velocity
difference between particle and air, with vr ¼ jvrj. The
drag coefficient Cd proposed by Cheng [24] is suited to
model natural and irregularly shaped grains:

Cd ¼
��

32

Re

�
2=3 þ 1

�
3=2

; Re ¼ �avrDmean

�
; (3)

where � ¼ 1:8702� 10�5 kg=ðm � sÞ is the dynamic vis-
cosity and Re is the Reynolds number, which together with
the Shields number � below are the pertinent dimension-
less parameters of our problem:

� ¼ u2�
ðs� 1ÞgDmean

; (4)

where s ¼ �s=�w is the ratio between the grain and fluid
density.
The detailed integration of the wind profile considering

the momentum exchange is explained in the Supplemental
Material [25].
An aerodynamic lift arises from shear in the flow, which

results in a pressure gradient normal to the shear in the
direction of decreasing velocity. This aerodynamic lift can
be approximately described by [2]
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Fl ¼ �D3

8
�aClrv2

r ; (5)

where the lift coefficient Cl is proportional to Cd [26].
The vertical motion of the particle is given by the com-

petition between the gravity g, lift forces, and the rebounc-
ing of particles with the ground.

Alternatively, instead of lift forces, we also did some
simulations perturbating the system at rest by lifting up at
every real second a fraction c ¼ 0:2 of the surface particles
by a height Dmean in order to restart the saltation.

We considered a disordered bed with 500 spherical
particles initially at rest in a two-dimensional system
(see Fig. 1). The diameters are randomly chosen from a
Gaussian distribution around Dmean of width 0:15Dmean.
We simulated systems with more particles to verify that
the bottom wall effects are negligible as discussed in
Refs. [10,11]. Within the error bars, they displayed identi-
cal properties and therefore we did not need to consider
larger systems. At t ¼ 0, some particles are dropped from
randomly chosen heights and when they reach the ground
they collide with particles at rest inside the bed and thereby
trigger saltation. The particle collisions are computed
using the discrete elements method.

Trajectories are obtained by integrating the equations of
motion according to the velocity-Störmer-Verlet scheme
[27], using a spring dashpot potential with the spring
constant k and a dissipative damping parameter �.
Further details about the technique are explained in the

Supplemental Material [25]. The dissipative rate of the
lower boundary was set high enough, �w ¼ 0:8, to avoid
the ejection of additional particles. This can be caused
when a shock wave generated by an impacting particle is
reflected at the bottom wall [11].
Space is sliced in vertical rectangular domains of size

ð250� 75ÞDmean. The top is placed sufficiently high to
mimic an open system. Periodic boundary conditions are
imposed in wind direction and top and bottom boundaries
are reflective.
We measure the particle flux through

q ¼ 1

A

XN
i

miv
x
i ; (6)

where vx
i is the particle velocity in the x direction. The

saturated flux is the average flux in the stationary state.
Simulated systems with different number of particles
display similar flux. The dimensionless flux can be ob-
tained by

~q ¼ q

�s

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðs� 1ÞgD3
mean

p ; (7)

where �s is the grain density.
We verified numerically that the dimensionless saturated

flux remains invariant under changes of the parameters as
long as the Reynolds number and Shields number are fixed.
Simulations verify the existence of an onset velocity for

sustained flux �c ¼ 0:048 with strong temporal fluctua-
tions as illustrated in Fig. 2. Below this value the flux
will stop after some time. This happens because an impact
may not necessarily eject other particles that can carry on
saltation, and once the flux is zero it cannot restart unless a
perturbation or lift force is introduced.
In Fig. 2(a) below the onset, the system fell at rest during

the 8th second. So some perturbations were introduced at
t ¼ 9, 10, and 11 s in order to trigger saltation, after it

q

0 5 10 15 20

0.01

0.02

0.03

0 5 10 15 20

t [s]

0.01

0.02

a)

b)

θ = 0.04

θ = 0.056

FIG. 2. Flux series for two different Shields numbers near the
onset. In (a), the system was perturbed at t ¼ 9, 10, and 11 s to
keep the flux different from zero, while in (b) the system never
settled down.

FIG. 1 (color online). Snapshot of the simulation with an
initially logarithmic wind profile. Colors represent the particle
velocity.
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stopped. Only, the perturbation at t ¼ 11 s was able to
restart the saltation and the flux returned to the previous
levels.

We denote by �t the Shields number below which the
previously defined perturbations or lift forces according to
Eq. (5) are not sufficient to restart saltation and by �c the
critical Shields number above which the perturbations are
no longer needed to maintain saltation. For �t < � < �c,
the system displays a metastable behavior with two pos-
sible solutions, either saltation or no motion, strongly
dependent on the initial conditions and the triggering
mechanism. In our model, we obtained �t ’ 0:038 for
perturbations with c ¼ 0:2 and �c ¼ 0:048. The fact that
perturbations are necessary to sustain saltation underlines
the importance of the turbulent lift forces in the metastable
region.

Figure 3(a) presents the saturated flux for different
Shields numbers in comparison with field and wind
tunnel experimental data from Iversen and Rasmussen

[28]. The calculated data are well fitted using ~qs ¼ ~q0 þ
Að�� �cÞ�1=2 with A ¼ 1:52 and ~q0 ¼ 0:01, which is
similar to the relation proposed in Ref. [29]. Figure 3(b)
presents details of the discontinuous transition at �c with a
jump ~q0 in the saturated flux. The triangles are the data
including perturbations and the squares are the data with
lift forces. Additional simulations show that �t and the
jump ~q0 depend on the lift coefficient Cl.

Figure 3(c) presents the average transient time htsi it
takes for the system to settle without perturbation or
lift diverging when � ! �c. The dashed line fits the
data according to ts ¼ t0½�=ð�c � �Þ�p with t0 ¼ 0:052 s,
p ¼ 1:5. The transient times htsi were averaged over 60
simulations with different initial conditions.
The discontinuity in the saturated flux is verified also at

the same value �c using the drag coefficient from Ref. [30]
and is shifted in the velocity axis by the dissipation rate �,
i.e., to lower (higher) critical velocities for lower (higher)
dissipation rates. Interestingly, we were able to find the
same discontinuous transition and metastable region also
using the code of Ref [18].
Figure 4 shows the momentum transfer to the particles

as a function of height for different Shields numbers.
Because of the higher concentration of particles, the largest
momentum transfer occurs close to the bed surface.
Additionally, this region coincides with the one in which
we observe small changes in the modified wind profile in
Fig. 1 in the Supplemental Material [25]. Momentum
transfer for high Shields number exhibits a local maxi-
mum, which gets more pronounced with increasing the
Shields number. As shown in Fig. 4(b), high Shields num-
bers enhance the concentration at higher y where the wind
profile grows stronger. This increases momentum transfer
at this level. In Fig. 4(b), we see that in fact the concen-
tration exhibits a saddle point at the same height at which
the maximum in momentum transfer appears.
Figure 5 shows modified velocity profiles for � > �c

crossing each other at a focal point, called the ‘‘Bagnold
focus’’ [5] and approximately located 0.5 cm above the
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FIG. 3 (color online). Saturated flux as function of the Shields
number. (a) Simulated data fitted by ~qs ¼ ~q0 þ Að�� �cÞ�1=2,
~q0 ¼ 0:01, A ¼ 1:52, and �c ¼ 0:048 in comparison with ex-
perimental data [28]. (b) Detailed view of the metastable region
of the discontinuous transition. The green curve with triangles
and the blue curve with squares are the results including pertur-
bations with c ¼ 0:2 and lift forces with Cl ¼ 0:425Cd, respec-
tively. (c) Average transient time to settle without perturbation in
the metastable region. The dashed line fits the time distribution
according to ts ¼ t0½�=ð�c � �Þ�p with t0 ¼ 0:524 s, p ¼ 1:5,
�c ¼ 0:048.
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FIG. 4 (color online). Momentum exchange in y direction
becomes nonmonotonic as function of height as we increase
the Shield number. In the bottom part, it increases with the wind
velocity due to the high concentration of particles. The concen-
tration shown in the inset decays logarithmically for lower
velocities but has a pronounced inflection point for higher
velocities.
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sand bed, which is in qualitative agreement with measure-
ments and theory [7,18,19,31].

In summary, we performed particle simulations without
any assumption concerning particle trajectories or splash
and revealed that the transition is discontinuous with a
metastable state for aeolian saltation never reported before.
In the metastable region, perturbations or lift forces are
required to keep saltation going. It would be interesting to
reanalyze or remake experiments of saltation very close to
the onset to verify the predicted jump. The existence of a
discontinuity at the threshold of turbulent particle transport
can have far-reaching consequences in numerous applica-
tions ranging from dune mitigation or pneumatic transport
to the understanding of Martian landscapes.
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FIG. 5 (color online). Modified wind profiles intersect for
� > �c at the Bagnold focus. This estimate corroborates mea-
surements for a particle size Dmean ¼ 200 �m [7,18,19,31].
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Here we address the old question in aeolian particle transport about the role of midair collisions. We

find that, surprisingly, these collisions do enhance the overall flux substantially. The effect depends

strongly on restitution coefficient and wind speed. We can explain this observation as a consequence of a

soft bed of grains which floats above the ground and reflects the highest flying particles. We make the

unexpected observation that the flux is maximized at an intermediate restitution coefficient of about 0.7,

which is comparable to values experimentally measured for collisions between sand grains.

DOI: 10.1103/PhysRevLett.111.058001 PACS numbers: 45.70.Mg, 47.27.�i, 47.55.Kf, 83.80.Hj

Would a sandstorm be stronger if the sand grains in air
did not collide against each other? This question has
puzzled practitioners and theoreticians alike in the past.
Models for aeolian sand flux [1–6] become certainly much
simpler if such midair collisions are neglected, but does
this approximation underestimate or overestimate the value
of the saturated flux? As opposed to experiments, the direct
computer simulation of saltation, the main aeolian trans-
port process, offers the possibility of switching on or off
the collisions between particles or of modifying the colli-
sion parameters, such as the coefficient of restitution. This
allows us, for the first time, to precisely determine the role
of midair collisions during saltation.

We discover that midair collisions are the key ingredient
for understanding the relation between different concepts
such as the splash [7,8], the soft bed [9,10], and the
distinction between saltons and reptons [11,12]. During
saltation, particles are ejected from the granular bed in a
splash, produced by the impact of fast particles, so-called
saltons (yellow trajectory in Fig. 1). These saltons must
have the necessary kinetic energy to assure that, despite the
substantial dissipation in the ground, some ejected parti-
cles can fly sufficiently high. After all, only high fliers can
acquire sufficient acceleration to again become saltons
because the wind velocity at the ground is zero, increasing
logarithmically with height. Our detailed study reveals
the following picture: Because of surface irregularities, a
splash produces three types of moving particles (see
Fig. 1): Many (green) creepers that do not leave the bed,
many (red) leapers making small jumps, remaining in
regions of small wind velocities, thereby not being able
to produce a new splash, and very few saltons (yellow)
which fly higher up. Only saltons sustain saltation. Both
creepers and leapers (reptons) contribute considerably to
the sand flux, but play a very different role in what follows.

Can one really make such a sharp distinction between
leapers and saltons? After all, the collision process is

random and should yield a continuous distribution of
ejection velocities. The experimental observation of single
impacts on granular packings shows a bimodal splash
distribution [13], reproduced numerically by Anderson
and Haff [14], exhibiting a broad spectrum of slower
particles and a small peak of faster ones. The analysis of
these observations led Andreotti [11] to coin the terms
saltons and reptons. However, so far there is no experi-
mental evidence that the same velocity distribution in
steady state saltation is also bimodal. What makes these
two types of particles different are the midair collisions.
Figure 2 shows the trajectory of a typical salton simulated
with the method described below in 3D: It makes several
jumps without touching the ground, rebouncing upwards
each time due to a collision with a leaper. The probability
for such a collision is reasonably high because the leapers
form a rather dense layer, which is precisely the soft bed
described earlier [10]. Consequently, the salton stays
longer in areas of strong wind and less time close to the
ground, where the wind drag acceleration is weaker. This
explains why the saltons acquire so much energy and can

FIG. 1 (color online). Typical splash obtained numerically
with our model in 3D. The impinging particle (yellow) bounces
after ejecting other particles from the bed (red and green). While
the green particles essentially move only on the ground, the red
ones are lifted and dragged by the wind.
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sustain the saltation process. Summarizing, midair
collisions in the soft bed is the crucial mechanism that
differentiates the saltons and doubles the saturated flux
as we will show here.

The discrete elements method, which is based on
particle-particle and particle-wind interactions, allows us
to quantitatively study the aeolian transport [15]. It has
been used to calculate the onset of saltation and to confirm
the existence of a jump in the total flux in 2D [16]. Here
we apply a 3D scheme to investigate the role of midair
collisions.

Every sand grain is represented by a hard sphere of
average diameter Dmean. Gravity acts in vertical direction
(y direction) and a logarithmic wind velocity profile uðyÞ is
imposed in the horizontal direction (x direction),

uðyÞ ¼ u�
�

ln
y� h0
y0

; (1)

where y0 ¼ Dmean=30 is the roughness of the bed, h0 the
bed height, � ¼ 0:4 the von Kármán constant, and u� the
wind shear velocity. The Shields number, defined as

� ¼ u2�
ðs� 1ÞgDmean

; (2)

is the pertinent dimensionless parameter that controls the
wind velocity, where s ¼ �s=�w is the ratio between the
grain and fluid density, and g the norm of the gravitational
acceleration. The feedback procedure that extracts the
momentum from the wind due to the acceleration of the
grains is explained in the Supplemental Material [17].

We define midair collisions as those for which both
particles have their center of mass above h0. Collisions
with bed particles occur when the center of mass of at least
one particle is below h0. We study the effects of the
restitution coefficient e on midair collisions for a fixed
restitution coefficient ebed ¼ 0:7 for collisions with the
particle bed. In the simulations without midair collisions,
above h0 the collisions are neglected; i.e., the particles are
transparent to each other. Further information can be found
in the Supplemental Material [17].

We consider particles of average diameter Dmean ¼ 2�
10�4 m, size dispersion �D ¼ 0:15Dmean, and density
�s ¼ 2650 kg=m3, in a three-dimensional wind channel
of dimension ð700� 50� 7:5ÞD3

mean with a reflective
upper boundary, placed sufficiently high to avoid any
collision against it, and periodic boundaries in the other
directions. For the fluid density, we chose �w ¼
1:174 kg=m3. In fact, no collision with the upper boundary
has occurred in our simulations. The lower boundary at
y ¼ 0, representing the deep ground, is strongly dissipative
with a fixed restitution coefficient of ew ¼ 0:5. We con-
sider a bed of 12 particle layers to suppress the reflection
of shock waves on the lower boundary due to finite depth
[18–20]. In the beginning of the simulation, a few particles
are dropped at random positions to trigger saltation.
The dimensionless flux in the direction of wind is

defined as

q ¼ 1

DA

XN
i

miv
x
i ; (3)

where A ¼ ð50� 7:5ÞD2
mean is the area of the bottom of the

channel, vx
i and mi are, respectively, the velocity along

the horizontal direction and the mass of the particle i, and

D ¼ �s

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðs� 1ÞgD3
mean

p
is a normalization constant. The

saturated flux, which is the average flux in the stationary
state, does not change with the number of particles. The
granular temperature, defined as

TðyÞ ¼ 1

3NðyÞ
XNðyÞ

i

miðvi � vmðyÞÞ2; (4)

quantifies the fluctuations around the mean velocity

vmðyÞ ¼ 1=NðyÞPNðyÞ
i vi.

The wind channel is divided along the y direction in
horizontal slices ð2:5� 50� 7:5ÞD3

mean to calculate the
profiles of particle concentration, average particle velocity,
alignment, and granular temperature. The particle concen-
tration is the ratio between the volume of particles and the
total volume. The flux profile is obtained for each slice
from the product of the concentration and the average
particle velocity.
Figure 3(b) shows the dependence of the saturated

flux on e for different �. For � > 0:44, the saturated flux
is higher for e ¼ 0:75 than for e ¼ 1:0. The maximum at
e ¼ 0:75 increases substantially with �; i.e., the stronger
the wind, the higher the peak. This is also confirmed by the
flux profile in Fig. 4(b), where the area below the curve,
which corresponds to the total flux, is larger in the presence
of dissipation. Interestingly, this optimal e is comparable to
the values experimentally measured for collisions between
quartz grains [21]. Below we will explain this maximum
as the result of competition between the loss of alignment
between trajectories and mounting uplift of particles with
increasing e.

FIG. 2 (color online). Simulated trajectory of a salton in 3D.
The (yellow, upper trajectory) salton is kept in the air by
colliding against (red, lower trajectories) particles from the
soft bed. For clarity, only the relevant particle trajectories are
shown and the ground is schematically represented by a flat
plane.
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In the absence of midair collisions, all particles are
reptons and follow stretched parabolic trajectories [1].
Saltons emerge with midair collisions. They are located
at higher positions where the wind is stronger (Fig. 2) and
spend less time close to the ground, where wind drag
acceleration is weaker. Thus, they are much faster and
contribute much more to the overall flux. The number of
collisions and, consequently, the flying time of a salton
strongly depend on the concentration of leapers. Huang
et al. have also recognized that midair collisions might
sustain grains above the ground reducing the frequency
of collisions with the bed [22–24]. However, in contrast to
our observation, they hypothesized that such a decrease
would reduce the mass transport. Indeed, we confirmed
that the mass flux of the no-collision case is below the one
of the collisional case (e ¼ 0:7) even for small � close to
the transport threshold. Figure 3(a) compares the concen-
tration profiles for � ¼ 0:44 with and without midair
collisions. The yellow and red (dark) curves are in
good agreement with the ones obtained by Jenkins and
co-workers with kinetic theory with [25] and without [26]
midair collisions, respectively.

Simultaneously, another important mechanism is
activated. While, without dissipation, particles rebound
randomly in air, dissipation tends to align the trajectory
of colliding particles [27]. This is expected to occur in
the direction of wind. We define particle alignment as the
variance of the velocity angle with respect to wind
direction, i.e., �2

� ¼ h�2i � h�i2 with � ¼ arctanðvy=vxÞ.
A larger variance corresponds to a weaker alignment. To
investigate this, we measure, for the dissipative (e ¼ 0:7)
and the conservative (e ¼ 1:0) cases, the granular tempera-
ture TðyÞ and the inverse of the temperature anisotropy
aðyÞ ¼ Ty=Tx with Ty ¼ hv2

yi and Tx ¼ hðvx � hvxiÞ2i.
The granular temperature in Fig. 4(a) displays at every

height a larger temperature for e ¼ 1:0 than for e ¼ 0:7
with a peak around y ¼ 50Dmean. In the region of the soft
bed, the granular temperature profile is an increasing func-
tion of height. This result is in line with what was observed
using kinetic theory [25]. Figure 4(c) shows the depen-
dence of the maximum temperature on � for both cases.

The maximum temperature grows with �1=2 (linear in u�)
for e ¼ 0:7 and increases linearly with � (quadratically
with u�) for e ¼ 1:0, being always larger in the conserva-
tive case. This higher temperature could be due to a larger
dispersion either in magnitude or direction of particle
velocities. To distinguish these two possibilities we plot,
in Fig. 5(a), the variance of the velocity angle �2

� and the
inverse of temperature anisotropy aðyÞ. The plots confirm
that a lower temperature in the inelastic case (when com-
pared with the elastic one) corresponds to a lower disper-
sion in particle velocities, i.e., higher alignment. Clearly,
the alignment of trajectories, which tends to enhance the
overall flux, decreases with e.
In the absence of midair collisions, the distribution of

maximum heights can be approximated by a Poisson pro-
cess and, therefore, is well described by an exponential
decay, as shown in Fig. 5(b). With midair collisions, how-
ever, this distribution can only be described by the super-
position of two exponentials: the first one corresponds to
leapers in the simulation without midair collisions, while
the second one corresponds to saltons, which typically fly
above the leapers. We can now quantitatively define the
upper bound of soft bed as the height above which saltons
are in a majority. From the trajectories of individual parti-
cles, we can also relate the flying time to the maximum
height [inset, Fig. 5(b)]; we observe that saltons stay much
longer in the air than leapers.
Three major types of transport contribute to the total flux

in saltation: sheet flow, transport of leapers (in the soft

FIG. 4 (color online). Temperature (a) and flux (b) profiles for
e ¼ 0:7, 1:0, and without midair collisions, for � ¼ 0:44. At
every height in (a), the granular temperature for e ¼ 1:0 is larger
than e ¼ 0:7. The flux profiles in (b) confirm the higher flux for
e ¼ 0:7. The flux profile is defined at each height as the product
of the concentration and the average velocity. (c) Dependence of
the maximum temperature on �.

FIG. 3 (color online). (a) Concentration profile of particles as a
function of the height y for � ¼ 0:44 in the absence (red, lower
curve) and the presence (yellow, upper curve) of midair colli-
sions (e ¼ 0:7). (b) The relation between the saturated flux and
restitution coefficient, for four different � exhibits a peak around
e ¼ 0:75 for higher shear velocities. The horizontal dashed lines
show the flux without midair collisions.
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bed), and of saltons (above the soft bed). Once the limits of
the soft bed are identified, we can compute for each � the
contribution of each mechanism to the total flux, as shown
in Fig. 6. The sheet flow, computed from the mass transport
in the particle bed (y < h0), results from the wind shear
stress and the creep of particles on the surface. The con-
tributions of leapers and saltons are obtained from the
fluxes in and above the soft bed, respectively. As observed
in the figure, the relative contribution of saltons and leapers
significantly increases with � in comparison to the sheet

flow. Figure 6 also shows that the saltons contribute the
most to the total flux.
For the saturated flux, we also reproduced the disconti-

nuity at the onset of saltation reported for 2D [16]. We also
studied the impact of midair collisions in 2D. The decrease
in the spatial dimension enhances the relevance of midair
collisions, and the consequences discussed here are even
more pronounced. However, the curves for the saturated
flux in 2D and 3D overlap if � in 2D is rescaled by an
appropriate factor that takes into account the system width.
Summarizing, the contribution of midair collisions can-

not be neglected in saltation, as it would underestimate the
mass flux. The saltons contribute significantly to the flux
enhancement by acquiring large momentum from the wind
and using it to eject more particles through splashes. We
provide a new picture of aeolian saltation, in which the
competition between uplift due to midair collisions and
alignment due to inelasticity, optimizes the mass transport
in the presence of dissipative collisions. Interestingly, the
position of the maximum corresponds to the restitution
coefficient typically observed in granular collisions.
Berger et al. have shown a nontrivial dependence of the
erosion rate on the restitution coefficient of midair colli-
sions during a lunar landing in the absence of saltation
[28]. As a follow-up, continuum models of aeolian trans-
port would profit from a systematic analysis of the dynam-
ics of particle ejection from the surface in the presence of a
soft bed.
Our results are crucial for future studies since they

provide qualitative and quantitative information about the
influence of midair collisions, which should be considered
in modeling. Additional work might include the aerody-
namic lift of the particles, turbulent wind speed fluctua-
tions, and the electrostatic interaction between particles.
Further possibilities are the study of the role of collisions in
saltation under terrestrial desert wind, subaqueous, or
Martian conditions. It is also still an open question why
the maximum granular temperature scales linearly with the
shear velocity in the inelastic and quadratically in the
elastic case.
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Close to the onset of Aeolian particle transport through saltation we find in wind tunnel experi-
ments a regime of intermittent flux characterized by bursts of activity. Scaling laws are observed in
the time delay between each burst and in the measurements of the wind fluctuations at the critical
Shields number θc. The time delay between each burst decreases on average with the increase of the
Shields number until saltation becomes non-intermittent and the sand flux becomes continuous. A
numerical model for saltation including the wind-entrainment from the turbulent fluctuations can
reproduce these observations and gives insight about their origin. We present here also for the first
time measurements showing that with feeding it becomes possible to sustain intermittent flux even
below the threshold θc for natural saltation initiation.

Sporadic bursts of sand and dry soil are common
wind erosion events. Through them, a granular surface
can be slowly eroded even at rather low wind strength,
contributing to long-term changes in the landscape [1].
Bursts occur when the wind velocity fluctuates around
the threshold controlling the initiation of sand movement.
Despite being quite common, little is known about this
intermittent saltation mechanism.

In the laboratory, Bagnold observed that when the
wind velocity above a quiescent sand surface increases
above a certain limit some grains are for a short mo-
ment lifted into the air flow and gain momentum. When
subsequently colliding with the bed and ejecting other
sand grains saltation accelerates to an equilibrium value
through a cascading reaction. The shear velocity of the
wind flow at the minimum threshold for Aeolian particle
entrainment Bagnold named the static (fluid) threshold
ut [2, 3]. Bagnold also observed that once started, salta-
tion will cease at a somewhat lower shear velocity due
to momentum transfer from the impacting grains. This
he named the dynamic (impact) threshold uD. The ratio
between the dynamic and the statistic threshold is 0.80
[2].

In the field, Rasmussen and Sørensen observed salta-
tion to start and evolve temporarily below the fluid
threshold [4]. Likewise, Jackson observed that saltation
has inertial properties and may continue after the shear
velocity drops below the fluid threshold [5]. Turbulent
fluctuations of the wind velocity around the threshold
produce coherent structures such as patchiness in salta-
tion and sand streamers [6, 7]. The burst effects of turbu-
lence were first identified in sediment transport in water
[8, 9]. In aeolian saltation, Stout defined an intermit-
tency function and found that bursts of saltation were
approximately normally distributed with respect to the
relative wind strenght [1]. Schönfeldt studied intermit-
tent saltation considering the fluid and dynamic thresh-
olds [10]. All studies mentioned here were performed in
the field, i.e. not under reproducible or fully controlled
conditions. Based on laboratory studies and numerical
simulations we will present here the first systematic inves-

tigation of intermittent saltation allowing us to explore
quantitatively an astonishingly rich phenomenon.

FIG. 1. (color online). The numerical simulation of a high
energy particle splash ejecting other particles in the saltation
process. The fastest ejected particles are coloured in red. Low
energy impacts might eject no particles ending saltation.

Here, we report bursts in intermittent saltation not
only experimentally observed in a wind tunnel but also
numerically reproduced using a stochastic process to
model the temporal fluctuations in a turbulent channel
flow. The discrete element model reproduces the rich va-
riety of particle splashes that explain the sand bursts.
Numerical results match the transport of sand observed
in the wind tunnel. For instance, Fig 1. shows the numer-
ical simulation of a high energy particle splash ejecting
other particles in the saltation process. Splashes might
also not have the necessary energy to eject any parti-
cles [11]. The interplay between those weak splashes and
the turburlent entrainment from the wind constitutes the
mechanism behind the statistics of sand bursts.

At Aarhus university, we used a wind tunnel illustrated
in Fig. 2. The wind tunnel is 15 m long with 5 m of work-
ing section in the downstream end. Wind flow is created
by a fan in the downwind end (suction) and the fan set-
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FIG. 2. (color online). (a) Experimental set-up of the wind tunnel. (b) A snapshot of the sand transport in the wind tunnel.

ting can be adjusted between 0 and 50 Hz with a resolu-
tion of 0.1 Hz. The relation of the wind shear velocity as
function of the fan setting is shown in the Supplemental
Material [12]. The rectangular cross section is 0.60 m
wide and 0.90 m high. A set of turbulence spires at the
entry and a 4 m long array of roughness blocks downwind
of the spires have been designed to produce a boundary
layer which has approximatelly the same characteristics
as that forming over an infinitely long sand bed near the
fluid threshold [13]. Downwind of the array, the bottom
of the tunnel is covered by a 15 mm thick bed of pre-
sieved sand samples of diameter Dmean = 180µm. Feed-
ing is appropriate for studying saltation when the shear
stress is above the dynamic threshold, and normally sand
is fed into the tunnel via 5 tubes that will distribute it
fairly evenly across the bed. The feeding rate is approx-
imately the same as that by which sand is transported
downstream the tunnel. This will simulate an infinite
upwind fetch and also prevent the upwind end of the bed
to be depleted of sand.

Contrary to this, feeding must be avoided when study-
ing the grain pick-up as a result of aerodynamics lift.
However under this condition, the transport rate is low
so that the 15 mm thick bed still allows fairly long ex-
periments to be made before depletion occurs. A small
container at the end of the working section collects the
transported sand from which we obtain the average flux.

Saltation is recorded on a standard video camera (2
megapixels) outside the tunnel. This focuses on the cen-
tral part of the tunnel where saltating particles are il-
luminated when they cross a vertical laser sheet. Color
frames are extracted from the videos (see Fig. 2) and
converted to grayscale and then into binary black and
white images using a low pixel threshold thus trying to
keep the noise level low. Some particles may be lost dur-
ing this selection. The intensity of the saltation flux is
then determined from the number of white pixels. We
observe the bursts in saltation through the increase of
white pixels in the images. We define the start and end
of a burst to occur when the change in the number of
white pixels from one frame to the next is more than 70.

Initially the duration of experiments varied from 2-3
minutes (short-runs), but this produced very poor statis-

tics. Therefore two series of new experiments were made
where data were taken over three consecutive periods of
20 minutes (long-runs). The environmental conditions
are described in the Supplemental Material [12].

In the numerical simulations, a poly-disperse 3D pack-
ing of hard spheres of gaussian distributed diameters with
Dmean = 2 × 10−4 m, size dispersion σD = 0.15Dmean,
and density ρs = 2650 kg/m3, in a three-dimensional
wind channel of dimension (700× 50× 7.5)D3

mean is sub-
jected to a gravitational field in vertical direction (y-
direction) and a logarithmic wind velocity profile u(y)
imposed in horizontal direction (x-direction),

u(y) =
u∗
κ

ln
y − h0
y0

. (1)

In Eq. (1), y0 = Dmean/30 is the roughness of the bed,
h0 the bed height, κ = 0.4 the von Kármán constant, and
u∗ the wind shear velocity. The air density is ρa = 1.174
kg/m3. The dynamic integration of the wind profile ex-
plained in the Supplemental Material considers the mo-
mentum exchange between the wind and the grains [12].
We express the wind velocity through the dimensionless
Shields number, defined as

θ =
u2∗

(ρs/ρa − 1)gDmean
. (2)

The wind drag is the only external force applied to the
particles along the x-direction,

Fd = −πD
2

8
ρaCdvrvr, (3)

where vr = v − u is the velocity difference between par-
ticle and wind, with vr = |vr|, and Cd is the drag coeffi-
cient [14].

The turbulent flow velocity u splits into the mean
stream velocity u(y) and a stochastic part ut:

u = u(y) + ut. (4)

Reynolds [15] formulated a system of SDEs that re-
produces the highly non-Gaussian behavior of the La-
grangian acceleration distribution of fluid particles in
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fully developed turbulence. Every particle is attached to
a tracer that generates random perturbations, for which
the probability distribution width is controlled by the
dissipation rate 〈ε〉. Details of this turbulence model are
given in the Supplemental Material [12].

The trajectories of the particles are obtained using ve-
locity Verlet and a spring dashpot with the restitution co-
efficient e = 0.6 [16]. Further information in the Supple-
mental Material describes the contacts between particles
[12]. We use periodic boundary conditions in the direc-
tion of the wind to mimic an infinite system. We place a
reflective upper boundary sufficiently high to avoid any
particle colliding against it and the lower boundary at
y = 0, representing the deep ground, is strongly dissipa-
tive with a fixed restitution coefficient of ew = 0.5. We
consider a bed of 12 particle layers to suppress the re-
flection of shock waves on the lower boundary due to the
finite depth [17–19].

To compare the numerical results to the experiments,
we determine the mass-flux defined as,

q = ρsCA〈vx〉, (5)

where A = (1000 × 7.5)D2
mean is the section area of the

channel, C is the volume fraction of the particles, 〈vx〉
the average velocity of the particles in the horizontal di-
rection.

The intermittent saltation starts at the discontinuous
threshold and the sand transport occurs in bursts. With-
out the sand feeding, the experiments in the wind tun-
nel for θc < 0.0072 produced no grain at the end of the
wind tunnel. The sand transport shoots up very steeply
at θc ≈ 0.0072 ± 2 × 10−5. Figure 3a shows the trans-
ported sand (red circles) collected at the container at the
downwind end during the long runs. The value of the
critical Shields number θc depends on the humidity and
therefore it varies according to the weather conditions
under which the experiments are performed [20]. There-
fore, we normalize the wind shear velocities with θc. The
dashed lines at θc show that the results are consistent
with either a continuous or a discontinuous transition as
reported in Ref [21]. Within the error bars, saltation
activity is very rare and the sand flux is virtually zero
for θ/θc = 0.93 as shown in the flux series on Fig 3b.
The gradual increase of θ/θc shows the build up of the
continuous flux (Fig. 3d) going through the intermit-
tent state (Fig. 3c). As the wind velocity increases, the
average burst size increases until the sand flux becomes
continuous. Therefore, the interval of intermittent salta-
tion is 1 < θ/θc <∼ 1.25. The numerical data from sim-
ulations (black squares) are discussed at the end of the
manuscript.

Figure 4a shows the time series of the sand transport
in the experiments at θc. An example of a sand burst
from the video observations is highlighted in red. The
burst size in yellow and the time delay between bursts in
blue display scaling laws. Figure 4b shows that the burst
size distribution follows a power law with exponent −0.7.

FIG. 3. (color online). The sand transport rate in the long
experiments. In (a), the transport rate obtained from the
sand collected in the experiments (red circles) compared with
results from the numerical simulations (black squares). In
(b), (c) and (d) show the time series obtained from the video
analysis. Winds with Shield number below the critical Shields
number tranport nearly no sand, as shown in (b). Saltation
is intermittent for Shields numbers slightly above the critical
Shields number 1 < θ/θc <∼ 1.25 and non-intermittent for
θ/θc > 1.25, as shown in (c) and (d) respectively.

FIG. 4. (color online). (a) The time series of intermittent
saltation at θc. In (b), the burst size is obtained from the
integration of the events within the yellow dashed lines in
(a). The burst size distribution is fitted by a power law with
an exponent −0.7. In (c), the time delays between the sand
bursts illustrated by the blue arrow also follow a power law
distribution with exponent −1.52.

The time delay (or waiting time) between bursts has also
a power law distribution with exponent −1.5, as shown
in Fig. 4c. Scaling laws with comparable exponents can
be also found in other complex systems with bursting ac-
tivity, such as neuronal avalanches in rat cortex [22]. At
θ/θc = 1.24, the short and few intervals between bursts
require much longer runs for getting good statistics. The
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high frequencies of the distribution are bounded by the
noise stemming from the video camera. The low frequen-
cies are bounded by the finite size of the wind tunnel
which limits the formation of large low frequency eddies
in the turbulent structure. Consequently, the probability
distributions are restricted to a few orders of magnitude.
The bursting activity was not prominent enough to ob-
serve a power law for θ < θc. Similar power laws fitted
reasonably the time delays of the bursting activity for
θ/θc < 1.1. However, for θ/θc > 1.1, it is more dificult to
obtain a clear distribution for the reducing time delays.

Whether a burst is generated locally from strong gusts
at the area nearby or from the gradual development of the
saltation initiated far upstream and propagating down-
stream cannot be determined unless we measure the ve-
locity at a series of upstream observation points. Figure
5 shows the wind velocity at the observation point for a
run at the critical Shield’s number θc. In red we show
the periods where the wind velocity was larger than the
average wind speed, i.e., the speed corresponding to θc.
The time delay/waiting time between wind fluctuations
above the average velocity also follows a power law of
exponent −1.6, as shown in Fig. 5b. Similarities in the
probability distributions strongly connect the occurence
of the bursts to fluctuations in the wind speed.

FIG. 5. (color online). In (a), the wind fluctuations measured
at 40 mm above the sand bed at θc. In (b), the probability
distribution of the time delays between the wind fluctuations
in red is fitted by a power law with exponent −1.6.

The bursting of saltation can be turned on and off
within a very short shear velocity interval. Figure 6a
shows that bursts disappear and intermittent saltation
stops, when the wind shear velocity of a 10 min run is
switched down at t = 5 min from θ/θc = 1 to θ/θc = 0.94.
Alternatively, the bursting appears immediately after the
wind shear velocity is switched up again from θ/θc = 0.94
to θ/θc = 1.

Figure 7 shows two different experiments, with (red
squares) and without feeding (black circles), that veri-
fied the hysteresis in saltation around the critical Shields
number. The red curve shows the mass transport in the

FIG. 6. (color online). In (a), the bursting activity at θc
immediately ceases when the Shields number is decreased to
θ/θc = 0.94. In (b), bursts start a few seconds after the
Shields number increases from θ/θc = 0.94 to the critical
Shields number θc.

FIG. 7. (color online). The short experiments with (red
squares) and without feeding (black circles) show the hys-
teresis zone (red area) between θ/θc = 1.12 and the dynamic
threshold at θ/θc = 0.73.

experiments using grain feeding. With feeding it be-
comes possible to sustain intermittent flux even below
the threshold θc for natural saltation initiation. The in-
put of particles through feeding at the upwind end of
the tunnel triggers saltation by adding momentum to the
system and thus sustains transport as long as the wind
shear velocity is above the dynamic threshold. Thus sand
flux can occur for Shields numbers that did not display
any transport without feeding. The feeding significantly
shifts the critical Shields number to θ/θc = 0.73. The
dashed lines at θc show that the results are consistent
with either a continuous or a discontinuous transition for
both experiments with and without feeding. The area in
red shows the hysteresis zone that ends at θ/θc = 1.12
where the transported sand is the same for both experi-
ments within the error bars. The contribution of the feed-
ing to the sand transport decreases as θ/θc → 1.12. We
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FIG. 8. Numerical simulation of intermittent saltation for
different values of 〈ε〉. A completely settled particle bed, per-
turbations lift particles from the bed surface increasingly with
〈ε〉 and trigger saltation.

note that the ratio between critical Shields number with
and without feeding is around 0.70 (or uD/ut = 0.84).

Random turbulent perturbations mimick the wind pick
of sand grains by the wind eddies in the numerical sim-
ulation of saltation and reproduces the sand bursts ob-
served in the experiments. The width of the distribution
defined by 〈ε〉 controls the rate of particle lift. Wider dis-
tributions produce stronger turbulent accelerations. By
adjusting 〈ε〉, the saturated flux of the numerical simula-
tions (black squares) is found to match the sand flux
observed in the experiments and reproduce the range
of intermittent saltation, as shown by Fig. 3. Figure
8a shows the bursting activity at the sand flux at θc
and 〈ε〉 = 0.02 at the numerical simulations. From a
completely settled particle bed, winds with dissipation
rate 0.001 < 〈ε〉 < 0.006 detach particles from the bed
surface starting saltation. However, the particle splash
might eject no particles at low wind shear velocities and
very inelastic particle collisions. If other particles are nei-

ther ejected nor lifted by the stochastic force meanwhile,
saltation stops. Saltation restarts if any other saltating
particle is detached from the particle bed by the stochas-
tic turbulent forces. Increasing 〈ε〉, the lift rate increases
and the time delay between sand burst decreases until
sand flux becomes continuous. Winds with dissipation
rates 〈ε〉 < 0.001 entrain no particles, and 〈ε〉 > 0.006
produces a continuous flux by entraining many particles.

We can not expect a perfect match between our find-
ings in the wind tunnel and Nature. Experiments do not
reproduce the low frequency of big eddies normally ob-
served in the field. The wind shear velocity is a mean
quantity which does not account the large temporal fluc-
tuations of the wind. The bursting of saltation, and con-
sequently the transported sand, has a nonlinear depen-
dence on wind fluctuations. Therefore, the same wind
shear velocity could have different rates of mass trans-
port in the field and in the wind tunnel.

In summary, the turbulent gusts create intermittent
saltation through bursting, which could be simulated nu-
merically for the first time in a DEM simulation. In-
termittent saltation occurs at Shields numbers between
1 < θ/θc <∼ 1.25. For θ/θc >∼ 1.25 saltation is non-
intermittent and the saturated flux is continuous. Both
wind measurements and video analysis displayed scaling
laws and connect the burst initiation with the wind fluc-
tuation above the wind threshold for the sand transport.
In Nature, Shields numbers around the fluid threshold are
very common, therefore bursting should be given more
attention despite the major experimental difficulties. Fu-
ture numerical work should improve the turbulent model
including spatial correlations while future experiments
could investigate the spatial coherence in the bursting
process.
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