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The National Park of the Lençóis Maranhenses in northeastern Brazil presents the largest coastal dune field in
South America. The area of 155 hectares — which is under governmental protection, displays a high diversity
of flora and fauna, and has been so far subject of very few scientific studies — is dominated by barchanoids
and transverse dunes separated by lakes and lagoons, and concentrates also vegetated, inactive dunes in its
most humid areas. We have recently performed a field study in the vicinity of Atins, a small village in the
Maranhão State, in the coastal area of the Lençóis, just 1km from the sea. Here we show that the genesis
of the Lençóis consists of small barchan dunes of a few tensof centimeters in height which converge latter
into larger barchanoidal and transverse dunes. Furthermore, we have measured the profile of a transverse dune
field close to Atins and found that transverse dunes which areclosely spaced and have all approximately the
same height present a variable brink position relative to the crest, in contrast to the case of barchan dunes.
We observed that the interdune spacing is shorter the more separated is the crest from the dune brink. Taking
this phenomenological observation into account, we use a continuum dune model to calculate transverse dunes
using a modified separation bubble at the dune lee and find thatthe calculated dunes compare well with the
dunes measured in the field.

1 Introduction

Lenḉois Maranhensesis the name given to the coastal
sand desert in the Maranhão State, northeastern
Brazil. The area of 155 thousand hectares and a coast
of a length of 50 km is delimited by the coordi-
nates02◦19′S, 02◦45′S; and42◦44′W; 43◦29′W (fig.
1), and has become National Park in 1981. However,
this desert, which has huge sand dunes moving from
the beach onto the continent under action of strong
winds reaching 70 km/h, presents some particular fea-
tures. While aridness is the key word to characterize
a desert, the Lençóis Maranhenses have rivers, lakes
and lagoons, and annual rain between 1500 mm and
2000 mm (fig. 2), which is an amount quite differ-
ent from the mean rainfall in desert areas (in general
less than 250 mm). The high humidity level yields
appropriate conditions for a high diversity of vegeta-

tion forms, flora and fauna (Magalhães 2000). In spite
of the Management Plan recently approved (IBAMA
2003), which aims to support scientific research in the
area, very few projects have been carried out so far in
the Lençóis Maranhenses (Floriani et al. IBAMA).

The word “Lençóis” means ‘sheets’ in Portuguese.
It refers to the typical landscape of the area, namely,
the barchanoidal and transverse dune forms which
propagate downwind and change continuously the
complex landscape of the area (figs. 3 and 4). Such
kinds of dunes arise when there is a prevailing wind
orientation which determines the direction of sand
transport (Bagnold 1941).Barchansare the most sim-
ple type of dunes formed under such condition, and
form when there is not much sand available. They
have a crescent shape and a steep slip face at the
lee side where avalanches take place between two
horns which indicate the wind direction. As the sand



availability increases,barchanoidsare found, which
look like oscillating chains of barchans joined at their
horns, aligned perpendicularly to the wind direction.
For higher sand supply,transverse dunesare ob-
served, which cover 40% of all terrestrial sand seas,
and also dominate the dune fields on Mars (fig. 5).

It has been speculated that the process of dune for-
mation in the Lençóis Maranhanses initiated approxi-
mately 10,000 years ago (Floriani et al. IBAMA). The
grains that form the dunes in the Lençóis come from
the sea and are deposited on the beach in intervals
of approximately 12 hours (IBAMA 2003). There-
after, some grains dry and may be carried by the wind
throughsaltation(Bagnold 1941). A recent sedimen-
tologic study revealed that the sand of the dunes in the
Lençóis is composed by quartz grains of mean diam-
eter varying betweend = 0.12 and0.35 mm (IBAMA
2003), which are values around the average diame-
terd = 250µm previously reported for grains of sand
dunes in other fields (Bagnold 1941; Pye and Tsoar
1991).

The first systematic analysis of the geomorphol-
ogy and classification of dunes of the Lençóis
Maranhanses has been published in Portuguese by
Gonçalves et al. (2003). From interpretation of field
dates analysis, aerophotograph and landsat images,
these authors defined five groups of aeolian forms:
free dunes; vegetated dunes; fixed dunes; dunes “es-
teiras” and blow out forms. In particular, Gonçalves
et al. (2003) classified barchanoids and transverse
dunes according to their sinuosity, interdune spac-
ing and rate of movement. According to Gonçalves
et al. (2003), barchanoids are “3D dunes”, which
are formed by barchans which join at their horns,
and have large interdune spacing. The distance be-
tween such dunes is proportional to their sinuosity,
i.e. dunes with many oscillations perpendicularly to
the wind direction are well separated from each other.
On the other hand, “2D dunes” are transverse dunes
which have low sinuosity and short interdune spacing.
Gonçalves et al. (2003) proposed two mechanisms to
explain the origin of these dunes. First, “2D dunes”
might be a result of the interaction of “3D dunes” with
vegetation at their extremities, which retards dune
motion. Alternatively, “2D dunes” are observed in ar-
eas of larger amount of sand. Thus, higher sand avail-
ability is, possibly, a fundamental criterion for the for-
mation of “2D dunes” in the Lençóis Maranhenses.

We have recently performed a field study on a
transverse dune field — a “2D” dune field accord-
ing to Gonçalves et al. (2003) — on the coast of
the Lençóis Maranhenses. We have observed that the
small and variable interdune spacing characterizing
this dune field is associated with a fluctuating value of

Figure 1. Map of the Lençóis Maranhenses region. The studied
transverse dune field is located near the village of Atins, MA.

the distances between the brink and the crest (point of
maximum height) of transverse dunes. In the present
work, we use a continuum dune model to study the
formation and evolution of such a dune field. We
adapt the dune model (Sauermann et al. 2001) to
study closely spaced transverse dunes and compare
our results with the measured height profile. The only
modification in the model is the implementation of a
phenomenological separation bubble at the dune lee,
which allows for shorter interdune distances and is
meant to calculate “2D” dunes developing on a sand
sheet, i.e. in an area of high sand availability.

The studied area may be considered representative
for the Lençóis Maranhenses and is described in the
next Section.

2 Area of investigation

The wind velocity in the region of the Lençóis Maran-
henses reaches an average value of8.3 m/s in the dry
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Figure 2. Rainfall throughout the year. Vertical axis is in mm
month−1.

Figure 3. The coastal barchanoids of the Lençóis Maranhenses
emerge from barchan dunes which originate from sand sheets
extending landward up to several kilometers from the beach.Im-
age: Embrapa Monitoramento por Satélite, 1999.

season, and6.1 m/s in the wet season. The wind rose
in fig. 6 shows that the wind blows mainly from the
East. The average temperature over the year is28.5◦

and reaches a mean value of31◦ during the dry season
(IBAMA 2003). The region experiences a relative air
humidity of68%, which is due to the numerous lakes
and lagoons present in the area (IBAMA 2003). The
rainfall distribution is very concentrated, as we can
see in Fig. 2. In the first months of the year, high rain-
fall makes sand transport difficult, thus implying low
dune mobility. A large fraction of the inter-dune lakes
formed in this period disappear in the dry season. The
landscape of the dune field appears to change contin-
uously, indeed dune mobility implies that the lakes
often reappear in different places with different con-
tours. The lowest rainfall indices in the studied area
refer to the period between August and November.
The field work has been carried out from 23 to 29 of

Figure 4. Typical landscape of the Lençóis Maranhenses. Chains
of barchanoids are separated by inter-dune lakes that emerge in
the wet seasons. Photo: Morais Brito.

Figure 5. (a) Barchans join at their horns to form barchanoids
(“3D” dunes) and transverse dunes on Mars (47.3◦S,329.4◦W).
(b) Transverse dune field on Mars, at41.7◦S,319.8◦W. Images:
Mars Global Surveyor (MGS) Mars Orbiter Camera (MOC).

September of 2003, in the middle of the dry season.

2.1 Field of small barchans

The dunes investigated are located in the vicinity of
Atins, a small village in the Maranhão State (MA),
just 1 km from the sea (figs. 1 and 7). We have found
a field of small barchans extending from the beach up
to a field of larger transverse dunes. These barchans
have heights varying from 20 cm to 1 m or more,
develop on a flat ground with lower sand availabil-
ity (fig. 8), and indicate the genesis of the Lençóis
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Figure 6. Wind rose for the region of the Lençóis Maranhenses
corresponding to the period from January to December of 2003.
We see that the wind blows mainly from the East. The velocity
of the wind (“u”) is shown in units of m/s.

Maranhenses. Small dunes emerging from the beach
constitute in fact an ubiquitous scenario along the
coast of the Lençóis, as shown in fig. 3. As we can see
from this figure, such small dunes behave like oscilla-
tions which evolve into larger barchans, barchanoids
and transverse dunes. In particular, the small barchans
of the field shown in fig. 7(b) propagate in the direc-
tion of a dense sand sheet where the larger transverse
dunes are observed, which appear indeed to nucle-
ate from the transversal merging of barchanoids (fig.
7(b)).

2.2 Transgressive dune field

We measured the height profile of seven transverse
dunes of the field in fig. 7(b). The transverse dune
field investigated is typical on high energy beaches
experiencing high litoral drift, and is called a “trans-
gressive dune field”, which develops on a dense sand
sheet (Hesp et al. 1989). The most remarkable dif-
ference between the studied dunes and the typical
barchanoidal forms in the Lençóis lies in the distance
between the dunes: The transgressive dunes of fig.
7(b) have negligible interdune spacing compared to
their width.

These observations suggest that the higher sand
availability — as already mentioned by Gonçalves et
al. (2003) — as well as effects of lateral sand trans-
port and recirculating flow at the dune lee, must be
decisive for the differentiation between the two kinds
of transverse dune fields. The phenomenological rule
of the amount of interdune sand has been accounted
for in a simple model of transverse dune field (Lee
et al. 2005), where it has been shown that transverse
dunes which develop on sand sheets are in fact pre-
dicted to present shorter interdune spacing. Here we
report an extension of the two-dimensional transverse
dune model in Schwämmle and Herrmann (2004) to

Figure 7. In (a) we show a Landsat image (1984) of the Lençóis
Maranhenses, where the studied transverse dune field is indi-
cated by the arrow. In (b) we show an image of the studied field,
from Embrapa Monitoramento por Satélite, 1999.

study closely spaced transverse dunes. Since lateral
sand transport is neglected in this model, we will
adapt the separation bubble at the lee side of the dunes
to reproduce the field observed in fig. 7(b). We give
a brief description of the essential ingredients of the
dune model and simulations, since these have been
presented in details in a recent work related to the
measurements (Parteli et al. 2006).

3 Measurements

A tachimeter was used to measure the height varia-
tions at 77 different points along the surface of the
dunes, which define a profile with a length of al-
most 720 m, as shown in fig. 9. To interpolate the en-
tire profile of the transverse dune field, we used the
relative distances and height differences between the
measured points and a fixed angleθc = 34◦ for the
dune slip face. The reference heighth = 0 is set at
the foot of the slip face of dune 3, whereasx = 0
corresponds to the brink of dune 1, for which we
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Figure 8. The thin sand sheet we see extending from the beach
up to the measured transverse dune field in fig. 7(b) is, in fact, a
field of small barchan dunes of heights between 20 cm and 1 m.

Figure 9. Height profile of the transverse dune field studied.
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Figure 10. Profile of dune 5 in fig. 9 with definition of variables
Hcrest, Hbrink, dc andL0. Heights (H) are measured relative to
the foot of the slip face.

did not measure the whole profile. Our measurements
have error estimates of0.1 m for the height coordinate
and1 m for the horizontal axis. The measured trans-
verse dunes have heights of typically7 − 10 m and
a crest-to-crest distance of90 − 130 m. We found an
aspect ratior = 0.08 ± 0.02 for these dunes, which
was obtained by dividing their heights at the crest,
Hcrest, by the corresponding values of the length of
the windward side,L0. These quantities are schemat-
ically shown in fig. 10.
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Figure 11. Difference between dune heights at the crest and at
the brink, as a function of the distancedc between the referred
two points for the measured dunes. For dunes 4 and 6 the crest
coincides with the brink, while the corresponding data for dune
1 were not recorded. The observed quadratic relation is a con-
sequence of the parabolic shape of the dune at the crest. The
upper inset shows the aspect ratior = Hcrest/L0 = 0.08± 0.02
(triangles) and the average windward side inclinationtan θw =
Hcrest/(L0 − dc) = 0.10± 0.02 (circles),θw ≈ 6◦. The lower in-
set shows the crest-brink distance versus the height of the crest.

It is surprising that although the dunes have more
or less the same height, the position of the brink with
respect to the crest,dc, varies strongly. This is in
strong contrast with the situation of single barchans,
for which it has been observed from field measure-
ments in southern Morocco that the brink gets closer
to the crest for higher barchan dunes (Sauermann
et al. 2000). In addition, differences between small
and large barchans have been recently reported by
Hesp and Hastings (1998), while Embabi and Ashour
(1993) have associated the shape of barchans at their
crest with the dune age. On the other hand, Long
and Sharp (1964) have more generally identified two
kinds of barchan dunes: “slim” and “fat” barchans,
where the latter dunes may have been the more “mor-
phologically complex and areally larger dune masses”
formed by coalescence and fusion, and behave in a
different way as the slim ones. Bagnold (1941) re-
garded this phenomenon as the product of the lag be-
tween changes of wind conditions and the resulting
changes in sand movement.

The upper inset of fig. 11 shows the inclinationθw

of the windward side (circles) together with the aspect
ratio r (triangles) of the measured transverse dunes.
Here θw is defined through the relationtan θw =
Hcrest/(L0 − dc), wheredc is the horizontal distance
measured from the crest to the brink of the dune. From
the valuetan θw = 0.10 ± 0.02, we getθw ≈ 6◦. The
main plot of fig. 11 shows that the difference between
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the heights at the crest and at the brink is essentially
quadratic indc. Moreover, fig. 12 shows that the trans-
verse dunes present a nearly parabolic shape at their
crest. In this figure, we lump the profiles of dunes
2−6 together, and we can see that the windward sides
of all dunes at their crests superimpose in a single
parabolic curve with maximum at pointC. The verti-
cal (horizontal) axis of the main plot gives the profile
H̃ (horizontal distancẽx) measured relative to point
C for all dunes. The empty circles in the inset of fig.
12 represent the sampled profiles for all dunes close
to pointC, as indicated by the dotted lines, while the
continuous line corresponds to the curvey = −k1x

2,
with k1 = 0.0025.
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Figure 12. The main plot shows the height profile of dunes2− 6,
where the dunes are identified by numbers at their slip faces,
and are represented by different symbols. The windward sides
of these dunes are shown superposed to each other in such a way
to form a parabola with maximum atC(0,0). This behaviour
is more clearly shown in the inset, where the circles represent
the height profile of all dunes of the main plot, and are fitted
by a parabola (continuous line). The symbol “∼” over H andx
indicates that these variables are measured, both in the inset and
main plot, relative to pointC for each dune. The dotted lines in
the inset and main plot are guides to the eye meant to localize
the maximumC of the parabola.

4 Calculation of transverse dunes
We apply the continuum dune model introduced by
Sauermann et al. (2001) and latter extended to model
transverse dunes (Schwämmle and Herrmann 2004),
to calculate the shape of the transgressive dunes in fig.
7. We observed that calculation of transverse dunes as
originally carried out by Schwämmle and Herrmann
(2004) yields dune fields with too large interdune
spacing. Here we propose a modification of the sepa-
ration bubble model which allows for closely spaced
dunes. The model of the separation streamlines is phe-
nomenological, and is based on our observations in

the measured field. In what follows, we present a brief
description of the dune model. Next, we introduce the
modified separation bubble at the dune lee and com-
pare our results with the field measured.

4.1 The dune model
The fundamental idea of the dune model is to con-
sider the bed-load as a thin fluid-like granular layer
on top of an immobile sand bed. The model com-
bines an analytical description of the turbulent wind
velocity field above the dune with a continuum salta-
tion model that allows for saturation transients of the
flux (Sauermann et al. 2001). The initial surface is in
general a sand hill of gaussian shape or, in the case
of calculations of transverse dunes, a sand bed with
small fluctuations. In our calculations, we use peri-
odic boundary conditions in the same manner as in
Schwämmle and Herrmann (2004).

The model may be sketched as follows: (i) first, the
wind profile over the topography is calculated in the
two dimensional Fourier space using the algorithm
of Weng et al. (1991); (ii) next, the sand flux is cal-
culated with a differential equation that contains the
saturated flux at the steady state and the characteris-
tic length that defines the transients of the flux; (iii)
the time evolution of the topography is given by mass
conservation, which dictates erosion and deposition.
If sand deposition leads to slopes that locally exceed
the angle of repose of the sand,θr ≈ 34◦, the unstable
surface relaxes through avalanches in the direction of
the steepest descent — a slip face is formed; (iv) fi-
nally, the separation streamlines at the dune lee are
introduced for dunes with slip face, which account
for the flow separation that occurs wherever a sur-
face discontinuity appears. Steps (i) — (iv) are iter-
atively computed, and in the case of transverse dunes,
the evolution of the dune field depends on the bound-
ary conditions (Schwämmle and Herrmann 2004).
For periodic boundary conditions, it was shown in
Schwämmle and Herrmann (2004) that the dunes in-
crease continuously in height though they keep their
average aspect ratio, thus comparison with real pro-
files are made taking simulation snapshots of similar
dune sizes as observed in the field.

For a dune with slip face, flow separation occurs
at the brink. The flow is divided into two parts by a
streamline connecting the brink with the ground at
the reattachment point. These streamlines define the
separation bubble, inside which eddies occur and the
flow is often re-circulating, and may present a com-
plex multi-directional pattern (Walker and Nickling
2002), whereas the averaged flow outside is laminar.
In the area of the separation bubble, we set the shear
stress equal to zero, and in our model no sand trans-
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port occurs in the bubble. The length of the separa-
tion bubble is thus of major importance for inter-dune
spacing.

4.2 Separation Bubble for closely spaced transverse
dunes

We observed in the field that the net interdune sand
flux in the wind direction was zero from the foot of
the upwind slip face up to the beginning of the wind-
ward side of the downwind dune. We found that the
horizontal distance between the brink of dunei and
the point at which the windward side of dunei + 1
begins, i.e.xi+1 − xbrink,i for the dunes in the mea-
sured field, is between 1.5 and 4 times the height of
dunei at its brink,Hbrink,i (see inset of fig. 13).

These interdune distances are not achievable with
the original model separation bubble. In our previous
work (Schwämmle and Herrmann 2004), the stream-
lines of the separation bubble were fitted by a third
order polynomial,f(x) = a3x

3 + a2x
2 + a1x + a0,

whose parameters were calculated from the continuity
conditions of the profileh(x) at the brink of the dune
and at the reattachment point, as well as ofdh/dx at
the brink. Moreover, the third order polynomial was
calculated in such a manner that the separation bub-
ble didn’t descend steeper than14◦ (Schwämmle and
Herrmann 2004). This leads to large values of the hor-
izontal distance from the brink up to the reattachment
point, xreat− xbrink being typically between 6 and 10
times the dune height. Our aim is to modify the orig-
inal separation bubble in order to capture the values
of interdune distance in the measured transverse dune
field.

As we can see in fig. 13, interdune spacing depends
strongly on the position of the brink relative to the
crest. Here, we plot the horizontal distances between
the dunes,∆i,i+1, measured from the foot of the slip
face of dunei to the beginning of the windward side
of dunei + 1, as a function of the distance between
the brink of dunei and the maximum of the parabola
in fig. 12. In other words, dunes that have the position
of the brink at the left (right) of the maximum of the
parabola (pointC) in fig. 12 are associated with a pro-
portionally larger (shorter) interdune spacing relative
to the corresponding downwind dune.

Parsons et al. (2004) have found lengths of 3 to
15h for the separation zone using CFD simulations,
whereh is the height of the transverse dune. How-
ever, they only studied sharp crested transverse dunes,
where the crest coincided with the brink. Simulations
and measurements of surface shear stress over trans-
verse dunes in a wind tunnel (Walker and Nickling
2003) have reported similar reattachment lengths for
such sharp crested dunes. In a recent work, the pro-

-20 -10 0 10 20 30 40

∆brink-crest,i (m)

0

10

20

∆ i, 
i+

1 (
m

)

0 2,5 5 7,5 10

Hbrink,i(m)

0

10

20

30

40

x i+
1−x

br
in

k,
i (

m
)

Dune 3

Dune 4

Dune 6

Dune 5 Dune 2

5 2

4
3

6

Figure 13. Main plot: Distance between the slip face foot of dune
i and the windward side foot of dunei + 1 as a function of the
distance measured between the brink and the maximum of the
parabola according to fig. 12. As we can see, the length of the
separation bubble appears to decrease linearly with∆brink−crest,i.
The inset shows the distancexi+1 − xbrink,i between the foot of
the windward side of dunei + 1 and the brink position of dune
i as a function of the height of dunei at the brink,Hbrink,i. The
dotted line in the inset represents the curvey = 4 × (Hbrink,i −
2.5), which is a guide to the eye meant to show that inter-dune
distances are below four times the dune height at the brink.

file of the wind over the transverse dunes studied
here has been calculated using FLUENT (Herrmann
et al. 2005). It was shown in this work that there is
in fact a strong dependence of the length of the sep-
aration bubble with the shape of the dune at its crest,
where dunes with a large crest-brink distance, i.e.
very round dunes, almost do not show recirculating
flow at their lee side. Moreover, McKenna Neuman et
al. (2000) have noticed differences in the behaviour
of the streamlines, flow expansion and deposition for
sharp crested dunes in relation to the rounded ones.

From the observations above, we conclude that the
length of the separation streamlines should depend
not only on the dune height at the brink, but also on
the crest-brink distance. We have observed in the field
that the inter-dune spacing decreases approximately
linearly with the distance∆brink−crestbetween the crest
and the brink (fig. 13). If the horizontal distance be-
tween brink and crest is described by a parabola
of the form Hcrest− Hbrink = k1∆

2
brink−crest, then in

a first approximation we could define the distance
from the crest to the reattachment point to follow
also a quadratic relationHcrest = k2(xreat− xcrest)

2.
We will use this relation to determine the point of
reattachmentxreat of the separation bubble,xreat =
√

Hcrest/k2 + xcrest. In order to give an insight into
the meaning of the parameterk2, we notice that for a
dune with height7 m at its crest, a value ofk2 = 0.02
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Figure 14. Profileh(x) of measured dune 3 with the modified
separation bubbles(x). The 3th order polinomial separation bub-
blef(x) is shown for comparison.

givesxreat− xcrest = 18 m, while k2 = 0.01 leads to
xreat− xcrest= 26 m.

Therefore we define a modified separation bubble
ass(x) = f(x) for xbrink < x < xcut and

s(x) = [f(x)− h(xreat)]×

{1− tanh [(x−R)/λc]}/2 + h(xreat), (1)

for xcut ≤ x < xreat, wheref(x) is the original sep-
aration bubble,xcut = xbrink + ζ(xreat− xbrink), R =
(xcut + xreat)/2, λc determines the slope of the stream-
lines at pointR, andζ is a parameter between 0 and
1, which determines the point at which the original
polynomial is multiplied by the functiontanh. The
lengths involved in the modified separation bubble are
schematically shown in fig. 14.

Equation (1) gives a shorter separation bubble than
the original function f(x). It keeps the slope of the
original separation bubble close to the brink, and
presents a steeper descent to the reattachment point.
We setk2 = 0.014, which gives a distance of 25 m
from the crest of dune 3 up to the reattachment point
at its lee side, andλc andζ are typically0.1 and0.9,
respectively.

In the next section, we present simulations of trans-
verse dune fields in two dimensions and compare the
results with the measured profile in fig. 9.

4.3 Results and discussion
Figures 15(a) to (f) show simulation snapshots of a
typical transverse dune field of 2 km length obtained
with our model. The values of the model parameters
are in accordance with Sauermann et al. (2001). The
wind shear velocity and its threshold value for sus-
tained saltation are respectively0.44 m/s and0.32
m/s, and we use a roughness lengthz0 between0.8
and3.0 mm (Parteli et al. 2006). For comparison, we
show in fig. 15(g) the measured profile. The mean
slope of the windward side in fig. 15(f) is between
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Figure 15. From (a) to (f) we show snapshots of the simulation
of a transverse dune field obtained from our two-dimensional
model. Model parameters are mentioned in Section 4. The shear
velocity u∗0 and its thresholdu∗t are respectively0.44m/s and
0.32m/s. For comparison, the measured profile is shown in (g).

0.065 and0.09, which are values close to the wind-
ward side inclination found in the measured field
(0.08− 0.12).

Furthermore, we see in fig. 15 that the distance
between crest and brink for the simulated transverse
dunes of similar heights varies strongly as in the case
of the measured dunes. This striking observation ap-
pears to be a consequence of the interaction between
transverse dunes in a field. Barchans behave more
like isolated dunes and exchange less sand than a
field of closely spaced transverse dunes. Schwämmle
and Herrmann (2004) have shown that the brink po-
sition of transverse dunes is in general closer to the
crest if the dune is downwind of another one. Such
sharp crested dunes with “triangular” cross section
are found in our simulations during the evolution of
the field, as shown in fig. 15(c). However, they appear
only when interacting with another dune like solitary
waves, a feature that can be illustrated comparing figs.
15(c) and (d). In order to investigate dune interaction
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in more detail, transverse dunes have to be studied
more as done recently for barchan dunes (Schwämmle
and Herrmann 2003).

Studies of the separation bubble ofisolatedtrans-
verse dunes have shown that the separation stream-
lines may be well described by an elliptical curve,
but still separation distances only larger than 4 times
the dune height were found, and no mention has been
made to closely spaced transverse dunes in a field.
Besides this, we report in the present work larger
crest-brink distances than the ones of the dunes stud-
ied in Schatz and Herrmann (2005). Simulations us-
ing our model with the separation bubble lengths cal-
culated in Schatz and Herrmann (2005) would yield
much more widely spaced transverse dunes than the
ones investigated here. An extension of this work to
transverse dune fields with dunes of different heights
and crest-brink distances could yield more precise
knowledge about the separation streamlines of closely
spaced dunes.

The typical dune shape found in our simulations is
the “rounded” one, i.e. where the brink is clearly dis-
tinguishable from the crest. Tsoar (1985) has shown
that the ‘rounded’ dunes are ‘more stable’ than the
‘triangular’ ones, since the sharp-crested shape expe-
riences strong flux at the brink. We have found such
peaks of sand flux when trying to simulate the evolu-
tion of ‘triangular’ transverse dunes with our model,
and we have seen that they lose this shape after some
iterations, becoming ‘round’. On the other hand, we
could not find dunes with the ‘triangular’ shape in
our simulations of dune fields, but those interacting
like solitary waves, as mentioned above. However, we
do not conclude from this that the measured sharp
crested dunes found in fig. 9 should be interacting
like solitary waves with their neighbours. We remark
that our model assumes lateral invariance, from which
the profile variations found for these dunes in the
y−direction, as we see in fig. 7(b), are not included.
Consequently, variations in the lateral shear stress are
not considered, which could influence the dune shape
at the brink. In spite of this limitation, the variable
crest-brink distances found in the field have been cap-
tured by the model.

The separation bubble in our model is the region
of zero flux downwind, which implies that the ob-
served interdune distances provide an upper bound
for the separation length. To use a longer bubble,
our model could be improved in order to capture
the complexity of the wind and flow in the bubble
(Walker and Nickling 2002; Wiggs 2001; Frank and
Kocurek 1996). Possibly, in this case, sharp crested
dunes could be found in simulations of closely spaced
transverse dunes.

The shape of coastal dunes like the ones investi-
gated here may be influenced by standing water and
vegetation in the interdune area, which could be rel-
evant to the lee face steepness and crest-brink sepa-
ration distances. Recently, an extension of our model
to simulate barchan dunes with vegetation has suc-
cessfully reproduced the observation that these dunes
transform into parabolic dunes (Durán et al. 2005), as
suggested in Tsoar and Blumberg (2002). The study
of coastal transverse dune field formation in the pres-
ence of vegetation and lagoons is the subject of fur-
ther work.

5 Conclusions

We have shown from aereal images and field ob-
servations that the genesis of the Lençóis Maran-
henses is found on fields of very small barchans close
to the beach. These barchans increase in size. Lat-
ter, barchanoids arise from barchans which join at
their horns. This process has been already noticed
by Gonçalves et al. (2003), who called barchanoids
“3D dunes”. As the sand availability increases, trans-
verse or “2D dunes” with more lateral invariance arise
(Gonçalves et al. 2003).

On the other hand, transverse dunes which develop
under conditions of high sand availability have been
called “transgressive dunes” (Hesp et al. 1989). We
have measured the height profile of a transgressive
dune field on the coast of the Lençóis near the village
of Atins/MA and compared the results with predic-
tions of a two-dimensional dune model (Schwämmle
and Herrmann 2004). The shape of transverse dunes
in the field was found to vary with their height in
a different way than in the case of barchan dunes.
The transverse dunes measured in the field are closely
spaced, and the interdune distance depends on the po-
sition of the dune brink relative to the crest. We used
this phenomenological observation to define a mod-
ified separation bubble in the original dune model
(Schwämmle and Herrmann 2004), thus allowing for
closely spaced dunes. Our model successfully repro-
duces the aspect ratio of the measured dunes, inter-
dune distances and the appearence of variable crest-
brink distance, assuming lateral invariance of the pro-
file, which allows considerable simplifications of the
model and simulations in two dimensions.

One aspect our model did not take into account
is the eventual role of standing water or vegeta-
tion. The three-dimensional simulation of the gen-
esis of the Lençóis Maranhenses, and the forma-
tion of barchanoids and transverse dunes from small
barchans is the subject of future work.
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henses and IBAMA/Brazil for useful informations
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