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a b s t r a c t

The dune skeleton model is a reduced model to describe the formation process and dynamics of character-
istic types of dunes emerging under unidirectional steady wind. Using this model, we study the depen-
dency of the morphodynamics of transverse dunes on the initial random perturbations and the lateral
field size. It was found that (i) an increase of the lateral field size destabilizes the transverse dune to cause
deformation of a barchan, (ii) the initial random perturbations decay with time by the power function
until a certain time; thereafter, the dune shapes change into three phases according to the amount of
sand and sand diffusion coefficient, and (iii) the duration time, until the transverse dune is broken,
increases exponentially with increasing the amount of sand and sand diffusion coefficient. Moreover,
under the condition without the sand supply from windward ground, the destabilization of transverse
dune in this model qualitatively corresponds to the subaqueous dunes in water tank experiments.

� 2012 Elsevier B.V. All rights reserved.

1. Introduction

Erosion due to wind sculpts deserts on Earth and surfaces on
Mars, Titan into sand dunes such as barchan, transverse, longitu-
dinal, star-shaped, and dome-shaped (McKee, 1979; Cooke et al.,
1993; Bourke and Goudie, 2009; Rubin and Hesp, 2009; Bridges
et al., 2012). As the dominant factors dictating several dune
shapes, the steadiness of wind direction and the amount of avail-
able sand in each dune field are known (Livingstone and Warren,
1996). For example, a unidirectional wind generates barchans of a
crescent-shaped or transverse dunes extending perpendicular to
the wind direction depending on the amount of available sand,
whereas a bidirectional wind generates longitudinal dunes
extending parallel to the sum of two wind directional vectors.
Additionally, a multidirectional wind generates star dunes con-
sisting of multiple crest lines extending from the top to several
directions.

As one of remarkable subject in dune studies, the stability of
transverse dunes has remained to be an open issue for both geo-
morphology and geophysics. In rescaled water tank experiments,
an isolated transverse dune was shown unstable and deformed
into a set of barchans as the end-stage (Hersen et al., 2002; Endo
et al., 2005; Groh et al., 2008; Reffet et al., 2010). Also, computer
models have reproduced the qualitative and quantitative morpho-
dynamics similar to subaqueous dunes (Nishimori et al., 1993,

1998; Werner, 1995; Kroy et al., 2002; Durán et al., 2005; Zhang
et al., 2010; Katsuki et al., 2011). Recently, theoretical approaches
for the stability of transverse dunes have been conducted by the
methodology considered the mass conservation of sand and the
sand flows on dunes (Niiya et al., 2010, 2012; Parteli et al., 2011;
Melo et al., 2012). Especially, Niiya et al. consider the dynamics
of a dune as a combination of two-dimensional cross sections
(hereafter, 2D-CSs) parallel to the wind direction and proposed
the dune skeleton model (hereafter, DS model) consisting of coupled
ordinary differential equations. This model is based on several
assumptions used in the previous analytical model named ‘‘aeo-
lian/aqueous barchan collision dynamical equations (ABCDE)’’ by
Katsuki and Nishimori. ABCDE is able to describe the collision
dynamics of two 3D barchans focusing on the central 2D-CS of
barchans (Katsuki et al., 2005; Nishimori et al., 2009).

So far, the DS model has successfully reproduced three typical
shapes of dunes, straight transverse dune, wavy transverse dune,
and barchan, depending on the amount of available sand and
wind strength (Niiya et al., 2010). Moreover, the reduced DS mod-
el, which is a further simplified DS model with a two-variable or-
dinary differential equation, enabled the elucidation of the
mechanism of transition between different dune shapes using a
bifurcation analysis (Niiya et al., 2012). However, in these previ-
ous studies, the initial condition was given as a sinusoidal curve
with small amplitude and single-wavelength. Thus, the stability
of dunes against random perturbations is yet to be identified. In
this study, we investigate the effect of initial perturbations on
the stability of transverse dunes, and the field size effect on the
stability is also studied.

1875-9637/$ - see front matter � 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.aeolia.2012.08.008

⇑ Corresponding author. Address: 1-3-1, Kagamiyama, Higashi-Hiroshima 739-
8526, Japan. Tel.: +81 82 424 7326; fax: +81 82 424 7327.

E-mail address: hiro-niiya@hiroshima-u.ac.jp (H. Niiya).

Aeolian Research 9 (2013) 63–68

Contents lists available at SciVerse ScienceDirect

Aeolian Research

journal homepage: www.elsevier .com/locate /aeol ia

http://dx.doi.org/10.1016/j.aeolia.2012.08.008
mailto:hiro-niiya@hiroshima-u.ac.jp
http://dx.doi.org/10.1016/j.aeolia.2012.08.008
http://www.sciencedirect.com/science/journal/18759637
http://www.elsevier.com/locate/aeolia


2. Dune skeleton model

The DS model covers the formation processes of barchans and
transverse dunes, both of which are generated under a unidirec-
tional steady wind. This model is roughly based on three consider-
ations. First, the dunes consist of 2D-CSs as mentioned in the
previous section. Second, a lateral distance between neighboring
2D-CSs is set constant. Third, a combination of two forms of sand
movement, intra-sand movement within each 2D-CS and inter-
sand movement between neighboring 2D-CSs, is considered to
govern the macroscopic morphodynamics of dunes.

3D barchans are isolated on hard ground in both wind and lat-
eral directions, whereas 3D transverse dunes are not isolated be-
cause they extend in the lateral direction. However, in the wind
direction, the laterally extending 3D transverse dunes are assumed
to be separated by inter-dune hard ground. In addition, considering
the observation that the 2D-CSs of barchans and transverse dunes
very roughly show a scale-invariant triangular shape, we assume
that the angles of their upwind and downwind slopes (h and u,
respectively as shown in Fig. 1) are maintained constant through
their migration, irrespective of their size. From these assumptions,
the horizontal (i.e., wind directional) position and the height of
each 2D-CS are uniquely determined if only the coordinate (x,h)
of its crest is given. Moreover, the empirical geometrical constants
A, B, and C are introduced as

A ¼ tan h tanu
tan hþ tan u

; B ¼ tan u
tan hþ tan u

; C ¼ tan h
tan hþ tan u

;

where A, B, and C are set to 1/10, 4/5, and 1/5, respectively, reflect-
ing the typical 2D-CS profiles of real barchans and transverse dunes.

As mentioned above, sand flow is classified into two forms: (a)
the intra-2D-CS flow and (b) the inter-2D-CS flow. The intra-2D-CS
flow along the upwind slope is uniquely determined if the over-
crest sand flux q and the incoming sand flux from the windward
ground fin are given (Fig. 1). The over-crest sand flux q determines
the erosion rate of the 2D-CS’s upwind slope and the over-crest
blown sand deposits along the downwind slope or directly escapes
to the leeward inter-dune ground. The deposition ratio TE of the
over-crest sand along the downwind slope is assumed as an
increasing function of height of the specific form

TEðhÞ ¼
h

1:0þ h
: ð1Þ

Note that TE(h) is termed as the sand trapping efficiency (Momiji and
Warren, 2000) and Eq. (1) roughly represents the case of typical
shear velocity u⁄ = 0.4 m s�1 at the dune crest, where h is the height
in a meter unit. The quantity of q reflects the over-dune wind
strength; here, we assume q, where 0.1 6 q 6 1.0, to be constant
in each desert field, independent of the 2D-CS’s height. In addition,
all of the incoming sand flux from the windward ground, fin, depos-
its on the upwind slope of dunes.

The inter-2D-CS flow Ju(i?j)/Jd(j?i) occurs only between the up-
wind/downwind slopes of the neighboring 2D-CSs, i and j (Fig. 2).
Locally, most of the lateral sand transport is determined by the
height difference between neighboring 2D-CS’s slopes. Therefore,
we assume that the total flux is the sum of local sand transport
from the slope’s foot to the 2D-CS’s crest. Namely, the flux is
roughly considered as the lateral diffusion depending on the height
difference, though the consideration of the overlap length of slopes
causes a nonlinearity in the present form of the inter-2D-CS flux.
The specific forms of Ju(i?j) and Jd(j?i) are

Juði!jÞ ¼
DuB

2ADw2 h2
i � hj � A

B ðxj � xiÞ
� �2

n o
xj � xi > 0

DuB
2ADw2 hi þ A

B ðxj � xiÞ
� �2 � h2

j

n o
xj � xi 6 0;

8><
>: ð2aÞ

Jdðj!iÞ ¼
DdC

2ADw2 h2
j � hi � A

C ðxj � xiÞ
� �2

n o
xj � xi > 0

DdC
2ADw2 hj þ A

C ðxj � xiÞ
� �2 � h2

i

n o
xj � xi 6 0;

8><
>: ð2bÞ

where Dw, set as Dw = 1 hereafter, is the lateral interval between
neighboring 2D-CSs. These quantities correspond to the colored
areas in Fig. 2 multiplied by diffusion coefficients. Here, the upwind
and downwind diffusion coefficients (Du and Dd, respectively) con-
trol the amount of inter-2D-CS sand flow on the respective sides of
the slopes and reflect the over-dune wind strength.

With consideration of the above intra- and inter-sand flows, the
dynamics of the coordinates (xi,hi)(i = 1, . . . ,N) of the 2D-CS’s crest
are given as a system of coupled ordinary differential equations
(Niiya et al., 2010, 2012):

dxi

dt
¼ 1

hi
qðBTEðhiÞ þ CÞ þ

X
j¼i�1

ðBJdðj!iÞ þ CJuði!jÞÞ � Cf in
i

" #
; ð3aÞ

dhi

dt
¼ A

hi
qðTEðhiÞ � 1Þ þ

X
j¼i�1

ðJdðj!iÞ � Juði!jÞÞ þ f in
i

" #
: ð3bÞ

We also introduce the annihilation rule of the 2D-CSs at the lat-
eral edges of a dune; this rule is required to simulate the shrinking
process of dunes. This rule is applied in the cases where hi is lower
than 0 by the escaping of sand from ith 2D-CS (Fig. 3(a)) or where
the overlap between the 2D-CS at the edge and its neighbor van-
ishes (Fig. 3(b)). If the annihilation rule is applied to ith 2D-CS,
we consider that the state of ith lane gets corresponding to the ex-
posed state of ground, that is, ith 2D-CS is taken out of the calcula-
tion though the virtual crest of height zero is fixed at the foot of
downwind slope as

hi ¼ 0; xi ¼max
j¼i�1

xj þ
C
A

hj

� �
:

In order to compare the results obtained from DS model with the
real desert dunes, we estimate the value of q, Du, and Dd in physical
units on the basis of the observed data in real dune fields. The
migration velocity of single 2D-CS in our model is assumed as

Fig. 1. Intra-2D-CS sand flow. The over-crest sand flux q and sand trapping efficiency
TE govern the intra-2D-CS flow. The green solid and dashed lines indicate sand
deposition on the downwind slope and escaping sand to the leeward ground,
respectively. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 2. Inter-2D-CS sand flow Ju (upwind) and Jd (downwind). Both the red and blue
arrows indicate local sand transport depending on the height difference. The red
and blue areas correspond to Ju and Jd, respectively, by summing the local sand
transport from the slope’s foot to the 2D-CS’s crest. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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