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ABSTRACT

In this paper we introduce a setup to investigate aeolian saltation and surface dynamics on a centimetre
spatial resolution and a sub second temporal resolution. We develop a Lagrangian saltation model and
a high-resolution surface model, which we couple to each other and to a turbulence resolving large
eddy simulationmodel. The simulated transport takes place primarily in the form of aeolian streamers,
bursts of elongated transport structures parallel to the wind field, which result in a mass flux signal
that is highly heterogeneous both in space and time. The temporal frequency responses up to 1Hz of
the mass flux and wind field share the same characteristics, which indicates a coupling between the
two. The system can be in equilibrium, during which the stress profiles induced by the particles, the
turbulent fluxes and the imposed large scale pressure gradient balance each other. A bimodal shape
is found in the mass flux profile, in which we can distinguish an upper and lower saltation layer. The
upper layer is associated with a transitional phase between transport by saltation and suspension that
exists in the aeolian streamers. Furthermore, The setup is able to simulate ripples, although future
research is needed to investigate the mechanisms that influence the final shape of the ripples.

1. Introduction
Aeolian (wind driven) sediment transport takes place on

a wide range of temporal and spatial scales. On these scales
the transport mode, wind characteristics and the interactions
with the environment differ. On a synoptic scale, storms can
transport vast amounts of dust which can influence the radia-
tion budget (Miller et al., 2004), redistribute nutrients (Jick-
ells et al., 2005) and pose human health risks (Goudie, 2020).
On a more regional scale, sediment transport threatens large
areas with desertification (Shao, 2008) while dune dynamics
can be important for coastal defence measures (Vries et al.,
2012). There are threemain transportmodes (Bagnold, 1941).
Dust particles can be sufficiently small to be kept in sus-
pension by turbulent eddies, which allows for long distance
transport. Sand is too heavy to stay suspended and is mostly
transported in a hopping motion over the surface which is
known as saltation. On impact, saltating particles have the
ability to set heavier particles in a sliding and rolling mo-
tion over the surface. This is known as creep. The impact of
saltating particles is also an important factor for the initiali-
sation of dust into the wind field, as the strong interparticle
forces of dust often prevent direct initialisation by the wind
field (Gillette, 1974; Shao et al., 1993).

A precise understanding of the saltationmechanismswill
benefit the knowledge of aeolian processes in general and
could help with addressing the problems described above.
Therefore, extensive research has been conducted in the field
of aeolian saltation. Bagnold (1941) gives the first full de-
scription of saltation and derives an analytical parametrisa-
tion that links the surface shear velocity to the total mass
flux. Many improvements have been made ever since (Sher-
man and Li, 2012). These parametrisations have the ability
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to produce fast results that agree well to wind tunnel exper-
iments conducted by e.g. Iversen and Rasmussen (1999);
Creyssels et al. (2009); Li et al. (2010); Ho et al. (2011).
They however, give no information on the retardation of the
wind field or the interactions with the surface. To this end,
more advanced numerical models have been developed us-
ing a continuum description, which are able to accurately
simulate dune dynamics over long time scales (Sauermann
et al., 2001; Kroy et al., 2002). The mass flux in these mod-
els is often in equilibrium with the local wind field, or forced
towards an equilibrium with a set adaptation scale in time
and/or space (Sauermann et al., 2001; de Vries et al., 2014).
To investigate the transitional phase towards a possible equi-
librium, the role of turbulence and the momentum exchange
between the particles and the wind field, a different approach
is required. For this reason recent studies have coupled a La-
grangian particle description to a turbulence resolving wind
model (Tong and Huang, 2012; Huang et al., 2020). The
setup is able to resolve the transitional phases and the influ-
ence of turbulence on saltation. The individual particle de-
scription does come with computational costs, that put a re-
straint on the domain size and simulation time, which makes
the implementation of an active surface scheme for ripple
formation not feasible yet.

For this research a model is developed with the aim to
resolve the effects of turbulence on the particle trajectories
while still allowing simulation times sufficient for small-scale
surface structures to develop and grow. To achieve this goal
we develop a scaled Lagrangian particle (SLP) model and
a high-resolution surface (HRS) model, which we embed in
a turbulence resolving large eddy simulation (LES) model.
This will help to close the gap between the available con-
tinuum and Lagrangian models. We will give an extensive
description of themodel together with the results it produces.
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2. Model description
To be able to simulate aeolian saltation and small-scale

surface dynamics, this research introduces a model that con-
sists of three sub-models; a large eddy simulation model
(LES), a scaled Lagrangian particle (SLP) model and a high-
resolution surface (HRS) model. All three sub-models are
two way coupled to each other with feedback mechanisms
visualised in fig. 1. The LES model is used to resolve the

Figure 1: Schematic visualisation of the model constituents
and feedback mechanisms.

large scale structures of the turbulent wind field and will be
discussed in sec. 2.1. The LES allows for the simulation of
streaky structures (Wyngaard, 2011), while still being able
to simulate a domainwith an extent ofLx×Ly×Lz = 8×4×4
m and a resolution of Δx × Δy × Δz = 5 × 5 × 2 cm for a
time period of 20 minutes.

The LES resolution is sufficient to resolve the energy-
containing turbulent wind structures, but is too course to
capture small-scale surface features. For this reason theHRS
model is developed, which will be discussed in sec. 2.2. The
HRS model has the same spatial extent as the LES, but with
a resolution of Δxs × Δys = 1 × 1 cm. The HRS model re-
solves the surface topography by enforcing conservation of
mass using a local sediment budget and is able to initialise
particles into saltation when there is sufficient wind induced
surface shear stress.

To simulate saltation the SLPmodel is developed, which
will be discussed in sec. 2.3. The SLP description resolves
particle trajectories, for which it uses the turbulent wind field
from the LESmodel for the drag force and the surface topog-
raphy from the HRS model for the impact locations. How-
ever, for the given domain size and simulation time it would
not be feasible to simulate each individual particle. Instead,
a similar approach to the super-dropletmethod is used, which
was introduced by Shima et al. (2009) for the simulation of
cloud microphysics. In the SLP description each simulated
particle represents multiple,  , physical particles. All forces
acting on the simulated particle are calculated as if it was a
single physical particle and all feedback forces on the wind
field and surface are obtained using the scaling factor  .

2.1. Large eddy simulation model
A large eddy simulation (LES) model is used to simu-

late the wind field. LES models are well established in the
field of atmospheric science and are often used to simulate
the planetary boundary layer (Wyngaard, 2011), in which the
effects of turbulent eddies are dominant. They rely on the as-
sumption that most turbulent kinetic energy is contained in
the large eddies, motivating a description that resolves the
large eddies and parametrises the eddies that are subgrid,
smaller than the LES gridsize. LES can therefore be placed
between direct numerical simulations, which try to resolve
all turbulent scales down to the viscous scale, and mesoscale
simulations that need to parametrise all turbulent effects. In
this research we use the LESmodel GRASP, which is a GPU
based LES model (Schalkwijk et al., 2015) that originates
from theDutchAtmospheric Large Eddy Simulation (DALES)
model (Heus et al., 2010).

The simulations take place in a neutral dry boundary
layer, which means that there are no temperature and humid-
ity effects. The LESmodel solves the filtered incompressible
Navier Stokes equations.
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Equations (1) & (2) represent respectively the conservation
of mass and momentum. Greek subscript indices indicate
that the Einstein summation convention is used. The wind
velocity vector u is the filtered mean wind velocity. The in-
fluence of subgrid velocity variations, u′, are captured in
a stress tensor, �. The hydrostatic part of the stress tensor
forms together with the filtered mean pressure, p, the modi-
fied pressure �.
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In (3) ⟨ ⟩ denotes an LES gridcell average and � is the den-
sity of air. The deviatoric part of the stress tensor is repre-
sented in �ij .
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We use the subgrid scheme of Sullivan et al. (1994) to obtain
⟨

u′iu
′
j

⟩

and we ignore the effects of viscous stresses as they
are negligible compared to the subgrid turbulent stresses.
The surface shear stress is often expressed in terms of a fric-
tion velocity.
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The friction velocity is obtained with the Monin-Obukhov
(MO) surface routine for a neutral boundary (Obukhov, 1971).
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In (6) � is the Von Kármán constant and is taken as � =
0.41, |

|

uh|
|

=
√

u21 + u
2
2 the magnitude of the horizontal wind

velocity which is taken at the lowest gridcell centre above the
bottom of the domain (Δz∕2) and z0m the surface roughness
for momentum. Fi contains all body forces.

Fi = −
)P
)xi

+ F p
i (7)

In (7) )P)xi is an imposed large scale pressure gradient and F p
i

the particle induced force. The large scale pressure gradient,
)P
)xi

, is constant in space and time and is responsible for driv-
ing the main flow. The modified pressure, �, which contains
the local pressure p, is responsible for enforcing continuity
(1). For this research the Coriolis force is not taken into ac-
count. When there are no particle forces present, the simula-
tion setup is equivalent to a channel flow. For channel flows
the friction velocity can be linked to the large scale pressure
gradient (Westerweel et al., 2016).
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In (8) Lz represents the domain height. The derivation is for
a stationary and horizontally homogeneous turbulent flow.
For these assumptions to hold, the LES needs sufficient spinup
time.

2.2. High-resolution surface model
To be able to simulate surface dynamics on a higher res-

olution than the LES gridsize, we develop a high-resolution
surface (HRS) model. The HRS grid is aligned with the LES
grid and is used to couple the local surface topography to
the LES model. The topography is obtained by enforcing
mass conservation using a local sediment budget. The HRS
model is also responsible for particle initialisation by wind,
for which it uses the wind induced surface shear stress. Ini-
tialisation by splashing is implemented in the SLP model,
sec. 2.3.5.

2.2.1. Surface grid
The HRS grid spans the same surface area as the LES

grid, but with a resolution that is an integer factor, �, higher
than the resolution of the LES grid. Figure 2 shows how
the HRS grid (dashed black lines) aligns with the LES grid
(black lines) for � = 3 in a single LES grid cell. Each HRS
gridcell has a centre height, ℎ. A zeroth order continuous
surface is obtained using a triangular interpolation method,
which is shown by the grey shading in fig. 2. The obtained
triangle faces are used to find the impact locations of the
particles with the local surface, such that the particles di-
rectly feel the local surface structures. This allows for im-
pact shadow zones, which are crucial for the formation and
growth of ripples, Bagnold (1941). Subgrid variations to the
HRS grid are captured in a homogeneous surface roughness,
zs0m.

Figure 2: Visualisation of the HRS and LES grid alignment
in a single LES gridcell for a refinement factor of � = 3. The
solid black lines show a LES gridcell, the dashed lines show the
HRS grid and the shading shows the surface topography, ℎ.

2.2.2. Large eddy simulation surface coupling
The local surface topography is coupled to the LESmodel

via a subgrid implementation and immersed boundary con-
ditions (Tomas et al., 2015). We start by defining the LES
surface roughness in terms of the HRS topography.

z0m = max

(

√

⟨

[

ℎ − ⟨ℎ⟩
]2
⟩

, zs0m

)

(9)

In (9) ⟨ ⟩ denotes the average over an LES gridcell. Subse-
quently, we define the zero wind speed level.

ℎ0 = ⟨ℎ⟩ + z0m (10)

Whenever ℎ0 exceeds an LES gridcell centre, an immersed
boundary is created in the gridcell. The immersed bound-
ary moves the bottom boundary height, ℎb, to the top of
the LES gridcell. The discrete nature of immersed bound-
ary conditions creates a discrepancy between the zero wind
level height and the bottom boundary height. To allow for a
continuous variation, a displacement height is defined.

ℎd = ⟨ℎ⟩ − ℎb (11)

The displacement height is used to adjust the MO surface
routine (6).
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k ||
|
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The adjustments corrects for the discrepancy between the
zero wind level height and the bottom boundary height in the
surface shear stress calculation. To allow for "negative" im-
mersed boundary conditions the surface is lifted by an offset
Δz0. Figure 3 summarizes the implementation of the sub-
grid topography into the LES for � = 3 in a schematic 2D
visualisation.
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Figure 3: 2D schematic visualisation of the subgrid topography
implementation into the LES for � = 3. The crosses represent
the LES grid centres and the surrounding box the grid edges.
The gray colored cells represent the immersed boundary con-
ditions. The solid squares are the HRS heights, ℎ. The yellow
dashed line shows the zero velocity height, ℎ0, given by the
sum of the mean LES gridcell surface height, ⟨ℎ⟩ (yellow line),
and the LES roughness height, z0m. The displacement height,
ℎd , is given by the difference between the mean height and the
bottom boundary height, ℎb.

2.2.3. Surface sediment budget
When particles are initialised into saltation, either by the

local wind field or by splashing, mass is removed from the
surface. Similarly mass is added to the surface, when parti-
cles are removed from saltation and deposited on the surface.
A deficit in erosion and deposition will result in a local sur-
face height change.

Δℎ =
 d
�m

d
� −  

e
�m

e
�

(1 − �)�pΔxsΔys
(13)

In (13) m� and  � are the mass and scaling factor of simula-
tion particle � and � is the surface porosity, which describes
the void/volume ratio of the surface. The superscript d and
e denote respectively deposited or initialised particles. The
Greek subscripts indicate that the Einstein summation con-
vention is used.

2.2.4. Particle initialisation by wind
Particles can be initialised into saltation by the local wind

field. The rate of initialisation is based on a local momentum
balance. A fraction, � , of the momentum loss by the wind
field at the surface as a result of the surface shear stress is
used to accelerate particles to their initial velocity. We de-
fine a friction velocity at the HRS scale.
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The surface shear stress on the HRS grid is defined similar
to the surface shear stress on the LES grid, (12). The only
difference is that a wind velocity at a fixed height distance,
Δzref, from the HRS height, ℎ, is used.

The wind field is only able to initialise particles if the
friction velocity is larger than a threshold value, uT∗ , for which

the relation of Shao and Lu (2000) is used.

uT∗ = C
T

√
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In (15)CT is a scaling constant and T is a constant force that
accounts for interparticle interactions. We can now define
the wind initialisation rate.

n =
�ΔxsΔys�
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mut3
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us∗ − u
T
∗
)

(16)

In (16)H is the Heaviside step function that takes the thresh-
old friction velocity into account. An initialisation velocity
is required, for which we choose the terminal velocity, ut∗, as
recent studies showed that the initial velocity is independent
on the friction velocity (Kok et al., 2012). The terminal ve-
locity is the steady state velocity of the particles for which
the drag force and gravitational force cancel each other and
will be derived in sec. 2.3.2. The initialisation rate, n, is
integrated over time till the total number of initialised parti-
cles is equal or larger than a set minimum scale factor,  min.
When this limit is reached a simulated particle is initialised,
with an scale parameter,  , equal to the current number of
integrated physical particles. After the particle is initialised
the integration starts over again. Note that n is the initial-
isation rate by the local wind field only. Particles are also
initialised by splashing, which is implemented in the SLP
model, sec. 2.3.5.

2.3. Scaled Lagrangian particle model
A scaled Lagrangian particle (SLP) model is developed

to solve the trajectories of the saltating particles. The wind
field from the LES model is used to obtain a force balance
for the particles. The resulting equations of motions are inte-
grated to determine the particle trajectories, which are sub-
ject to boundary conditions imposed on the surface and sides
of the domain. Upon impact, particles can be removed from
the SLP model and deposited on the surface and new parti-
cles can be initialised by splashing. The acceleration of the
saltating particles results in a particle induced force in the
LES momentum balance (2). To reduce the computational
costs each simulated particle represents multiple,  , phys-
ical particles. The forces acting on the simulated particle
are calculated for a single physical particle, which results in
realistic particle trajectories. When effects such as erosion,
deposition or drag on the wind field are communicated to the
LES and HRSmodels, the scaling factor is used to obtain the
effect of  physical particles.

2.3.1. Particle force balance
The particle’s trajectory is determined by the aerody-

namic drag force and the gravitational force. The drag force
is obtained using the wind vector in the particle’s reference
frame and the drag equation.

FD
i = 1

8
CD�d2 ||

|

ui − u
p
i
|

|

|

(

ui − u
p
i
)

(17)
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In (17) up is the particle velocity, d the particle diameter, u
the filtered wind velocity interpolated from the LES grid to
the particle’s location. CD is the drag coefficient for which
the empirical relation of Goossens (2019) is used.

CD = 24
Re

+ 0.44 (18)

The drag coefficient depends on the particle Reynolds num-
ber (e.g. Bagnold, 1941).

Re =
�d |u − up|

�
(19)

In (19) � is the viscosity of air. The above description ne-
glects the influence of subgrid velocity variations since u
is the filtered LES wind velocity. However, Richter et al.
(2019) argued that the interaction between subgrid turbu-
lence and heavy particles can be neglected. Interparticle
forces, such as collisions and electrostatic forces, lift forces
and Magnus effects are also not taken into account, because
it can be argued that these play a secondary role compared to
the aerodynamic drag force and the gravitational force (e.g.
Kok et al., 2012).

2.3.2. Particle path integration
Using (17) for the aerodynamic drag force, we define the

equations of motion for a simulated particle.

dupi
dt

= api =
FD
i
m
− g�i3 (20)

In (20) ap is the particle acceleration and �ij the delta dirac
function. The equations of motion are integrated using a for-
ward Euler integration scheme, which is applied for each
third order Runga-Kutta time stage as implemented by the
LES model. The time step is determined by the stability cri-
teria present in the LES model and is in the order of 1 ms.
The equations of motion can also be used to define the ter-
minal velocity of the particles, which is used as the initiali-
sation velocity for particles initialised by the wind field (16).

ut3 ⇐
)up3
)t

=
FD3
m

− g = 0 (21)

Using (17) together with the parametrisation of CD (18), the
terminal velocity, ut3, can be obtained from (21).

2.3.3. Boundary conditions
Similar to the LES model, periodic boundary conditions

are imposed at the lateral boundaries of the domain. At the
top of the domain no conditions need to be specified, as the
particles only live in the lower sections of the domain. At
the surface a set of conditions is imposed that, upon impact,
alter the velocity vector of the incoming particle. Whenever
an impact is within the particle’s integrated path, the time
step is split into two:

1. The particle’s trajectory is integrated till the impact
location, where the boundary conditions are applied.

2. The particle’s trajectory is integrated for the remain-
ing time step.

This process is repeated till the particle’s local time equals
the LES time. A particle can therefore have multiple impacts
in a single LES time stage. At the surface a momentum bal-
ance is set, in which the incoming particle loses a fixed frac-
tion of its momentum to the surface, � s, and a fixed fraction
to another particle, �p, which can subsequently be initialised
into saltation. The remaining momentum is distributed over
the velocity components of the particle. A fixed angle, �,
sets the angle between the horizontal and the velocity vector
after impact. The angle between the positive x direction and
the velocity vector, �, is held the same as before the impact,
fig. 4. Using � and � we define a scaling vector c.

c =
[

cos(�) cos(�) cos(�) sin(�) sin(�)
]

(22)

The scaling vector c is used to define the velocity vector after
impact.

uri = ci
|

|

|

ui||
|

(1 − � s − �p) (23)

In (23) ui is the velocity of the incoming particle and ur the
velocity of that particle after the surface reflection.

Figure 4: Visualisation of the velocity vectors before, ui, and
after impact, ur.

2.3.4. Deposition
A particle is removed from the SLPmodel and deposited

on the surface if its vertical velocity component after impact
is smaller than a threshold velocity, ur3 < u

T
3 . The threshold

velocity is defined by an energy balance, such that the cor-
responding kinetic energy equals the potential energy over a
set height difference. The height difference is defined as the
maximum of the HRS grid roughness and the difference be-
tween the zero wind level height and the local surface height.

Δℎmin = max
[

zsurf0m , ℎ0 − ℎ
]

(24)

The height difference can be interpreted as theminimum ver-
tical distance the particle needs to travel to be able to obtain
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momentum from the wind field. Using the minimum height
difference the threshold velocity is defined.

uT3 =
√

2gΔℎmin (25)

2.3.5. Particle initialisation by splashing
The momentum transferred to a new particle can ini-

tialise the particle if it corresponds to an initial vertical ve-
locity greater than the threshold velocity defined in (25). The
splashed particle is initialised in the same direction as the re-
flected particle, but with a velocity that corresponds with the
obtained momentum.

usi = ci
mi

|

|

ui|
|

�p

ms (26)

In (26) us and ms are the velocity and mass of the splashed
particle and ui and mi the velocity and mass of the incoming
particle. c is given by (22). The scaling parameter of the
initialised particle,  , is the same as the scaling parameter
of incoming particle. This approach is a simplified version of
more advanced splash functions (e.g Kok and Rennó, 2009)
in the limit where the ratio splashed to incoming particles is
equal to one.

2.3.6. Particle induced force
Conservation ofmomentum requires that a simulated par-

ticle exerts a force on thewind field, Fp (7), that is opposite in
direction to the aerodynamic drag force, FD (17), and scaled
in magnitude by the scaling factor,  .

F p
i = −

 FDi
ΔxΔyΔz

(27)

In (27) Δx, Δy and Δz are the LES grid spacing in the x,
y and z direction respectively. The momentum loss of the
wind field due to the particle influence is spread equally over
the LES gridcell occupied by the particle.

3. Simulation settings
3.1. Large eddy simulation settings

We simulate five channel flows in a Lx ×Ly ×Lz = 8 ×
4×4 m domain for tsim = 20minutes with different constant
large scale pressure gradients, )P)x . The large scale pressure
gradients correspond via (8) to friction velocities of u∗ =
0.3, 0.4, 0.5, 0.6, 0.7m∕s. The initial average LES roughness
for the simulations are respectively zspin0m = 0.75, 1, 1.25, 2, 2.5
mm. The roughness is implemented by applying a random
normally distributed surface perturbation with a standard de-
viation equal to the roughness. Each simulation has a spinup
simulation of tspin = 5 minutes before the saltation simula-
tion starts. The LES settings are summarised in tab. 1.

3.2. Saltation settings
The settings used for the saltation simulation are sum-

marised in tab. 2. The particle diameter is set to d = 0.25
mm, which is often used as a reference diameter for sand
(e.g. Bagnold, 1941). The density is set equal to the density

Table 1
LES settings

Δx = 5 cm Δy = 5 cm Δz = 2 cm
Lx = 8 m Ly = 4 m Lz = 4 m
tspin = 5 min tsim = 20 min Δz0 = 10 cm
u∗ = 0.3, 0.4, 0.5, 0.6, 0.7 m∕s zspin

0m = 0.75, 1, 1.25, 2, 2.5 mm

of quartz �p = 2650 kg∕m3 (e.g. Bagnold, 1941). The ter-
minal velocity for these particles is around ut3 = 0.96 m∕s.
For the momentum balance at the surface fractions are used
based on previous research summarised by Kok et al. (2012).
A surface loss factor of, � s = 0.3, and a transfer factor of
�p = 0.15, are used. A particle retains thus 55% of its mo-
mentum after impact. The saltation angle with respect to the
horizontal is set to � = 45 degrees, which is in the range
of angles described by Kok et al. (2012). A surface poros-
ity of � = 0.4 is chosen, which is a good representation of
desert sand (e.g. Kolbuszewski et al., 1950). The momen-
tum fraction used to activate particles into saltation is set
to � = 0.05. The parameters for the initialisation friction
velocity threshold, are set to the values given by Kok and
Rennó (2006), CT = 0.111 and T = 2.9 ⋅ 10−4 N∕m.
The subgrid surface roughness is set to zs0m = 0.01 mm,
which is about 1∕30 of the particle diameter, a commonly
used roughness scale (e.g. Kok et al., 2012). The minimum
scale factor is chosen such that the maximum amount of sim-
ulated particles is approximately 105, which results in feasi-
ble computation times. For the simulations at the chosen
friction velocities this corresponds to minimum scale fac-
tors of  min = 20, 500, 750, 1000, 1500. A refinement factor
of � = 5 is used for the surface meaning that the grid size
equals Δxs = Δys = 1 cm.

Table 2
Saltation settings

d = 0.25 mm �p = 2650 kg∕m3 � = 0.05
� = 0.4 �p = 0.15 � s = 0.3
zs
0m = 0.01 mm CT = 0.111 T = 2.9 ⋅ 10−4 N∕m
� = 5 Δxs = 1 cm Δys = 1 cm
 min = 20, 500, 750, 1000, 1500 � = 45 degrees

4. Results and Discussion
The results for u∗ = 0.5 m∕s are shown in detail after

which they are compared with the results for different large
scale pressure gradients. Figure 5 shows a video/snapshot
of the last 5 minutes of the simulation at 2 times real speed.
Two slabs of the turbulent wind field, as obtained by the
LES, are shown in blue. A mass concentration is obtained
from the locations of the saltating particles, which is shown
in yellow. The LES surface topography, ⟨ℎ⟩, is shown in
copper. Lighter colors correspond to higher values. The
wind direction is towards the lower left corner. Figure 5
shows that saltation is very heterogeneous in space and time.
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Figure 5: Snapshot/video of the last 5 minutes of the simula-
tion at two times real speed. The turbulent wind field obtained
from the LES model is shown in blue, the saltation concentra-
tions obtained from the SLP model are shown in yellow and
the LES surface height obtained from the HRS model is shown
in copper. Lighter colors correspond to higher values. The
wind direction is towards the lower left corner of the figure.

The transport takes place in elongated structures oriented
parallel to the main wind direction. These aeolian stream-
ers, as they are called, were also found in previous research
(Baas and Sherman, 2005). The heterogeneity of the salta-
tion is closely related to the heterogeneity of the turbulent
wind field and the ability to resolve aeolian streamers is a
direct consequence of the coupling between the resolved tur-
bulent wind field and the individual sand particles.

The fluctuations in time are shown in fig. 6, which shows
the time series of the horizontally averaged wind speed at
the lowest height level, z = 1 cm, the total concentration
of sand in saltation and the average LES surface roughness,
z0m. During the first minutes of the simulation a rapid de-
crease of the average surface roughness is found, which indi-
cates that the randomly perturbed surface is adapting quickly
to the new conditions. During this period the random pertur-
bations are flattened, which decreases the overall roughness.
As a result an increase in the wind speed is witnessed. After
a couple of minutes a positive trend is found for the surface
roughness, which is an indication that new structures are be-
ing formed on the surface. The increasing roughness height
slows down the wind field. The roughness height keeps in-
creasing during the simulation, which indicates that the sur-

Figure 6: Timeseries of the domain averaged lowest height
level wind speed, z = 1 cm, (blue) mass in saltation (black)
and surface roughness (red).

face is not in equilibrium with the wind field and saltation
flux. It can also be seen that the average LES roughness is
two orders larger than the HRS subgrid roughness zs0m. The
LES roughness, z0m, is thus determined by the surface struc-
tures resolved in the HRSmodel rather than by the roughness
of the individual grains (9). The wind field fluctuations on a
smaller time scale are the result of turbulence. On these time
scales large fluctuations in the saltating mass are found. The
large peaks represent bursts of transported mass in the form
of aeolian streamers.

To further investigate the fluctuations present in the wind
field and saltating mass concentration, C , and a potential
coupling between both, normalised power spectral density
plots are created for both signals, fig. 7. The spectra are nor-
malised by their total power and are visualised on a double
logarithmic scale. To mitigate spectral leakage both signals
are windowed with a Hanning window. The power spec-

Figure 7: Normalised power spectral density plot of the mass
in saltation (red) and lowest height level wind speed (blue).
The spectra are normalised by their respective total power.
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trum of the wind speed shows the expected behaviour for
a turbulent flow. In line with Kolmogorov’s theory, Kol-
mogorov (1941), turbulent kinetic energy is created on the
macro scale and cascades towards smaller scales until dis-
sipation takes over. For frequencies smaller than approxi-
mately 1Hz the spectrum of the concentration shows a very
similar behaviour, which demonstrates the tight coupling be-
tween the two and suggests that the turbulent variations in
the wind field are responsible for the variations in the saltat-
ing mass. The similarity could be used to obtain information
about saltation fluctuations from the turbulent spectrum. For
frequencies above 1 Hz the spectra of the concentration no
longer decays, but stays roughly constant. This is an indi-
cation that at these frequencies the saltation mass no longer
obtains its energy from the turbulent structures. The fluc-
tuations in the wind field with frequencies larger than 1Hz
fluctuate too fast for the saltating mass to adjust to. This cor-
responds to previous research, which generally states that the
response time scale is in the order of seconds (Ma and Zheng,
2011) and strengthens the argument that subgrid turbulence
will not have a significant influence on the saltating parti-
cles. The energy in the signal of the saltating mass at these
frequencies, which is 6 orders of magnitude smaller than the
energy present at the lower frequencies, could come from the
surface initialisation scheme.

To further investigate the response time, a cross-correlation
plot is constructed. Figure 8 shows the cross-correlation co-
efficient, G, for the wind field at the lowest height level and
the saltation concentration for different time offsets, t′. The
correlation coefficients are calculatedwith amovingwindow
of 30 seconds. The windowed data is detrended to remove
the effects caused by the surface roughness. The black line
is a smoothed line trough the maxima of the absolute cross-
correlation coefficients. It can be seen that positive cross-

Figure 8: Cross-correlation coefficient, G, contour plot for the
lowest height level wind speed, z = 1 cm, and the total mass
in saltation for different time offsets, t′. The correlation is
obtained with a 30 seconds window. The x axis shows the
centre of the window and the y axis the time offset between
the wind velocity and the saltating mass. The maxima of the
absolute coefficients are shown by the black line.

correlation coefficients are mainly found for positive time
offsets and negative cross-correlation coefficients for nega-
tive time offsets. The positive correlation for positive time
offsets describes the feedback mechanism in which higher
wind speeds can transport more sand. The time offset indi-
cates the time the saltating mass needs to adjust to the wind
field. The negative correlation for negative time offsets de-
scribes the retardation of the wind field due to an increased
saltating mass. The time offset represents the response time
of the wind field. It can be seen that both mechanisms play
an important role, which demonstrates the benefit of having
a two-way coupled model. The time scale on which the cou-
pling takes place is in the order of seconds, which agrees
with the deviation found around 1Hz, in the turbulence and
concentration power spectra, fig. 7.

A shear stress balance is constructed using the turbulent
shear stress given by the LES and the particle shear stress ob-
tained by integrating the particle drag force, (17). The shear
stress profile is averaged over the last 5minutes of the simu-
lation. We also constructed a mass flux profile for this time
period. The mass flux is obtained with a linear fit through
mass accumulated in discrete height bins. The total height
integrated mass flux, qtot, is given as well. The slope of the

Figure 9: Shear stress balance (blue), showing the particle
induced (part) shear stress, the turbulence induced shear stress
(turb) and the total shear shear stress (tot). The slope of
the total shear stress corresponds to the imposed large scale
pressure gradient, indicating that the wind field and mass flux
are in equilibrium. The mass flux profile is shown in red. qtot
is the total height integrated mass flux. Three heights are
diagnosed, the height of the lower and upper layer, ℎl & ℎu,
which are defined by the maximum and minimum of the second
derivative of the profile. The commonly used height below
which 50% of the mass flux takes place is also indicated, ℎ50.

total shear stress is constant and the resulting force cancels
the imposed large scale pressure gradient. Over the aver-
aged time period the wind field is thus in equilibrium with
the imposed large scale pressure gradient and the saltation
layer. Although the direct influence of the saltation layer is
confined to the lower regions of the domain, z < 40 cm, the
information about the retarded wind field will be transferred
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upwards by the turbulent eddies and slow down the wind
field above the saltation layer as well. The found total mass
flux, qtot agrees well with the values found by previous re-
search, whichwere summarized byKok et al. (2012) andwill
be discussed in more detail when we compare the results of
the different simulations. The shape of the mass flux profile
shows a bimodal behaviour. A distinct lower layer is visi-
ble with a height of ℎl in which most of the mass flux takes
place. Above the lower layer an upper layer can be seen. The
upper layer is associated with the aeolian streamers. The ac-
companied high wind speed eddies lift a fraction of the par-
ticles higher up into the wind field, transporting them over
longer distances with higher velocities. The heights of the
upper and lower layer are defined by respectively the maxi-
mum and minimum of the second derivative of the mass flux
profile. For comparison the height below which 50% of the
mass flux takes place, ℎ50, is also marked, as this height is
commonly used to define the saltation layer height. The dif-
ferent saltation layer heights will be compared to previous
research when we discuss the different simulations.

To investigate the importance of different energy sources,
an energy balance is constructed for the saltation layer, fig.
10. The balance is constructed by tracking the potential and
kinetic energy changes of each individual simulated particle.
The saltating particles obtain energy from the wind field via
the drag force, ED, and via surface initialisation, ES. En-
ergy is lost when they impact the surface, EI. The total en-
ergy gain/loss is given by the sum of these three, ET. En-
ergy transferred via initialisation by splashing is not shown,
as it acts neither as a sink nor source. It can be seen that

Figure 10: Energy balance for the saltating system. Energy
is obtained from the wind field via the drag force, ED, and
via surface initialisation, ES. The particles loose energy on
impact, EI. Initialisation by splashing is not shown as it acts
neither as a source nor sink. The sum is shown by the total
energy rate, ET.

the drag force contribution is a much larger than the wind
initialisation contribution. This was expected as previous
research found that saltation is mainly driven by splash ini-
tialisation and not by wind initialisation (Kok et al., 2012). It

also shows that the derived parametrisation for wind initial-
isation, (16), and the choice of � will not have a significant
impact on the results.

Figure 11 shows a video/snapshot of the surface evolu-
tion obtained from the HRS model at 10 times real speed.
The top window shows a top-view section of the domain
and the bottom window shows a 3D close-up view of the
formation and growth of ripples. The first signs of ripple for-

Figure 11: Surface evolution obtained with the HRS model.
Top window shows a top-view section of the domain and bot-
tom window shows a 3D close-up view of the ripples.

mation are found after 3 minutes, which corresponds to the
increasing roughness found in fig. 6. It takes some time for
the ripples to build and after 10 minutes of simulation time
they are clearly visible. During the rest of the simulation
they grow bigger and get more distinct. Previous research
has shown that it can take up to an hour for ripples to reach
their final equilibriumwavelength and shape (Manukyan and
Prigozhin, 2009). This was however not the scope of this re-
search. Andreotti et al. (2006) argues that slope stability is
the growth limiting factor. To be able to study the growth
of ripples to their equilibrium shape it could therefore be
necessary to implement slope stability requirements into the
model as the only growth limiting factor present now is the
increased surface shear stress.

To investigate the properties of the surface structures a
spatial Fourier analysis of the surface is conducted . Figure
12 shows a one dimensional spatial Fourier analysis that is
obtained in the along wind direction on a semi logarithmic
graph. The spectrum is an average of the spectra obtained
for every along wind line during the last 5 minutes of the
simulation. The surface ripples in fig. 11 are visible around
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Figure 12: 1D spatial Fourier spectrum of the surface in the
along wind direction. The spectrum is an average of all the
1D along wind direction spectra of the last 5 minutes of the
simulation. The dominant ripple wavelength is found to be
around krx = 5.88 m

−1.

krx = 5.88 m−1. This corresponds to a ripple wavelength
of approximately 17 cm. The large amplitudes near kx = 0
are the result of a small trend that has developed on surface.
The two narrow peaks at kx = 20 m−1 and kx = 40 m−1
coincide with one and two times the LES grid resolution and
can be considered an artifact. The height of the ripples is
defined as the 95th height percentile of surface at the end of
the simulation and equals 0.25 cm.

Figure 13 shows the total mass flux, qtot, for all simula-
tions (diamonds) together with the results from parametri-
sations found by previous research, which were summarised
by Kok et al. (2012). The results of the parametrisations
are for a particle diameter of d = 0.25 mm and an impact
threshold friction velocity of u∗it = 0.2 m∕s. The simulated
results are in the range of values predicted by the large-scale

Figure 13: Mass flux, qtot, for the different simulations (dia-
monds), together with parametrisations from previous research
which were summarised by Kok et al. (2012).

parametrisations. For large friction velocities, u∗ >> u∗it,
the parametrisations differ in their u∗ dependence. Durán
et al. (2011) predicts a quadratic dependence, while the other
parametrisations (Bagnold, 1941; Kawamura, 1951; Owen,
1964; Lettau and Lettau, 1978; Sorensen, 2004) predict a cu-
bic dependence. Our simulations for u∗ ≥ 0.5 m∕s seem to
agree more with a cubic dependence of the mass flux on the
friction velocity. The deviation from the cubic relation at
low friction velocities seems to appear earlier for our sim-
ulations, as the mass flux starts to drop at a faster rate for
u∗ < 0.5 m∕s.

Figure 14 shows the different saltation layer height defi-
nitions introduced in fig. 9 for the simulations together with
the saltation layer height derived by Martin and Kok (2017)
from themeasurements of Namikas (2003). The results show

Figure 14: The height definitions introduced in fig. 9 for the
the different simulations. The saltation layer height derived
by Martin and Kok (2017) with the measurements of Namikas
(2003) is also shown. For a friction velocity of u∗ = 0.3 m∕s
no upper layer is found.

that the top of the lower layer, ℎl, is independent of the fric-
tion velocity. The upper layer is found for friction velocities
of u∗ > 0.3 m∕s and increases rapidly in depth, ℎu, for in-
creasing friction velocities. This results in a gradual increase
in ℎ50, the height below which 50% of the mass flux takes
place. Previous research and field campaigns argue that the
saltation layer height does not depend on the friction veloc-
ity and is around 3−5 cm for a particle diameter of 0.25 mm
(e.g. Kok et al., 2012; Martin and Kok, 2017). This corre-
sponds to the height we find for the lower layer. The upper
layer, which we see as a transitional phase between trans-
port by saltation and suspension, is expected to grow with
increasing wind speed as for very large wind speeds more
particles would be transported in suspension higher up in the
wind field. The signal of the upper layer would be difficult to
measure as it is multiple times smaller than the signal of the
lower layer and requires detailed measurements over a long
height range. In addition, the signal is associated with aeo-
lian streamers, which are heterogeneous in space and time,
meaning that it is hard for equipment to capture sufficient of

Master Thesis: FPA Liqui Lung Page 10 of 12



Aeolian saltation in an LES domain

them. This could be the reason that measurement campaigns
have not found the bimodal behaviour in mass flux profiles
yet.

Figure 15 shows the wavelengths and heights of the rip-
ples found in the simulations. The wavelengths found are

Figure 15: The dominant ripple wavelength and height found
in the simulations. The height is defined as the 95th height
percentile of the surface at the end of the simulation.

in the same order as the wavelengths found in previous re-
search (e.g. Andreotti et al., 2006; Manukyan and Prigozhin,
2009). It can be seen that the ripple height decreases rapidly
with decreasing friction velocity, to the point that the rip-
ples for u∗ ≤ 0.4 m∕s are barely visible. The wavelengths
seem to have a negative correlation with the friction velocity,
which is in contradiction with previous research. The devi-
ation could come from the missing slope stability require-
ments or from the fact that our ripples have not reached their
final equilibrium shape yet. To study the formation of ripples
longer simulations are required and more research is needed
to investigate the mechanisms influencing the shape of the
ripples.

5. Conclusion
The combination of a scaled Lagrangian particle model,

a large eddy simulation model and a high-resolution sur-
face model developed in this research is found to be able
to realistically simulate aeolian saltation in a turbulent wind
field. The simulated transport takes place in aeolian stream-
ers, which results in a highly heterogeneous mass flux signal
in both space and time. The temporal frequency response
of the total mass in saltation is found to have the same char-
acteristics as the turbulence spectrum down to frequencies
of 1 Hz, which indicates the strong coupling between the
turbulent eddies and the saltating mass. Above 1 Hz the
energy spectrum of the saltating mass no longer follows the
decaying trend found in the turbulence spectrum. This is an
indication that at these frequencies the energy supplied to the
saltating mass, which is several orders of magnitude smaller
than the energy present in the low frequency fluctuations,

does not directly originate from the turbulent wind field, but
rather from the surface initialisation scheme.

An equilibrium state is found when the results are aver-
aged over a timescale that contains all important frequencies.
In the equilibrium state the shear stress induced by the parti-
cles is compensated by a reduced turbulent shear stress, such
that the sum of both results in a profile that opposes the im-
posed large scale pressure gradient. The averaged total mass
flux found for these equilibrium states shows, for high wind
velocities u∗ ≥ 0.5 m∕s, a cubic dependence on the imposed
friction velocity.

The mass flux profile shows a bimodal behaviour. A
lower layer is found with a height of 4 cm independent of
the friction velocity. Above the lower layer an upper layer is
found, which corresponds to transport taking place in aeo-
lian streamers. The associated high wind speed eddies lift a
fraction of the particles higher into the wind field where they
are transported over larger distances at higher velocities. The
upper layer is thought to be the result of a transitional phase
between transport by saltation and suspension. This hypoth-
esis is supported by the fast growth of the upper layer height
with increasing friction velocity.

During the simulations ripples form and grow. No equi-
librium state is found and an apparent negative correlation
between the ripple wavelength and the imposed friction ve-
locity seems to indicate that not all important physical mech-
anisms are present. To be able to study the formation of rip-
ples in the future we therefore recommend the implementa-
tion of slope stability requirements into the high-resolution
surface model and to conduct longer simulations. For more
realistic field case studies we also recommend the implemen-
tation of a particle size distribution and the addition of het-
erogeneous impact and threshold conditions.
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