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Modelling the vertical grain size sorting process in aeolian sediment 
transport using the discrete element method 
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A B S T R A C T   

We present a model study of the aeolian saltation process where sediment samples are studied for the size se-
lective transport processes. The discrete element method is used to simulate the sediment particles of different 
sizes, coupled with a fluid boundary layer model to capture the driving wind forces. Sediment samples with 
identical median grain size, but with systematically varying size distributions were simulated to investigate 
under various wind shear rates which sediment fractions are transported. The presented model results show - 
well in line with other research - that the median grain size is an appropriate sediment sample parameter to 
quantify the total rate of sediment transport. However, our results show that this does not determine what 
fractions of sediment are in transport. The larger the standard deviation in the sediment size distribution the 
smaller the median grain size becomes of the sediment that is in transport compared to the median grain size 
present at the bed.   

1. Introduction 

Almost all sandy soils are composed of sediment grains with a range 
of sizes. Yet most aeolian sediment transport models use a single 
representative grain size. Some models do include a distribution of 
sediment grains through sediment classes, but treat the different sedi-
ment classes independently. Martin and Kok (2019) tested the validity of 
such a decoupled approach through field observations and concluded 
that a large range of sediment grains were susceptible to the same 
critical shear stress, and thus a size dependent shear stress is not 
appropriate in a decoupled grain class model for sediment susceptibility. 
Hoonhout and de Vries (2016) present an aeolian sediment transport 
model that does take into account various sediment fractions. 

In field conditions Farrell et al. (2012) investigated the vertical dis-
tribution of grain size in saltating aeolian sediment transport and 
observed that there is an inflection point for the mean grain size in the 
vertical. Near the bed the mean grain size is largest, moving upward the 
grain size first decreases towards the inflection point and further upward 
the grain size increases again. Tan et al. (2014) also observed the in-
flection point using a mobile wind tunnel on natural surfaces. In the 
wind tunnel Yang et al. (2019) found similar observations. The height of 
the inflection point increased with increasing wind velocities and size 
selectivity decreased with increasing wind velocity. However, despite 

the work that shows the presence of this inflection point in mean grain 
size this is not observed by all experimental studies. Li et al. (2008) finds 
an exponential decay of the mean grain size with height. Arens et al. 
(2002) observes a coarsening of sediment grains with height at their 
beach site, but their other sites in the dunes the opposite behaviour with 
generally decreasing grain size with increasing elevation. Most experi-
mental studies agree that in the lowest part of the saltation layer the 
median grain size rapidly decreases (e.g. shown in Fig. 7 in Xing, 2007). 

The median grain size in coastal dunes is smaller than the grain size 
at adjacent beaches, the sediment source for the formation of dunes (e.g. 
Arens et al., 2002). The grain size dependent sediment flux is a mech-
anism that can cause the finer sediment grains from the beach to end up 
in the dunes, while the larger grains remain at the beach. 

The goal of this research is to systematically investigate the effect of 
particle size distribution on the vertical distribution of aeolian sediment 
transport using the discrete element method. Thereby looking for 
mechanisms on the microscopic scale of aeolian sediment transport. 

Sediment grains are modeled by the discrete element method inter-
acting with a fluid layer that transports the grains. The model is similar 
to the model by Durán et al. (2012). Several sediment distributions are 
considered, which each sediment sample having the same median grain 
size d50. The simulations are transient, starting with a static sediment 
bed, and a fully developed wind boundary layer to investigate the 
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sorting effects of sediment transport during the transient stages where 
initially excess momentum in the wind boundary layer is converted in 
momentum of the sediment grains in transport. The simulation duration 
is sufficiently long to investigate both momentum excess in the fluid 
boundary layer as well as the steady transport stage where sediment 
transport and the boundary layer are in balance. 

2. Methods 

2.1. Sediment motion 

The sediment grains are modeled quasi two-dimensional using the 
discrete element method. Each grains position is calculated using the 
equations of motion. 

mi
∂2ri

∂t2 = mig+ ffluid,i +
∑

j
f i,j, (1)  

Ii
∂ωi

∂t
=

di

2
∑

j
ni,j × f t,i,j, (2)  

where ri = (xi,0, zi)
T and ωi = (0,ωi,0)T are the position vector of the 

center of mass and angular velocity of particle i, mi is the mass of the 
particle, g = (0, 0, − g)T is the gravity acceleration vector, ffluid,i is the 
fluid interaction force, fi,j are the contact forces with other particles, Ii =
mid2

i /10 is the moment of inertia, di is the grain diameter, ni,j is the 
contact normal vector between two particles and ft,i,j is the tangential 
component of the particle contact forces. 

2.2. Interactive forces 

The interaction forces are very similar to those used in Durán et al. 
(2012) and described in Luding (1998). The numerical method used in 
this work is the molecular dynamics, i.e. the trajectory of the particles is 
modeled also during the collisions, and the interactive forces are 
described by normal and tangential forces dependent on the overlap 
between particles and the relative velocity of the particles. For particles 
with negative distances their overlap δi,j = 0.5(di +dj) − (ri − rj)⋅ni,j is 
positive. The normal force between particles fi,j = kδi,j +νn

∂δi,j
∂t consists of 

an elastic component with elasticity k plus a damping term based on the 
normal contact velocity and a viscosity νn. The tangential force between 
the particles ft,i,j = − νt

∂ϑ
∂t is modeled by viscous friction, where ∂ϑ

∂t is the 
tangential velocity of the particle contact. 

The forces on the particle due to the fluid ffluid,i = fdrag,i +fbuoy,i con-
sists of a drag force and a buoyancy force. The fluid drag force and 
buoyancy force are expressed by 

fdrag,i =
π
8

ρfd
2
i Cd|u − ui|(u − ui), (3)  

fbuoy,i = −
π
6

d2
i ρfg, (4)  

where ρf is the fluid density, Cd is the drag coefficient, u is the flow 
velocity at the elevation of the particle and ui is the particle velocity. The 
drag coefficient is dependent on the particle Reynolds number and 
expressed as (Durán et al., 2012; Ferguson and Church, 2004) 

Cd =

(
̅̅̅̅̅̅̅̅̅
Cd,∞

√
+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Ru,c
/

Ru

√ )2

. (5)  

Here Cd,∞ is the drag coefficient for large particle Reynolds numbers 
Ru = |u − ui|di/ν, and for particle Reynolds numbers smaller than and 
around Ru,c = 24 the drag coefficient is higher due to the transitional 
and laminar Stokes flow regime. 

2.3. Fluid motion 

The fluid motion is described by a one-dimensional flow model 
describing the boundary layer above the bed. The flow strength is 
characterized by the shear velocity u*. Without particles the shear stress 
in the boundary layer is prescribed by τf = ρf u2

* . The flow model is very 
similar to the fluid model by Durán et al. (2012), except here we leave 
the inertia term in the flow equation 

ρf
∂u
∂t

=
∂τf

∂z
− Fd. (6)  

Here τf is the fluid shear stress and Fd is the drag force by the particles 
acting on the fluid. The shear stress τf is computed using a turbulent 
length scale l using the following expression 

τf = ρf (ν+ l2
⃒
⃒
⃒
⃒
∂u
∂z

⃒
⃒
⃒
⃒)

∂u
∂z

. (7)  

The turbulent length-scale l is described by the model proposed by 
Durán et al. (2012) 

∂l
∂z

= κ

[

1 − exp

(

−

̅̅̅̅̅̅̅̅̅̅
1
Rc

ul
ν

√ )]

. (8)  

Here κ = 0.4 is the von Karman’s constant and Rc = 7 is a dimensionless 
parameter that results in a good match between the mixing length 
described by the differential equation and the van Driest approximation 
(Durán et al., 2012; Van Driest, 1956). The body force by the particles on 
the fluid Fd is computed as 

Fd =
F

1 − Φ
. (9)  

Where F is the horizontal component of the force by the particles 
averaged over a horizontal slice of the model domain, and Φ is the 
volume fraction of sediment. F and Φ are computed as 

F =
∑

i
−
− ffluid,i,x

Vi

Vpart,i,z

LxdiΔz
, (10)  

Φ =
∑

i

Vpart,i,z

LxdiΔz
. (11)  

Here the opposing force is distributed over a slice of the model domain 
with height Δz, length Lx and width di. The volumes of the particles are 
Vi and Vpart,i,z is the part of the particle between z − Δz/2 and z+Δz/2 
given by 

Vpart,i,z = π(d
2
i

4
z̃ −

1
3

z̃
3
)

⃒
⃒
⃒
⃒

z̃=max(min(z+Δz
2 − ri,z ,

di
2 ),−

di
2 )

z̃=min(max(z− Δz
2 − ri,z ,−

di
2 ),

di
2 )

(12) 

The boundary conditions for Eq. (6) at z = 0 are u = 0 and l behaves 
as 

l(z) = κz
[

1 − exp
(

−
1

RvD

zu*

ν

)]

. (13)  

At z = Lz the fluid shear stress is prescribed by τf = ρf u2
* . As initial 

condition we prescribe the velocity and turbulent length scale profile 
such that it is the steady state solution if we fix the sediment particles. In 
order to obtain the initial flow velocity we start with an initial guess for 
the initial boundary layer equal to the no particle solution with a wall at 
z = zb, where zb is the highest point in the domain where the volume 
fraction Φ of grains in a vertical slice of the model domain is above 30%. 
Subsequently Eq. (6) is integrated in time until the boundary layer does 
not change anymore. This is then used as initial flow condition for the 
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sediment transport calculations. 
Eq. (6) is numerically solved using a semi-implicit finite difference 

scheme on a staggered grid, for which the expression is shown in Ap-
pendix A. The mixing length l is assumed to instantaneously adapt to the 
boundary layer flow. 

During the sediment transport calculation, particles are no longer 
fixed and are allowed to move. Particularly when particles bounce of the 
bed surface and reach higher elevations in the boundary layer the large 

velocity difference between particles and the flow result in a coupling 
where the particle gains velocity and the flow experiences deceleration. 

2.4. Particle size distribution 

The sediment particles used in the simulation are created according 
to a log-normal sediment distribution. The distribution is specified by 

Fig. 1. Initial bed for the six log-normal distributions with each the same 
median grain size d50,b. 

Table 1 
The parameters used in the model that represent typical aeolian sediment 
transport conditions. The dimensionless parameters derived from these param-
eters are relative density s = ρp/ρf = 2204 and grain based Reynolds number 

Re =
d50,b

ν

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(ρp/ρf − 1)gd50,b

√
=41.5, adopting the dimensionless scales by Durán 

et al. (2012).  

Description Symbol value unit 

Median grain size in the bed d50,b 250 μm 
Kinematic viscosity ν 1.4⋅10− 5 m2s− 1 

Fluid density ρf 1.225 kg m− 3 

Particle density ρp 2700 kg m− 3 

Drag coefficient in turb. limit Cd,∞ 0.5 – 
Critical particle Reynolds number Ru,c 24 – 
Von Karman constant κ 0.41 – 
Gravitational acceleration constant g 9.81 m s− 2 

Mixing length scaling constant RvD 26 – 
Normal viscous damping constant νn 2.1⋅10− 5 kgs− 1 

Tangential viscous damping constant νt 4.4⋅10− 8 kgs− 1 

Elasticity k 4.3 kgs− 2  

Fig. 2. Snapshot of the simulations with Θ = 0.05 and σϕ = 0.5. The trailing 
tails behind the particles indicate the velocity the particles. 

Fig. 3. Simulation results of the coupled wind boundary layer and sediment 
transport. (a) The wind boundary layer, adapting to the drag of sediment par-
ticles in transport. (b) the vertically integrated sediment transport versus time. 
The sediment grain size distribution is σϕ = 0.5 and the Shields number of the 
flow is Θ = 0.04. After 2.5 s the sediment transport is considered to be in 
equilibrium with the flow in the boundary layer. 
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the d50,b and the standard deviation in phi-units σϕ. Here the subscript b 
denotes that it is the d50 of the bed composition, as later also the d50,t of 
grains in transport is considered. The sediment grain size in phi-units is 
calculates via ϕ = − log2(1000d), with d in meters. Six different sedi-
ment samples are generated, which all share the same d50,b = 250μm, 
and six values for standard deviation σϕ = [0 0.1 0.2 0.3 0.4 0.5]. Each of 
the sediment samples consists of 1500 mobile particles. Note that the 
mean value in phi units is determined iteratively such that the sample 
has the specified d50,b value of 250μm. 

The d50,t is calculated from the transport flux of each particle. For 
each particle the transport flux is calculated by 

Qi =
1

TLx

∑

n

Viun
i,x

di
Δt (14)  

The particles are sorted by grain size, and the particle size dj for which 
the cumulative transported flux equals half the total transported flux is 
defined as the d50,t. 

∑j

i
Qi =

1
2
∑

i
Qi (15)  

2.5. Model domain and initial sediment bed 

The model domain is two-dimensional and is Lx = 0.025m long and 
Lz = 0.2m high. On the bottom of the domain 100 particles with each a 
diameter of d = d50,b = 250μm are fixed in their center of mass on the 
line between x = 0m and x = 0.025m at z = 0m. To generate the initial 
sediment bed, 1500 mobile particles are randomly placed inside the 
model domain below z = 0.07m, after which the particles are allowed to 
settle until the bed is stationary. The model domain has horizontally 
periodic boundary conditions that allow particles to exit the domain on 

one side and to enter the domain at the other side. The initial sediment 
compositions of the six different standard deviations are shown in Fig. 1. 

2.6. Flow conditions 

The flow strength is determined with the friction velocity u*. For 
aeolian sediment transport the shear stress that enables sediment 
transport is characterized by the dimensionless number that represents 
the fluid shear stress over the gravitational forces, i.e. the Shields 
number 

Θ =
ρfu2

*
(ρp − ρf)gd50,b

. (16)  

The shear velocities chosen in the model simulations are such that the 
Shields numbers in the simulations are Θ = [0.01 0.02 0.03 0.04 0.05 
0.06 0.07] (Table 1). 

3. Results 

The simulations time for all of the simulations is 5 s. Fig. 2 shows a 
snapshot of the particles in saltation transport in one of the simulations. 
Fig. 3 shows the vertically integrated sediment flux versus time, as well 
as the spatial temporal adjustment of the wind boundary layer. The 
initial wind speed of the boundary layer reduces because of the particle 
induced drag, while at the same time the excess of momentum in the 

Fig. 4. Scaled steady sediment transport rates versus the Shields number and 
comparison versus experimental results by Creyssels et al. (2009); Li et al. 
(2010) and Iversen and Rasmussen (1999). 

Fig. 5. The grain size distribution of the sediment in the bed (black) and that of 
the steady transported sediment (colored lines). The gray line is the sediment 
composition if the bed were to move at a uniform speed, and is slightly different 
from the volumetric composition due to 2D effects. 
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boundary layer causes a rapid increase in sediment transport. As the 
wind velocity is reducing, the sediment transport rate reaches a 
maximum, and starts to decrease again until the wind boundary layer 
and sediment transport balance each other in a steady state. The shown 
behavior is observed in each of the simulations. In this paper, the sedi-
ment transport after 2.5 s is considered as steady state, i.e. where the 
sediment transport is balancing the boundary layer. 

In the following sections we will primarily focus on the results of the 
steady part of the simulations (Section 3.1), and also show the full 5 s 
simulation results that include the transient part of the simulations 
(Section 3.2). 

3.1. Steady results 

Fig. 4 shows the steady sediment transport rates versus the Shields 
number in the simulations. The figure also shows the comparison of the 
sediment transport rate compared to experimental results from wind 
tunnel experiments by Creyssels et al. (2009); Li et al. (2010) and 
Iversen and Rasmussen (1999), from which we conclude that the model 
shows satisfactory agreement with the experiments. These results do not 
show a systematic effect of the variability of the sediment composition 
on the sediment transport rates, and the median grain size d50,b indeed 
quantifies total sediment transport rates accurately. 

Fig. 5 shows the sediment distribution of both the sediment in the 
bed as well as the sediment distribution of the transported sediment. The 
figures clearly show that particularly the smaller grains form a larger 
fraction of the transported sediment, and the larger grains are rarely 
transported. In the figure the gray line indicates what the sediment flux 
composition would have been if all particles move at a uniform velocity. 
Due to the 2-Dimensional nature of the simulations the bed composition 
is slightly different when it is considered in 2D versus 3D. 

Fig. 6 shows the median grain size of sediment in transport d50,t. 
From these results we can clearly see the effect of changing the standard 
deviation of the grain size in phi-units σϕ. With increasing grain vari-
ability in the mixtures with equal median grain size in the bed, the 
median grain size d50,t that is in transport decreases. 

Fig. 7 shows the steady vertical structure of the median grain size d50,t 

of the sediment transport flux. Experimental results by Xing (2007) and 
Farrell et al. (2012) show that the median grain size in transport rapidly 
decreases with vertical elevation above the bed, and frequently even 
increases again with elevation. Our simulations support the strong 
decrease in median grain size directly above the bed with increasing 
elevation. Higher above the bed this decrease slows down. However, an 
inflection point, as by some experimentally observed, is not clearly 
observed. Not all experiments show this inflection point, Li et al. (2008) 
did not observe this. They found an exponential decaying mechanism 
similar to what we observe. 

Fig. 8(a) shows the vertical structure of the sediment transport flux 
for different Shields values and the different grain size distributions. In 
the lowest 2cm the sediment transport rates hardly differ between the 
various sediment compositions. Above that the red line, representing the 
poorest sorted sediment composition σϕ = 0.5, tends to decay the fast-
est, whereas the blue line, the uniform grain size sediment composition 

Fig. 6. The median grain size d50,t of sediment transport as function of the log- 
normal grain-size standard deviation σϕ. The solid lines represent steady and 
dashed lines represent transient results. Note that for Θ = 0.01 most simula-
tions, except for σϕ = 0.5, did not show transport. 

Fig. 7. The vertical structure of the d50,t the particles in steady transport.  
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(σϕ = 0) tends to decay less fast. 

3.2. Transient results 

In Fig. 6, the dashed lines represent the median grain size in trans-
port also including the transient effects. By including transient effects, 
the median grain size that is in transport d50,t is only slightly higher 
compared to the steady regime. 

Fig. 8(b) shows the vertical structure of the sediment transport flux 
for the entire model simulation of 5 s duration. When including this 
transient event the general structure regarding the decay rate of sedi-
ment transport fluxes with elevation is maintained. Sediment with an 
uniform grain composition show the mildest vertical decay, while the 
poorest sorted sediment follows a steeper decay rate. 

4. Discussion 

In our model the sorting effect due to particle interactions and 
boundary layer interactions has been investigated. Since this has been 
performed on a periodic domain, where sediment grains cyclic reenter 
the model domain, only the local sorting mechanism can be investi-
gated. This implies that the local sorting mechanism that we investi-
gated in practice means that locally the finer sediments are transported 
downstream. When upstream supply is limited the bed gradually 
coarsens, and the finer material ends up downstream. 

Our sediment transport rates (Fig. 4) seem to agree well with wind- 
tunnel experiments (Creyssels et al., 2009; Iversen and Rasmussen, 
1999) and field experiments (Li et al., 2010). 

The vertical structure of median grain size in transport matches 
literature well in the lowest region, where the median grain size is 
largest near the bed and rapidly decreases moving upward in the 
saltation layer. However, the literature shows mixed vertical grain size 
structures higher up in the saltation layer. Li et al. (2008) observes an 
exponentially decreasing median grain size similar to our model results. 
But several other (Farrell et al., 2012; Yang et al., 2019; Xing, 2007) 
show an inflection point where above that point the median grain size 
increases again. Mechanisms responsible for such an inflection point 
could possibly be explained by missing physics in our model. For 
example turbulent eddies, not resolved in the present fluid model, could 
cause a size selective diffusive flux leading to possible size selective 
suspension behavior that might influence particularly the smaller grains. 

Our model results are in agreements with the conclusions by Martin 
and Kok (2019), who concludes that a single d50,b is sufficient to 
determine a saltation threshold. The transport rate as function of Shields 
number seem to be largely independent to standard deviation. This 
implies that the critical Shields number to initiate sediment transport 
also does not significantly depend on grain size distribution. However, 
we should note here that this may not always be true. Zhu et al. (2019) 
observed a significant increase in critical shields number for very poorly 
sorted sands where the largest of the grains did not take part in the 
saltation process. Our results (Fig. 5) suggests that also in our simula-
tions the larger grains hardly participate in the transport process, yet 
this is not directly reflected in an increase in critical shear stress for 
sediment transport. Possibly this effect only becomes important for very 
poorly sorted sediment. 

Ni et al. (2002) experimentally observed that smaller grain sizes 

Fig. 8. The vertical structure of the sediment transport for different grain size distributions at various Shields numbers. The top panels (a) show the steady results 
after t = 2.5 s and the bottom pannels (b) show the results based on the 5 s simulation time including initial transient effects. 
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attain less high elevations in the saltation process compared to larger 
grain sized. Their experimental observations support our observations 
(Fig. 8) where in our model simulations the median grain size that is in 
transport decreases with increasing standard deviation. In their experi-
mental work, with two uniform sediment distributions, they observed 
that the sediment transport rates of smaller grain sizes decays faster with 
vertical elevation than larger grain sizes. The physical mechanism that 
might be responsible for this is the faster adaptation time of smaller 
particles to aerodynamic drag. Figs. 8 further strengthens this by 
showing no difference in vertical transport structure for lower elevations 
between different size distributions, while for larger elevations the 
sediment samples with larger grain size variation show faster decay. 
This might imply that the overall transport mechanism close to the bed is 
governed by collisions close to the bed, which appears to be independent 
of grain size standard deviation. Yet for larger standard deviations the 
grain size of the particles that are in transport decreases (Fig. 7), and the 
faster response of these smaller particles to vertical drag may cause them 
to attain smaller elevations, and thus show a faster vertical decay in the 
transport structure shown in Fig. 8. 

In our work we did primarily focus on the effects of the standard 
deviation of the grain distribution and shear on sediment transport. 
While modeling the sediment transport process, that included initial 
start up transient effects, we kept the shear stress at the top of the model 
domain constant, to the corresponding value of the shields number. 
Another option would be to keep the velocity constant instead of the 
shear stress. The latter would perhaps be closer to transient behavior in 
reality, however this would result in a change in shields number during 
the transient sediment transport simulation. Furthermore he instanta-
neous adaptation of the mixing length may not fully reflect reality. 
While transient effects are modeled in a simplified way, it does provide 
the first insight that transient effect do not directly show a strong in-
fluence on the sorting mechanism in saltation transport. 

5. Conclusions 

We have developed an aeolian sediment transport model that cou-
ples the airflow in the boundary layer with sediment grains of variable 
grain sizes. Using this model we were able to investigate the influence on 
the variability in grain size distributions on the local sorting mechanism 
in aeolian sediment transport. 

We find that an increasing standard deviation in the grain size 
composition results a stronger sorting process where primarily the 
smaller grains are transported. The sorting process primarily depends on 
the grain size distribution, and is hardly affected by the Shields number. 
The grain size of grains in transport reduces with increasing elevation, 
particularly close to the bed. The higher part of the saltation layer de-
creases in height with increasing variability of the sediment sample. 
Transient variations hardly seem to affect these mechanisms. 
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Appendix A. Appendix 

The numerical method used to solve the flow is a finite difference method on a staggered grid where velocities uj are defined at zj = jΔz and 

turbulent length scales lj+1
2 

are defined at zj+1
2
=
(
j + 1

2

)
Δz with j = 0,1,2,…. 

ρf
un+1

j − un
j

Δt
=

τn∗
f ,j+1

2
− τn∗

f ,j− 1
2

Δz
− Fn

d,j, (A1)  

where τn∗
f ,j+1

2 
is defined as 

τn∗
f ,j+1

2
= ρf (ν+ ln2

j+1
2
)

⃒
⃒
⃒
⃒

un
j+1 − un

j

Δz

⃒
⃒
⃒
⃒

un+1
j+1 − un+1

j

Δz
. (A2) 

Time is discretized by tn = nΔt. After updating the velocity values on the next time step n + 1, the new values for the turbulent length scale ln+1
j+1

2 
are 

updated. The value closest to the lower boundary ln+1
1
2 

is set in accordance with Eq. (13). All other values are computed by solving 

ln+1
j+1

2
− ln+1

j− 1
2

Δz
= κ

⎡

⎢
⎢
⎢
⎢
⎣

1 − exp

⎛

⎜
⎜
⎜
⎜
⎝

−

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
Rc

un+1
j (ln+1

j− 1
2
+ ln+1

j+1
2
)

2ν

√
⎞

⎟
⎟
⎟
⎟
⎠

⎤

⎥
⎥
⎥
⎥
⎦

(A3)  

and marching upwards towards the upper boundary. 
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Zhu, W., Huo, X., Zhang, J., Wang, P., Pähtz, T., Huang, N., He, Z., 2019. Large effects of 
particle size heterogeneity on dynamic saltation threshold. J. Geophys. Res.: Earth 
Surface 124, 2311–2321. 

G.H.P. Campmans and K.M. Wijnberg                                                                                                                                                                                                     

http://refhub.elsevier.com/S1875-9637(22)00047-7/h0005
http://refhub.elsevier.com/S1875-9637(22)00047-7/h0005
http://refhub.elsevier.com/S1875-9637(22)00047-7/h0010
http://refhub.elsevier.com/S1875-9637(22)00047-7/h0010
http://refhub.elsevier.com/S1875-9637(22)00047-7/h0010
http://refhub.elsevier.com/S1875-9637(22)00047-7/h0015
http://refhub.elsevier.com/S1875-9637(22)00047-7/h0015
http://refhub.elsevier.com/S1875-9637(22)00047-7/h0020
http://refhub.elsevier.com/S1875-9637(22)00047-7/h0020
http://refhub.elsevier.com/S1875-9637(22)00047-7/h0025
http://refhub.elsevier.com/S1875-9637(22)00047-7/h0025
http://refhub.elsevier.com/S1875-9637(22)00047-7/h0030
http://refhub.elsevier.com/S1875-9637(22)00047-7/h0030
http://refhub.elsevier.com/S1875-9637(22)00047-7/h0030
http://refhub.elsevier.com/S1875-9637(22)00047-7/h0035
http://refhub.elsevier.com/S1875-9637(22)00047-7/h0035
http://refhub.elsevier.com/S1875-9637(22)00047-7/h0040
http://refhub.elsevier.com/S1875-9637(22)00047-7/h0040
http://refhub.elsevier.com/S1875-9637(22)00047-7/h0045
http://refhub.elsevier.com/S1875-9637(22)00047-7/h0045
http://refhub.elsevier.com/S1875-9637(22)00047-7/h0045
http://refhub.elsevier.com/S1875-9637(22)00047-7/h0050
http://refhub.elsevier.com/S1875-9637(22)00047-7/h0050
http://refhub.elsevier.com/S1875-9637(22)00047-7/h0055
http://refhub.elsevier.com/S1875-9637(22)00047-7/h0055
http://refhub.elsevier.com/S1875-9637(22)00047-7/h0060
http://refhub.elsevier.com/S1875-9637(22)00047-7/h0060
http://refhub.elsevier.com/S1875-9637(22)00047-7/h0065
http://refhub.elsevier.com/S1875-9637(22)00047-7/h0065
http://refhub.elsevier.com/S1875-9637(22)00047-7/h0065
http://refhub.elsevier.com/S1875-9637(22)00047-7/h0070
http://refhub.elsevier.com/S1875-9637(22)00047-7/h0075
http://refhub.elsevier.com/S1875-9637(22)00047-7/h0075
http://refhub.elsevier.com/S1875-9637(22)00047-7/h0080
http://refhub.elsevier.com/S1875-9637(22)00047-7/h0080
http://refhub.elsevier.com/S1875-9637(22)00047-7/h0080
http://refhub.elsevier.com/S1875-9637(22)00047-7/h0085
http://refhub.elsevier.com/S1875-9637(22)00047-7/h0085
http://refhub.elsevier.com/S1875-9637(22)00047-7/h0085

	Modelling the vertical grain size sorting process in aeolian sediment transport using the discrete element method
	1 Introduction
	2 Methods
	2.1 Sediment motion
	2.2 Interactive forces
	2.3 Fluid motion
	2.4 Particle size distribution
	2.5 Model domain and initial sediment bed
	2.6 Flow conditions

	3 Results
	3.1 Steady results
	3.2 Transient results

	4 Discussion
	5 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Appendix
	References


