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Herrmanna,c

aDepartamento de F́ısica, Universidade Federal do Ceará - 60455-760, Fortaleza, CE,
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Abstract

In the present work, we use dune modeling in order to investigate the

evolution of transverse dunes in the presence of vegetation. The vegetation

is allowed to grow up to a maximum height Hmax with a growth rate R that

oscillates in time. We find that the presence of the vegetation establishes a

maximum height for the transverse dunes. If the transverse dune is larger

than this maximum size, then the vegetation traps a considerable amount

of sand, leading to the formation of vegetation marks at the upwind of the

dune. We also investigate the formation of the transverse dune fields from a

flat sand beach under saturated sand flux and vegetation growth. We find

that the behavior of the field is determined by the maximum height, Hmax

of the vegetation cover.
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1. Introduction

Transverse dunes cover about 40% of the sand seas of our planet and are

typical dunes on coasts, on the sea bottom and on Mars. They occur in

areas where there is high availability of sand on the ground, and where the

wind is nearly unidirectional [1]. Understanding the dynamics of transverse

dunes, how they form and how they stabilize is of crucial relevance for the

management of coastal areas where the high dune velocities are promoted by

generally strong uni-directional winds blowing onto the continent.

While the shape of transverse dunes in the direction perpendicular to the

wind is nearly invariant, these dunes have a crescent profile in wind direction,

which is separated by a sharp brink from one slip face at the downwind

side, on which avalanches occur. In the literature, there is a large amount of

numerical and field works devoted to the study of the formation and evolution

of transverse dunes, the behavior of the flow and flux over these dunes, the

conditions for their stability and the role of the dune interactions for the

behavior of a transverse dune field [2, 3, 4, 5, 6, 7, 8, 9, 10, 11]. However,

still little is known about the shape and the dynamics of transverse dunes

in the presence of a very common element, which is found very frequently in

coastal and humid areas: the vegetation.

Figure 1 shows images of coastal dunes migrating in a vegetated area in

Northeastern Brazil. We see in the image that, as the dunes advance they

leave residual dune ridges behind them, which are formed as the sand is

retained by a seasonally varying vegetation growth rate and moisture [12].

Such residual ridges are called vegetation marks and are the subject of re-

search since they encode informations about the history of dune migration in
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the field [12]. The competition between sand dunes and vegetation is in fact

a complex process which is still poorly understood [13, 14]. Although some

modeling based on cellular automata has been done in the past in order to

study vegetated dunes [15], a minimal model that accounts for the equations

of sand transport at the scale of the grains, for the interaction between the

grains and the vegetation and the behaviour of the wind flow at the scale of

the dunes was still lacking.

In the present work we use a dune model, which has been developed a

few years ago [16, 17] and has been applied to investigate the formation of

several kinds of dunes, dune fields [18, 19, 20, 21, 22] and even of dunes

on Mars [23], in order to investigate how the evolution of transverse dunes

is altered by the presence of vegetation cover. Our aim is to investigate,

first, how transverse dunes, once formed, behave under a typical situation

where the vegetation cover displays a seasonally varying growth rate. Our

calculations provide new insights into the formation of the vegetation marks

and the behaviour of transverse dunes under vegetation growth. Next, we

study the formation of a transverse dune field from a flat sand beach, under

influence of such vegetation cover.

The paper is organized as follows. In the next section we present a brief

description of the dune model. The details of the simulations of the present

work are presented in Section III. In Section IV we present and discuss our

results. Conclusions are presented in Section V.
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Figure 1: Coastal dunes competing against vegetation in Northeastern Brazil. The smaller

image on the left shows dunes migrating from the beach into the continent, near 10◦36′S,

36◦41′W. If there was no vegetation, then transverse dunes and barchans, i.e. crescent

dunes with two horns pointing into the wind direction would form [1]. As a result of the

interaction with the vegetation, the dune wings get stabilized, inverting their orientation,

whereas the dunes are rendered inactive, assuming the well-known “U shape” of the so-

called parabolic dunes [13, 20]. Both wings of each parabolic dune in the field shown in

the image points into the direction from which the wind blows, i.e. the beach. Further

downwind we see a large transverse dune migrating into the vegetated area. As the dunes

migrate, they leave marks on the ground, as can be visualized in the large image on the

right. The marks appear as the sand is periodically retained by a seasonally varying

vegetation growth [12].
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2. The dune model

The dune model has been described in detail in refs. [16, 17, 19, 24],

whereas the modellization of the vegetation is presented in ref. [20]. Thus,

here we give a summary of the main physical insights of the model and give

a list of the relevant equations which are used in the calculations.

Sand transport takes place near the ground, in the so-called atmospheric

boundary layer. Within this layer, the wind flow is turbulent, and the wind

profile over a flat ground is logarithmic, i.e. the wind velocity u increases

with the height z above the ground as u(z) = 2.5u∗log(z/z0) where z0 is

the surface roughness and u∗ is called the wind shear velocity, and is used

to define the shear stress, τ = ρairu
2
∗
, where ρair is the air density [1]. The

wind shear velocity u∗ is a measure of the wind strength, and must be high

enough for sand transport to occur. Sand is transported by the wind only

if u∗ is above a minimal threshold shear velocity, u∗t, which depends on the

grain size and density, air density and viscosity, on gravity and also on the

internal friction of the granular material. For the sand of typical desert dunes,

u∗t ≈ 0.22 m/s [1]. If u∗ > u∗t, then the sand grains are transported through

saltation, i.e. once ejected from the ground, the grains are accelerated by

the wind in ballistic trajectories, ejecting new grains at the collision with the

ground (the so-called “splash”).

In fact, calculating the evolution of whole sand dunes by solving the

equations at the level of single particles would imply extremely high compu-

tational costs. Instead, the dune model incorporates a continuum description

for the saltation mechanism. The cloud of grains saltating over the ground

is modeled as a thin granular layer that can exchange sand with the immo-
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bile sand bed. The evolution of the sand surface is calculated by solving a

system of coupled equations for the wind field over the dune, the sand flux,

avalanches and the vegetation growth, whereas the change in the topography

is computed using mass conservation [17]. In the following the different steps

of the calculations are explained.

1. The air shear stress τ on the ground . The wind over the surface

is calculated using the model of Weng et al. [25]. Whereas the wind over a

flat ground has a logarithmic profile as explained above, a dune or a smooth

hill disturbs this wind profile. The perturbation of the shear stress due to a

smooth hill or dune is obtained from the equations:

˜̂τx =
h̃sk

2
x

|k|
2

U2(l)

{

−1 +

(

2ln
l

z0

+
|k|2
k2

x

)

σ
K1(2σ)

K0(2σ)

}

˜̂τy =
h̃skxky

|k|
2

U2(l)
2
√

2σK1(2
√

2σ), (1)

where σ =
√

iLkxz0/l, K0 and K1 are modified Bessel functions, kx and ky

are the components in Fourier space of the wave vector k, ˜̂τx and ˜̂τy are the

Fourier-transformed components of the shear stress perturbation in the wind

direction. h̃s is the Fourier transform of height profile, U2(l) is the vertical

velocity profile which is suitably non-dimensionalized, l is the depth of the

inner layer of the flow and L is a typical length scale of the hill or dune which

is given by a quarter of the mean wavelength of the Fourier representation

of the height profile [25].

The air flow is separated at the brink of the slip face of the dune in

an outer zone where the flow is essentially laminar and in an inner zone,

called “separation bubble”, in which the flow is recirculating. The sepa-

ration streamlines which divide the two areas are modeled as third-order

6



polynomials which connect the brink to the ground as described in ref. [17].

In the model, the dune is divided into slices parallel to wind direction; next,

a separation streamline is calculated for each slice at the brink. These sepa-

ration streamlines define the separation bubble, in which the wind flow and

the sand flux are set as zero. The shear stress is calculated using the profile

hs defined by the windward side of the dune and the separation bubble [17].

2.The saltation flux q . Using the resulting wind velocity, the sand flux

is calculated. In the computation of the sand flux, the momentum loss of the

wind due to the presence of saltating grains is considered. In the model, an

effective wind velocity is taken in the calculations:

υeff =
u∗t

κ

{

ln
z1

z0

+ 2

[

√

1 +
z1

zm

(

u2
∗

u2
∗t

− 1

)

− 1

]}

(2)

where u∗t is the threshold wind velocity, below which there is no sand trans-

port, z0 is the surface roughness in the absence of the saltating grains, zm is

the average saltation height and z1 is the characteristic height, between z0

and zm, at which the wind velocity is computed.

The typical velocity of the saltating grains is determined through the

balance between the drag force on the grains, the loss of momentum by the

splash of the grains on the ground and the gravity force. The grain velocity

u is evaluated by solving numerically the quadratic vector equation:

3

4
Cd

ρair

ρgrain

d−1(veff − u)|veff − u| − g

2α

u

|u| − g∇h = 0, (3)

where veff = υeffu∗/|u∗| and Cd is the grain drag coefficient, dgrain and ρgrain

are the average diameter and the density of the grains and α is a model

parameter.
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Next the sand flux due to saltation is obtained by numerically solving the

transport equation

div q =
1

ls
q

(

1 − q

qs

)







Θ(h), q < qs,

1, q > qs

(4)

with

qs =
2α

g
|u|(|τ | − τt), ls =

2α|u|2
γg

τt

(|τ | − τt)
. (5)

Here g is the gravity acceleration, and α and γ are model parameters.

3.The time evolution of the surface . The evolution of the surface

is computed using mass conservation:

∂h

∂t
= − 1

ρsand

div q, (6)

where ρsand = 0.62ρgrain is the bulk density of the sand.

4.Avalanches . Avalanches occur in the places in which the slope of the

sand surface exceeds the static angle of repose. The following equation is

added to calculate the sand flux due to the avalanches:

qaval = E [tanh|∇h| − tanh(tan θdyn)]
∇h

|∇h| . (7)

This equation is numerically solved and the surface computed until the max-

imum slope equals the dynamic angle of repose, θdyn = 34◦. A typical sim-

ulation outcome of a transverse dune obtained with the model is shown in

fig. 2. In this figure, we also show the shear stress and the sand flux over

the dune obtained from the numerical solution of eqs. (1) and (4).

5.The Vegetation growth . With the addition of vegetation the fraction
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Figure 2: Normalized height profile (gray) of a H = 7.2 m high transverse dune obtained

with u∗ = 0.34 m/s and a small influx qin = 0.10 qs, where qs is the saturated flux. h̃(x)

is the normalized height h(x)/H. The wind blows from the left to the right. In the figure

we also see the normalized shear stress τ̃(x) = τ(x)/τ0 and sand flux q̃(x) = q(x)/qin over

the dune, where τ0 = 0.14 kg m−1 s−2 and qin = 0.0009 kg m−1 s−1 are the undisturbed

shear stress and sand flux, respectively, over the flat ground in the absence of the dune.

of the total stress acting on the sand grains is given by [26]:

τs =
τ

(1 − mρv)(1 + mβλ)
, (8)

where λ is called the frontal area density, which is defined by the ratio be-

tween the area of vegetation facing the wind (Af ) and given sampling area

(A), i.e. λ ≡ Af/A, and ρ is the basal area density, defined by the ratio

of the area of vegetation covering the soil (Ab) on the given area (A), i.e.

ρv ≡ Ab/A. β is the ratio of plant to surface drag coefficients and the con-

stant m is a model parameter that accounts for the non-uniformity of the
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surface shear stress.

The vegetation growth rate is calculated from the surface change using

the phenomenological equation [22]

dhv

dt
= R

(

1 − hv

Hmax

)

−
∣

∣

∣

∣

∂h

∂t

∣

∣

∣

∣

, (9)

which assumes that a plant of height hv can only reach a maximum height

Hmax with an growth rate R = Hmax/Tv, where Tv is a characteristic growth

time. To close the model, the basal area density introduced in eq. (8) is

defined as ρv = (hv/Hmax)
2, and the frontal area density λ = ρv/σveg and

σveg ≡ Ab/Af .

All these five steps are repeated iteratively to simulate the evolution of

the shape.

Avalanches are considered to be instantaneous and the sand flux over

the dune is in the steady-state, since the time scale of this process is much

shorter than the time scale of changes in the dune surface.

The saltation model parameters have been determined through compari-

son of wind-tunnel measurements with numerical simulations data, and can

be found in refs. [16, 20]. In the present work, the relevant parameters are

the wind strength u∗, the sand influx qin and the quantities controlling the

vegetation growth, i.e. Tv and Hmax.

3. Simulations

First we investigate the behavior of a single transverse dune under the

influence of vegetation. We start with a transverse dune of height H0 and

length L0. The initial transverse dune is obtained using a shear velocity
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u∗ = 0.38 m/s and a constant influx qin = 0. The calculations are performed

with transverse dunes of five different heights: 8, 20, 32, 45, and 57 m.

Next, we use the transverse dune as initial surface and perform calcula-

tions with vegetation using the same wind speed u∗ = 0.38 m/s and zero

influx. The parameters of vegetation are: σveg, Hmax and Tv. σveg is the

ratio between the basal density and the frontal density of vegetation and we

take σveg = 1.5 [22]; Hmax is the maximum height reached by the vegetation

and Tv is the time required for the vegetation to reach this maximum height.

Hmax and Tv define the characteristic vegetation growth rate, R = Hmax/Tv.

The vegetation growth rate oscillates in time with a constant frequency

ω = 1 year−1. In the model, we account for typical situations as observed in

dune fields as the Lençóis Maranhenses, where the climate is characterized

by two well defined seasons, the rainy season and the dry season. In this

case, the rainy season, in which almost the entire annual rainfall is concen-

trated and around 93% of the total rainfall occurs, extends from January

to July, while the dry season extends from August to December [21, 27].

This seasonal rainfall affects the water level and the vegetation growth rate

R(t) is proportional to the water level [12]. In this manner, the vegetation

growth rate is a function of time given by R(t) = 0.5R[1 + cos (2π ω t)], in

such a manner that the vegetation growth rate oscillates between 0 and the

characteristic vegetation growth rate R.

In the second part of the work we investigate the behaviour of dunes

emerging from a flat sand beach and developing under influence of vegetation.

We start with a flat sand hill that has a height of 50 cm and a length of 80

m, and perform calculations using u∗ = 0.38 m/s as in the calculations with
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a single transverse dune. However, now the sand influx at the inlet equals

the saturated sand flux, i.e. qin = qs. Parameters of the vegetation are, as

before, ω = 1 year−1, σveg = 1.5 and the behavior of the field is investigated

for different values of Hmax and Tv.

4. Results

4.1. Evolution of a transverse dune in the presence of vegetation

First we perform calculations with a constant Hmax = 1.0 m and Tv =

21024000 s (8 months), which gives a maximum vegetation growth rate R =

1.5 m/year. Figure 3 shows, for each one of the initial dunes, how the dune

height evolves in time under the influence of vegetation. We see that there is

a maximum dune height of ≈ 23 m under these conditions. If we start with

a dune that is higher than 23 m, then the dune will lose mass until reaching

this equilibrium height. The vegetation traps and takes the sand away from

the dune, so the dune height diminishes and the dune becomes faster with

time. As the dune becomes faster, however, it loses less and less sand until

it reaches a balance state. At this stage the vegetation removes an amount

of sand that is negligible when compared to the size of the dune. If the

initial dune is smaller than 23 m, then the size of the dune stays essentially

unchanged, as we found e.g. for dunes of heights 8 and 20 m.

The loss of mass due to the vegetation gives rise to the so-called vegetation

marks, which are also observed in the field [12]. This can be seen in figs. 4

and 5. Figure 4 shows different snapshots of the simulation with a transverse

dune of initial height 32 m. We can see a significant loss of sand for the

vegetation in the beginning of the field. Later this loss is reduced and we
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Figure 3: Transverse dunes simulated using an oscillating vegetation growth rate which

has maximum value R = 1.5 m/year. Different initial heights H0 are taken. When the

dune is high it moves slowly. The dune loses sand and its height diminishes until it reaches

a balance state where the amount of sand trapped is negligible. This behavior is observed

for the cases where H0 is 32, 44 and 56 m. For H0 equal to 8 and 20 m we have the cases

when the initial height is smaller than the limit value. In such cases the variation in the

height of the dunes is negligible.

can observe the formation of vegetation marks after the dune passage. The

distance between two successive marks is related to the distance covered by

the dune between the wet seasons [27]. In our case the distance between two
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successive marks does not change since the rate R oscillates with an uniform

frequency. Figure 5 shows the detail of vegetation marks indicated by the

dashed box in fig. 4. The existence of the vegetation marks testifies the

occurrence of the alternation between dry and wet periods [12].
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Figure 4: Time evolution of a transverse dune for R = 1.5 m/year with initial height of

32.6 m. From t = 0 until t = 15 years we can observe the formation of an initial hill fixed

by vegetation. The reduction in the height of the dune diminishes slowly, and vegetation

marks (see fig. 5) are formed upwind of the dune as the dune wanders downwind. From

t = 15 years until the last graph where t = 75 years the height of the dune diminishes

slowly (this is the case H0 = 32 m of fig. 3).

14



1000 1200 1400 1600 1800 2000
Distance from the beach (m)

0

1

2

3

H
ei

gh
t (

m
)

R = 1.5 m/year

D
U

N
E

t = 60 years
vegetation
sand

vegetation marks

Figure 5: Vegetation marks left by the dune. The figure shows the detail in zoom of the

region selected by the dashed line in fig. 4. The distance between two successive maxima

does not change. But if we would have differences between the period of the dry and the

wet seasons the distances would be different.

As we can see in fig. 4, the sand dettached due to the vegetation growth

forms a small sand hill in the beginning of the field. When the dune size or

the vegetation growth rate increases, the size of the sand hill also increases.

These results are important because in some cases vegetation is used to

stabilize sand dunes. Here we find that in a locality where the growth rate

is seasonal the vegetation can only reduce the size of the transverse dune

but can not lead to the total stabilization of the dune. This is in contrast
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with the situation of barchan dunes, where the vegetation grows through and

fixes the lowest parts of the dune (i.e. the horns), which is then transformed

into an inactive parabolic dune [20]. In fact, the transition from crescent to a

parabolic dune shape can be observed only in three-dimensional calculations,

whereas in the present calculations we only consider the central slice of the

dunes. As shown in a recent work by Hesp and Martinez, the vegetation

colonizes the lateral margins of active transverse and barchanoidal dunes

[14]. In fact, trailing ridges of transverse dunes are often observed where the

transverse dunes move downwind apparently undisturbed by the vegetation,

while the flanks of the sand sheet get stabilized [14]. In this manner, the

results of our two-dimensional calculations apply to the central portions of

the transverse dunes, which are far enough from the lateral borders of the

dunes.

4.1.1. Height of dune as function of vegetation growth rate

Next we perform simulations with Hmax = 1 m and different values of Tv

which is adjusted in order to obtain the following values for R (m/year): 0.5,

1.0, 1.5, 2.0 and 3.0. As in the previous simulations, we take u∗ = 0.38 m/s

and qin = 0.

Starting with a transverse dune of height 45 m, we find that the transverse

dune decreases rapidly in height until reaching an approximately constant

height after a transient time. This final height decreases with R. Figure 6

shows the final height of the dune for different rates of growth R. As we see

in fig. 6, when the rate is too small (R = 0.5 m/year), the effect of vegetation

growth is almost negligible and the dune height remains almost unchanged.

As expected, the dune loses more mass the higher the vegetation growth rate,
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Figure 6: Transverse dunes simulated with different oscillating vegetation growth rates,

R, for the same initial height of the dune H0 = 45 m. When the rate is small the effect of

vegetation growth in the dune is almost negligible as we can see in the case where R = 0.5

m/year. When the rate R increases we can see that the final height of the dune diminishes.

The results of the simulations can be understood by noticing that the

vegetation grows from the windward foot of the transverse dune. As the

vegetation growth rate increases, more sand tends to be trapped, and con-

sequently the dune size decreases and the dune becomes faster and faster

until the rate of sand loss due to the vegetation becomes negligible. In this

17



1 2 3 4

   (m/year)
0

10

20

30

40

50
H

ei
gh

t (
m

)

1 2 3 4
   (m/year)

0

50

100

   
  (

m
/y

ea
r)

R

R
v

Figure 7: The final height of the transverse dune considered in fig. 6 as function of the

vegetation growth rate R. Symbols correspond to simulation data. We can see that the

final height decreases inversely with the vegetation growth rate R. The best fit to the

simulation results gives Hf = 3.31 + 27.90/R (continuous line). In the inset we see the

simulation results (symbols) for the velocity of the final dunes as function of the vegetation

growth rate R, and the continuous line represents the equation v = 25.91R .

manner, there is a minimal migration velocity the transverse dune must have

in order to escape the mass loss due to the vegetation. As the velocity of

the dune relates to the dune height, we have a direct relation between the

vegetation growth rate and the maximum height a dune can have, as shown
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in fig. 6.

As we can observe in fig. 7 the final height of the transverse dune decreases

inversely with the vegetation growth rate. Accordingly, the dune velocity

increases linearly with the vegetation growth rate R, as shown in the inset

of fig. 7.

4.1.2. Influence of the maximum height reached by vegetation

Next, we study the effect of the maximum height reached by the veg-

etation on the evolution of the transverse dunes. We keep the maximum

vegetation growth rate fixed, R = 1.5 m/year, and perform simulations for

different values of Hmax. The wind strength is u∗ = 0.38 m/s, qin = 0 and

the initial transverse dune has height H0 = 45 m.

We find that for values of Hmax smaller than 20 cm the initial transverse

dune remains unchanged (fig. 8). This happens because the vegetation can

not trap the sand if Hmax is too small. For values of Hmax larger than 40 cm

the evolution has the behavior described in the previous section (i.e. the one

seen in fig. 4). We also find that for Hmax larger than 40 cm, the final height

of the dune is roughly independent on Hmax. Interestingly, for intermediate

values of Hmax between 20 and 40 cm, we observe a periodic behavior, in

which the dune height oscillates between 25 and 45 m (fig. 8).

The results of fig. 8 can be understood with the help of figs. 4 and 9.

The transverse dune in fig. 4, where Hmax = 1.0 m, decreases in volume until

a final height is reached, with which the dune migrates further. Simulations

performed with Hmax < 20 cm yield, in turn, transverse dunes which show

practically no change in height during their evolution since in this case the

vegetation is not high enough to trap the sand. In fig. 9 we see one example
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Figure 8: Transverse dunes simulated for different vegetation maximum heights, Hmax,

using an oscillating vegetation growth rate, the maximum value of which is R = 1.5

m/year. When the maximum height is smaller than 20 cm the effect of vegetation growth

on the dune is almost negligible. The curve for Hmax = 30 cm shows the periodic behavior

where the vegetation temporarily can trap sand (c.f. fig. 9). For values of Hmax larger

than 50 cm the variation of the maximum height does not affect the results.

of a simulation in the intermediate range 20 cm < Hmax < 40 cm mentioned

in the last paragraph. For such values of Hmax, the transverse dune displays

a periodic behavior. Although the vegetation tends to trap a considerable

amount of the sand, the dune does not reach a velocity that is high enough
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(i.e. a height that is small enough) to dettach from the emerging hillsand

and to wander away. After a certain time, the wind blows the sand trapped

by the vegetation back to the dune. This can be understood through the

increase of the shear stress at the foot of the windward side of the dune

as the dune height decreases. This dynamics leads to the oscillating dune

height (c.f. the curve in fig. 8 which corresponds to the example of fig. 9,

Hmax = 30 cm).

We also investigate the influence of the vegetation growth rate on the

relation H/L of the dune. H is the maximum height of the dune measured

at the crest and L is defined as the horizontal distance between the windward

foot of the dune and the dune crest. Calculations of dunes without vegetation

were compared with the cases of constant vegetation growth rates of 0.5 and

1.0 m/year for different u∗ between 0.32 m/s and 0.40 m/s. We find that the

vegetation does not change the relation H/L of transverse dunes.

4.1.3. Influence of the oscillation frequency of the vegetation growth rate

We also study the effect of the oscillation frequency ω of the vegetation

growth rate. For Hmax = 1.0 m and a maximum vegetation growth rate

R = 1.5 m/year, we perform simulations for the following frequencies of

oscillation ω (year−1). For comparison, we also study the case where the

vegetation growth rate R is constant.

Figure 10 shows, for an initial dune of height 32.5 m, how the dune height

evolves in time for different oscillation frequencies of the vegetation growth

rate. We see that for a constant vegetation growth rate the dune height

decreases in time and after approximately 16 years the dune reaches its final

height. The same behavior is observed for ω values corresponding to shorter
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Figure 9: The evolution of a transverse dune with height approximately H0 = 44 m under

the influence of a vegetation that reaches the maximum height of 30 cm. In this case the

vegetation can fix the sand temporarily (t = 7.5 and 19.5 years), but after a while the

sand is transported back to the dune.

periods of time, indeed the final height of the dune grows for increasing ω.

In the main plot (inset) of fig. 11 we show the dune heights (velocities) after

approximately 100 years as a function of ω.

We also compare the case of constant vegetation growth rates with the

case when these rates have an annual periodic oscillation, taking as initial

condition a dune of height 45 m. The result is very similar to the one shown
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Figure 10: Transverse dunes simulated for different oscillation frequencies of the vegetation

growth rate ω (year−1). The simulation with constant vegetation growth rate is also shown

for comparison.

in fig. 4, however the sand removal in the first years is stronger when the

vegetation growth rate is constant and therefore the height reached by the

dune is smaller, in this case about 10 m independently on the rate. This

can be seen in fig. 12 where we plot the dune height after approximately

100 years for the case with an oscillation frequency of the vegetation growth

rate corresponding to the period of 1 year, and for the case in which the

vegetation growth rate is constant.
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Figure 11: Dune height after approximately 100 years for different oscillation frequencies

ω of the vegetation growth rate. The inset shows the corresponding values of dune velocity

v.

4.1.4. Influence of the wind strength on the height of the dunes with vegeta-

tion

We study the influence of wind strength on the final height of the dunes

with vegetation. For Hmax = 1.0 m and different vegetation growth rates, we

perform simulations for the following values of wind strength: u∗ (m/s). As

the wind becomes stronger, the wind has more power to erode the sand and

to denude the roots of the plants, consequently killing them. If the erosion
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Figure 12: Dune height after approximately 100 years for the case of an oscillation fre-

quency of the vegetation growth rate corresponding to the period of 1 year, and for the

case in which the vegetation growth rate is constant.

is too high, the vegetation cannot grow on the top of the dune, because it

is buried by the sand, so the dune is vegetation free. This implies that the

dune velocity v is proportional to R as shown in fig. 13. In the figure, all

curves plotted are fitted by the equation

v = cR, (10)

where the coefficient c decreases with u∗ as shown in the inset of fig. 13.

As the wind reduces the fixing capacity of the vegetation on the dunes,
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Figure 13: Dune velocity for different vegetation growth rates R for the following val-

ues of wind strength: u∗ (m/s): 0.36 (squares), 0.38 (empty circles), 0.40 (stars), 0.50

(diamonds), 0.60 (filled circles) and 0.80 (triangles). All curves plotted are well fitted

by the equation v = cR. In the inset we see the simulations results (symbols) for the

coefficient c = v/R as function of u∗, and the continuos line represents the equation

c = 2.69/(u∗ − uc) + 9.98, where u∗c = 0.30 m/s, which is of the order of the threshold

shear velocity for saltation.

the final dune heights are larger for stronger winds as we can see in fig. 14.

In the figure, all curves plotted are fitted by the equation

Hf = A + B/R, (11)
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where the coefficients A and B seem to increase logarithmically and quadrat-

ically with u∗, respectively, as shown in fig. 15.
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Figure 14: Dune final height after approximately 100 years for differrent values of the wind

strength u∗ and different vegetation growth rates R. All curves plotted are well fitted by

the equation Hf = A + B/R, where A and B are function of u∗ (fig. 15).

4.2. Genesis of dune fields in the presence of vegetation

Next, we simulate the genesis of transverse dune fields in the presence

of vegetation. We take as initial condition a flat sand beach which has a

Gaussian shape in wind direction with a height of 50 cm and a length of
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Figure 15: The coefficients A and B of eq. (11) as obtained from the fits in fig. 14 are

identified by the squares and by the circles, respectively. The continuous lines correspond

to the best fits to the data: A = 13.22ln(u∗−u∗c)+34.23, and B = 247.32(u∗−u∗c)
2+19.02,

where u∗c = 0.30 m/s.

80 m, and is invariant in the direction perpendicular to the wind, i.e. the

y direction. The sand influx at the inlet equals the saturated sand flux, i.e.

qin = qs. In the simulations there is no deposition/erosion of sand in the first

20 meters of the field.

We find that the behavior of the field is determined by the maximum

height reached by vegetation, Hmax. If Hmax is larger than a threshold value
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Hth, then a large dune is formed which wanders away, while the vegetation

traps the sand in the form of a large hillside upwind of the dune. We find

that, for a constant value of Hmax > Hth, the height of the sandhill decreases

as R becomes larger. Also the position where the sandhill starts gets closer

to the beach the higher the value of R. When Hmax < Hth, then we obtain

small transverse dunes that are formed in the beginning of the field. The

transverse dunes move downwind. Figure 16 shows simulations for different

values of Hmax using a constant value of R = 1.5 m/year.

As expected, the simulations show that the threshold value Hth depends

on the wind strength, indeed this dependence is found to be almost negligible

for realistic values of average sand-moving winds observed in real dune fields,

i.e. for u∗ in the range 0.3 and 0.4 m/s [18, 21, 28]. As an example, for

u∗ = 0.32 m/s we find that Hth has a value between 20−30 cm, whereas Hth

increases to 30 − 40 cm for u∗ = 0.38 m/s.

We also investigate the behavior of the transverse dunes for Hmax = 20

cm, when the vegetation growth rate R is varied. In this case we can observe

that as the vegetation growth rate increases the height of the dunes remains

almost the same but the distance between them increases, as shown in fig. 17.

This must occur because with the fast growth of the vegetation it becomes

possible to accumulate each time more sand thus reducing the effect of the

wind, so the number of dunes diminishes.

5. Conclusions

In this work we investigated the formation and evolution of transverse

dunes under the influence of vegetation, where the vegetation cover was as-

29



Figure 16: Results for different vegetation maximum heights, Hmax, when we take R = 1.5

m/year, u∗ = 0.38 m/s after a time t ≈ 60 years. For Hmax < 40 cm we obtain small

transverse dunes that are formed in the beginning of the field. If Hmax is larger than 40

cm, a large dune is formed that wanders away, while the vegetation traps the sand in the

form of a large hillside behind the dune.

sumed to grow with a rate that oscillates between 0 and R periodically in

time. We found that there is a maximum threshold height for a transverse

dune under such conditions. If the dune height is larger than this threshold,

then the dune loses sand continuously, which is trapped by the vegetation

giving rise to the well-known vegetation marks upwind of the dune. Indeed,
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Figure 17: Results for different vegetation growth rates, R, when we take Hmax = 20 cm

and u∗ = 0.38 m/s after approximately 100 years. As R increases, the distance between

the transverse dunes increases. This must occur because with the fast growth of the

vegetation it becomes possible to accumulate each time more sand thus reducing the effect

of the wind.

the marks appear only if the maximum vegetation height is large enough

to trap sand of the dune, i.e. if Hmax exceeds a minimum threshold value

Hth ≈ 40 cm. In fact, as we see in fig. 14, a vegetation growth rate R = 1.5

m/s, for example, which is typical of coastal dune fields [12], yields dunes

with realistic heights as observed in the field (10−25 m) under realistic shear

velocities (0.35 − 0.45 m/s) as those measured in real dune fields [21, 27].

Often the vegetation is planted in order to stabilize the sand of dunes

which advance onto roads, cities, houses, etc. The results of this paper yield

new insights into the development of transverse dune fields with vegetation
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growth. Indeed, the formation of stabilized parabolic dunes is only achieved

in three-dimensional calculations of barchans with vegetation [20], whereas

the behaviour of transverse dunes with vegetation was investigated in the

present work. We find that, if the vegetation height is larger then the min-

imal threshold Hth ≈ 40 cm, then the vegetation stabilizes a fraction of the

sand volume of the transverse dune, leading to the formation of an upwind

sand hill covered with vegetation. As illustrated in fig. 4, the transverse

dune migrates further with a smaller height. Indeed, the higher the vege-

tation growth rate, the larger the stabilized sand hill and the smaller the

volume of sand that escapes stabilization. Our model allows us to predict

the equilibrium migration velocity of transverse dunes in a vegetation envi-

ronment under given wind strength and vegetation growth rate. Moreover,

we also investigated how the results depend on the frequency ω with which

the vegetation growth rate, R, oscillates in time. It would be interesting

to extend the calculations of a barchan dune in the presence of vegetation

performed in ref. [20] to the case where the vegetation has a seasonal growth

rate as considered in the present work.

We investigated the genesis of transverse dune fields in the presence of

vegetation. Our calculations show that small dunes at the beginning of the

field are formed when Hmax is below a threshold Hth, which is between 20

and 40 cm for realistic values of u∗ between 0.3 and 0.4 m/s. Values of Hmax

larger than Hth lead to the formation of a hillside which increases in length

continuously.

It is important to notice that the wind velocity in real dune fields is

always changing in time [27], and this variation plays an important role for
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the shape of real dune fields. In this manner, in the future the calculations of

the present work should be extended in order to account for wind velocities

that vary in time.
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A.D. and Herrmann, H.J., 2003. Wind velocity and sand transport on a

barchan dune. Geomorphology 54, 245-255.
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