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Wind topographically forced by hills and sand dunes ac-
celerates on the upwind (stoss) slopes and reduces on the
downwind (lee) sides. This secondary wind regime, how-
ever, possesses a subtle effect, reported here for the first time
from field measurements of near-surface wind velocity over
a low dune: the wind velocity close to the surface reaches
its maximum upwind of the crest. Our field-measured data
show that this upwind phase shift of velocity with respect
to topography is found to be in quantitative agreement with
the prediction of hydrodynamical linear analysis for turbu-
lent flows with first order closures. This effect, together with
sand transport spatial relaxation, is at the origin of the dune
instability mechanism.

1. Introduction

Field studies of desert dune dynamics commonly focus
on investigating feedback mechanisms between topography,
windflow forcing, spatial and temporal dynamism in sand
flux, and resulting erosion/deposition at the surface [Lan-
caster at al. , 1996; Wiggs et al. , 1996; McKenna-Neuman
et al. | 1997; Baddock et al. | 2011; Wiggs and Weaver |,
2012]. Such studies have endeavoured to model the contem-
porary mechanics of simple dune shapes (with an emphasis
on barchanoid forms) from fluid mechanics principles. How-
ever, progress in our understanding has been hampered by
measurement complications resulting from the distortion of
flow due to velocity acceleration and the practical difficulty
of measuring shear velocity u. within the near-surface inner-
layer [Jackson and Hunt , 1975] where changes in shear stress
are assumed to be significant for sand flux [Livingstone et
al. , 2007]. Further, there is the conceptual difficulty in
applying linear fluid mechanics analysis (Jackson and Hunt
[1975]; Sykes [1980]; Hunt et al. [1988], see also review
by Belcher and Hunt [1998]) to dune topographies that are
relatively steep and incorporate a brink. Such topography
forces flow separation and generates turbulent fields that lie
beyond the strict applicability of the linear theory [Richards
and Taylor , 1981; Buckles et al. , 1984; Finnigan et al. ,
1990; Henn and Sykes , 1999; Zilker and Hanratty , 1979).

In contrast, modellers have approached the question of
dune dynamics from the perspective of theoretical physics,
with identification and description of the different physical
ingredients necessary to reproduce dunes of different shapes
[Kroy et al. , 2002; Hersen , 2004; Kroy et al. , 2005; Durdn
et al. , 2010]. Research on the linear stability analysis of a
flat sand bed submitted to a constant wind [Andreotti et al.
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, 2002; Elbelrhiti et al. , 2005; Claudin and Andreotti , 2006;
Narteau et al. , 2009] has revealed the importance of two
key mechanisms that must occur in the case of flow over to-
pography. These are, (i) the upwind phase shift of the point
of maximum basal shear stress with respect to dune topog-
raphy and, (ii) the spatial lag in sand transport response
to changing shear stress (termed ‘saturation length’ Lgat,
Sauermann et al. [2001]; Andreotti et al. [2002]). These
theoretical approaches are similar to those employed in sub-
aqueous research on ripples and dunes [Kennedy , 1963; En-
gelund , 1970; Fredsge , 1974; Engelund and Fredsge , 1982;
Richards , 1980; McLean , 1990; Colombini , 2004; Fourriere
et al. , 2010].

The advantage garnered by the analytical modelling ap-
proach is that research effort is directed towards the initi-
ation of dunes from flat surfaces, rather than toward un-
derstanding the mechanics of existing dune morphologies,
as is the case with the geomorphological field studies. In
this way, the modelling approach stays within the applica-
ble limits of the linear theory, at least in the initial stages
of dune development. The two key mechanisms of the up-
wind phase shift in velocity and the spatial sand flux lag
have been largely overlooked in geomorphological field stud-
ies which have focussed on mature dune forms, which do
not conform to the linear analysis. Further, geomorpholog-
ical field studies have tended to focus on the measurement
of broad windflow patterns at the dune-scale (establishing
flow acceleration patterns, for example) rather than the sub-
tle intricacies of the sub-metre scales of the hydrodynamic
phase shift and sand flux lag.

A single wind tunnel investigation has suggested that the
sand flux lag is of the order of a meter [Andreotti et al.
, 2010] but there is no measured value available for the
hydrodynamic phase shift of basal shear stress in the ae-
olian case. Some measurements are available in the sub-
aqueous environment from flumes (e.g. Frederick and Han-
ratty [1988]; Zilker et al. [1977]) although these are in
the transitional regime between laminar and turbulent flow.
Numerical calculations of the phase shift are also in this
transitional regime [de Angelis et al. , 1997; Cherukat et
al. , 1998; Salvetti et al. , 2001; Yoon et al. , 2009]. Only
one in-direct measurement of basal shear stress (established
from velocity data) is available in the fully turbulent regime
but this is also derived from the subaqueous environment
[Poggi et al. , 2007]. Data investigating the structure of the
flow over topography are available for the aeolian environ-
ment but these are all restricted to the non-linear regime
(eg. Taylor et al. [1987]; Gong and Ibbetson [1989]; Gong
et al. [1996]; Finnigan et al. [1990]).

In this letter we present the first field evidence of the exis-
tence of the phase shift of the point of maximum wind speed
upwind of a dune crest. The experiment is carried out on a
low dune with a dome topography in order to remain within
the linear regime but in fully turbulent conditions. Together
with data on the spatial relaxation of sand transport in re-
sponse to wind velocity variations (Lgas) our measurements
substantiate these key controls at the origin of the dune in-
stability and initiation mechanism.



2. Field site and data collection

Our study dune was a 1.5 m high and 30 m long dome
dune located on the western edge of the erg Oriental near
Merzouga, eastern Morocco (31°03.103 N, 04°00.133 W).
The study dune was to the south of a large star dune com-
plex [Benalla et al. , 2003] and the surrounding landscape
consisted of low, flat sand surfaces which were dry and de-
void of vegetation. The dune sand had an average parti-
cle size of 310 microns as determined by laser granulometry
with the upwind surface consisting of poorly sorted gravel in
a sand matrix (grain size is mostly distributed in the range
200-500 microns).

We established 15 measurement sites along the centre-line
of the dune parallel to a wind blowing from a compass bear-
ing of 74° between 10.00 hrs and 14.00 hrs on 23/4/2011.
In order to capture the subtle variations in velocity that
we were expecting in the crest area of the dune, sites here
were established at 0.5 m intervals whereas sites on both
the extreme upwind and downwind flanks of the dune were
established at between 1 and 8 m intervals. The topography
of the centre-line of the dune was surveyed using standard
levelling techniques to an accuracy of approximately 1 cm
with surveyed points coinciding with the established mea-
surement sites.

At each site small brochette sticks were inserted verti-
cally into the sand to act as erosion pins with the height of
exposed pin measured both at the beginning and end of the
experiment with a tape measure. These measurements pro-
vided data on the amount of erosion or deposition evident on
the dune surface during the 4 hours of the experiment and,
when integrated over the distance between pins, provided
an assessment of sand flux.

Two anemometer arrays were deployed, each consisting
of 3 switching cup anemometers (Vector A-100R; accuracy
0.1 m/s, distance constant 2.3 m) at heights of 0.11 m,
0.30 m and 0.50 m. These heights were chosen to coincide
with the airflow zones within, at and above the calculated
inner-layer depth (see Section 3 below). Each anemometer
array was sampled every 30 s with data recorded by Camp-
bell CR10X dataloggers. In analysis the velocity data were
averaged over a 10 minute period. These measurements pro-
vided data at the relevant timescales of turbulence both at
the dune scale (30 s) and at the atmospheric scale (10 min)
capturing the lower frequency turbulent structures in the
boundary layer [Durédn et al. , 2011].

A reference site was established at the crest of the dune
at which an anemometer array was permanently stationed
throughout the duration of the experiment. During the 4
hrs of the experiment the wind conditions at the reference
site at a height of 0.5 m peaked at 12.1 m/s with an average
of 7.7 m/s. The second (mobile) array was erected at each
measurement site in turn for a period of 10 minutes. Wind
velocity data gained from the mobile array were then nor-
malised by data measured at the same height and time at
the reference array, denoted Uy, U, and U; from bottom to
top respectively.

3. Results and analysis

The elevation profile of the dune on which wind velocity
and erosion rates were measured is shown in Fig. 1. Al-
though the entire surface profile is not sinusoidal, for the
sake of simplicity the shape of the dune itself can be ap-
proximated by

Z(x) = Zyet + ¢ cos(kx), (1)
where x = 0 is the position of the dune crest. The arbi-
trary reference level Z.or is here chosen such that Z = 0 at
the upstream foot of the dune. Fitting this function to the
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Figure 1. Dune elevation profile Z(z).
ing from left to right (arrow). Symbols: measured data.

Thick solid line: sinusoidal fit (Eq. 1). Several vertical
lines are displayed for reference in all figures. Solid line:
position of dune crest (z = 0). Dashed line: position of
maximum velocity close to the surface (see Fig. 2). Dot-
ted line: position of vanishing erosion rate (see Fig. 4).

data gives an effective wavenumber k£ ~ 0.14 m™* (ie. a

wavelength A = 27 /k ~ 46 m) and an amplitude ¢ ~ 1.1 m.
The dune aspect ratio 2¢/\ ~ 0.05 means the topography
is at approximately the upper limit for the hydrodynamical
linear regime to be valid. The thinkness of the inner layer ¢

of the dune can be estimated with [Taylor et al. , 1987]:
L1 50
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k =~ 0.4 is the von Kdrman constant. The hydrodynamical
roughness zop, due to the presence of a transport layer or of
aeolian ripples, is typically on the order of a fraction of a
millimeter. As a consequence, the thickness ¢ for a dune of
this size (A ~ 46 m) is expected to be in the range 15-20 cm.
We display in Fig. 2 the longitudinal profile of the rel-
ative wind velocity measured with the bottom anemometer
at 11 centimeters above the surface wuy /Uy, i.e. within the
inner layer. Consistently, with the linear analysis, this pro-
file can also be fitted by a sinusoidal function of the same
wave number k as for the dune elevation, i.e. of the form:

up(x) = uh + Sup cos(ka + @p). (3)

Importantly, Z and u; are not in phase: the velocity reaches
its maximum upstream of the crest. Here the phase differ-
ence is pp ~ 0.43, i.e. around 26°, or pp/k ~ 3.2 m upwind
(vertical dashed lines in figures). The two other fitting pa-
rameters are uj) /U, ~ 0.8 and duy,/uf) ~ 0.27.

Assuming that the logarithmic law of the wall locally
holds in the inner layer at each position x, the velocity can
then be used as a proxy to calculate the basal shear stress
with 7, o pjui, where p; is the density of the air. At the
linear order, we can write:

Tp(x) x pf(ub) [1 + k¢ (Acos(kz) — Bsin(kz))], (4)

where A and B are given by

and B—26

o (5)
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Figure 2. Longitudinal profile of the wind velocity wy
at 11 cm above the surface. Symbols: measured data.
Thick solid line: sinusoidal fit (Eq. 3). Vertical reference
lines: same legend as in Fig. 1. In particular, the position
at which the fitted line is maximum is marked with the
dashed line. At the bottom: sketch of the dune topogra-
phy (dark grey) and of the inner layer (light grey) within
which the anemometer was located in this case.

Expression (4) is formally very general, while (5) is specific
to the approximation used here to relate 7, to u,. In fact,
since sediment transport is controlled by the basal shear
stress, these two parameters A and B are all what is needed
as hydrodynamical inputs in bedform models, and are there-
fore of fundamental importance for the understanding of the
dune instability mechanism.

With the different values of the parameters deduced from
the fitting of the elevation and velocity profiles, we numer-
ically get A ~ 3.4+ 0.4 and B ~ 1.55 £+ 0.05. Error bars
result from the account of uncertainty in the determination
of these parameters, and of the selected wavenumber k in
particular. These values can be compared to linear theories
that make predictions for 7,. They can be computed in the
case of a semi-infinite turbulent flow over a wavy surface,
with a first order turbulent closure on the mixing length
L of the rough type L = k(z + z0), where z is the verti-
cal distance to the surface [Fourriére et al. , 2010]. A and
B are then found to be very weak (logarithmic) functions
of kzo. In our case, kzo is in the range 107571074, which
gives A >~ 4 and B ~ 2, i.e. close to our measured values.
Besides, Ayotte et al. [1994] have shown that the predic-
tion of the basal shear stress is very robust with respect to
the (arbitrary) choice of the turbulent closure. Notice that
non-linearities are expected to reduce this shift.

We now focus on the effect of the vertical distance from
the surface at which velocity is measured. In Fig. 3, we dis-
play the profile of the wind velocity measured with the up-
per anemometer located at 50 centimeters above the surface
(ut). In contrast with the bottom profile u; which is phase
advanced with respect to the topography, the top one u; has
a small downwind phase shift (p: ~ —5°, or 0.6 m down-
wind). The velocity profile from the middle anemometer
U, is intermediate (not shown), with no detectable phase
shift. The top anemometer is clearly located in the outer
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Figure 3. Longitudinal profile of the wind velocity u:
at 50 cm above the surface, i.e. above the inner layer.
Symbols: measured data. Thick solid line: sinusoidal fit.
Vertical reference lines: same legend as in Fig. 1.
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Figure 4. Longitudinal profile of the erosion rate 0;Z.
Symbols: data measured with erosion pins. Thick solid
line: sinusoidal fit. Vertical reference lines: same legend
as in Fig. 1. In particular, the position at which the fitted
line vanishes is marked with the dotted line.

layer, where the dominant hydrodynamical mechanisms at
work are different from those in the inner layer. In par-
ticular, rapid distortion and streamline curvature become
important, and anisotropic second order turbulent closures
are necessary to describe the flow in this region [Ayotte et
al. , 1994; Finnigan et al. , 1990]. This slight phase delay in
the outer layer is related to the lag between production and
dissipation of turbulent fluctuations [Weng et al. , 1991;



Wiggs et al. , 1996; van Boxel et al.
Nickling , 2003].

Measured data for the erosion rate during the experiment
are shown in Fig. 4. In accordance with the linear analy-
sis, we expect this profile to have longitudinal variations
as sin(kx + ¢4). Erosion rate and (volumetric) sand flux
q(x) are related through the matter conservation equation
as Ot Z + 0.q = 0. The position at which 9;Z vanishes then
corresponds to the flux maximum. Here we find ¢, ~ 10°
(or 1.2 m upwind, vertical dotted lines in figures), i.e. the
maximum in sand flux is phase advanced to topography, but
not to such a degree as velocity.

The reason why sediment flux is delayed with respect to
the velocity is that sand transport does not adjust instan-
taneously to changes in shear stress: ¢ relaxes towards its
equilibrium value gsat over a spatial scale Lgat, the so-called
saturation length [Sauermann et al. , 2001; Andreotti et al.
, 2002; Andreotti , 2004; Andreotti et al. , 2010]. These data
then allow us to give an indirect estimate of Lga¢. Follow-
ing our previous studies [Andreotti et al. , 2002; Elbelrhiti
et al. , 2005; Claudin and Andreotti , 2006; Andreotti et
al. , 2010], we assume for this purpose an exponential be-
havior for this relaxation and a transport law of the form
Gsat = X (7o — Ttn), where 7y is the shear threshold for trans-
port and x a dimensionful constant. We then get:

, 1999; Walker and

B — Atan pq

:A—FBtaanq' (©6)

FLear = tan(ps — @q)

With the above values of A, B and k, we compute Lgas =~
2 m. Taking into account the fact that the shear threshold
depends on the bed slope as 7, = 7,(1 + 0.Z/p), where
u =~ 0.6 is the avalanchtoa slope, Eq. 6 is modified with B re-

placed by B, = B — i% Here we take 73, /70 ~ (u, /u)?,

a ratio estimated around 0.4 during our experiment, i.e.
By, ~ 0.9. This leads to Lsat ~ 0.7 m. Previous direct
measurements of the saturation length performed by An-
dreotti et al. [2010] gave Lgsaz ~ 0.55 £ 0.1 m for grains
of diameter d ~ 120 pym (wind tunnel experiments), and
Lgat ~ 1+ 0.2 m for grains of diameter d ~ 185 pm (field
experiments). Here, as d ~ 310 pm and since the saturation
length is expected to be proportional to the grain size, the
range into which this indirect estimate falls is fair, given the
relatively low spatial resolution (0.5 m at most) with which
the erosion rate profile was measured.

4. Conclusions

Our data give the first field evidence of the upwind phase
shift of velocity close to the surface with respect to to-
pography. Importantly, this shift is only observed when
the velocity is measured in the inner layer: it vanishes
and even changes sign (velocity maximum downwind of the
dune crest) when the measurement is undertaken at greater
heights above the surface. The value of this upwind phase-
shift is, furthermore, in quantitative agreement with the pre-
diction of the hydrodynamical linear analysis with first order
closures for turbulent flows. In conclusion, the two ingredi-
ents of the dune instability mechanism, namely (i) the up-
wind phase-shift of the basal shear stress with respect to
the topography and (ii) the spatial lag Lsas of sand trans-
port with respect to this stress [Andreotti et al. , 2010], are
now both experimentally validated.

These results are based on measurements undertaken on
a single dune. More data are required on differing dune sizes
and mean wind velocities. As for the erosion rate, a better
space resolution and a longer time integration is needed to
gain precision in the indirect estimate of Lgat.

Previous field tests of the predictions of Jackson and Hunt
[1975] have been performed on large hills [Taylor et al. |,

1987], making the entire longitudinal profile of the velocity
close to the surface difficult to record. As a result, only the
overall speed-up and the general structure of the wind flow
has been assessed. In the other extreme, wind tunnel studies
on decimeter-scale bumps do not allow access to the inner
layer, which is too small. Here we have illustrated that dunes
provide good intermediate topographies over which turbu-
lent predictions can be tested in detail. Besides, although
the wind flow is influenced by sediment transport, in partic-
ular due to an increase of the aerodynamical roughness, the
sandy surface of dunes is more uniform and idealized than
that of vegetated environments.
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