
Marine and River Dune Dynamics – MARID VII – 3-5 April 2023 - Rennes, France 

 

183 

 

 

1 INTRODUCTION 

Turbulent flows over large bedforms are 
difficult to compute with fidelity (Smyth 
2016). Most efforts have focused on 
improving the size and resolution of 
numerical simulations, by scaling-up the 
domain of methods such as Large-Eddy-
Simulations (LES) (Stoll & Porté-Agel 2006, 
Omidyeganeh & Piomelli 2013, Fang & 
Porté-Agel 2016, Liu et al. 2019, Hardy et al. 
2021, Zheng et al. 2021, Jin et al. 2021), 
Reynolds-Averaged Navier-Stokes (RANS) 
(Jin et al.  2021, Lane et al. 2004, Lefebvre et 
al. 2014, Michelsen et al. 2015), or methods 
coupling morphodynamics with a fluid 
mechanics solver such as Lattice methods 
(Narteau et al. 2019, Lü et al. 2018, Zhang et 
al. 2022), LES or RANS (Sotiropoulos & 
Khosronejad 2016). 

However, less attention has been paid to 
verifying boundary conditions at the surface 
on the geophysical scale. As suggested by 
Launder and Spalding (1974), most models 
adopt a condition that relates shear stress τ0 = 

ρ u*2 on the surface to velocity in the next 
grid cell aloft, as prescribed by the profile in 
the core of the turbulent boundary layer, 

���� = �∗
�   ln �

�
��       �1� 

where u* is the shear velocity, z is elevation 
above the surface, ρ is the fluid density, 
κ=0.41 is von Kármán’s constant, and z0 is an 
effective aerodynamic roughness. In fluvial 
environments, the Chézy condition (Lefebvre 
et al. 2004, D’Ippolito et al. 2021) amounts to 
a similar prescription. If the domain is small 
enough that the solver can resolve the viscous 
sublayer explicitly, for example on sand 
ripples (Jin et al. 2022) or in laboratory-scale 
bedforms in flumes (Omidyeganeh & 
Piomelli 2013), then a no-slip condition u = 0 
may instead be imposed at z = 0. However, 
the required space discretization is, for the 
capabilities of current machines, too fine to 
handle large objects such as desert or 
submarine dunes. 

Meanwhile, Eq. 1 alone does not account 
for the role of the inertial inner layer that 
Jackson and Hunt (1975) discovered. These 
authors showed that, over a low hill, gas 

Anomalous evolution of aerodynamic roughness and shear velocity 
on large flows 

M.Y. Louge, Mechanical Engineering, Cornell University, Ithaca, NY, USA – MYL3@cornell.edu 

A. Valance, Institut de Physique de Rennes, Université de Rennes, Rennes, France 

J. Fang, Ecole Polytechnique Fédérale de Lausanne, Lausanne, Switzerland 
S. Harnett, Mechanical Engineering, Cornell University, Ithaca, NY, USA 
F. Porté-Angel, Ecole Polytechnique Fédérale de Lausanne, Lausanne, Switzerland 
P. Chasle, Institut de Physique de Rennes, Université de Rennes, Rennes, France 
 

ABSTRACT: We recorded aerodynamic roughness and shear velocity along transects on and around 
crescent-shaped barchan dunes of 4.5 m and 27 m height in the Qatar desert. The data revealed 
unexpected evolution of aerodynamic roughness from very large on the desert floor to much lower than 
the prescription of Nikuradse (1933) for a smooth surface. While qualitatively conforming to the 
predictions of Jackson and Hunt (1975), the shear velocity also exhibited an anomalously high value at 
the slope discontinuity between the upwind and avalanche faces. These measurements call into question 
the formulation of boundary conditions in numerical simulations over evolving bedforms, whether they 
are designed for aeolian or marine experiments. 



Marine and River Dune Dynamics – MARID VII – 3-5 April 2023 - Rennes, France 

 

184 

 

inertia compels the maximum shear stress to 
arise upstream of the maximum speed at the 
hill crest. Unfortunately, because numerical 
simulations rarely resolve the thickness of 
this inner layer, they cannot capture this 
important effect, which contributes to dune 
inception (Kroy et al. 2002). 

Another common situation is to find dunes 
surrounded by a flat desert floor covered with 
stones. For instance, in our field of barchans, 
sands of 351 μm mean diameter were 
surrounded by rocks of decimetric size 
(Louge et al. 2013), thereby creating a sharp 
discontinuity in geometrical surface 
roughness. While it is possible to simulate a 
complicated rugged bedform topography on 
the size of flume experiments (Hardy et al. 
2021), such endeavor is not feasible in the 
field. Instead, to handle geophysical scales in 
such meteorological situations as wind 
transitioning from the ocean to a coastal 
forest, Walmsley et al (1986) incorporated an 
evolution of geometrical roughness within 
the framework of Jackson and Hunt (1975). 

In general, one implicitly assumes that 
aerodynamic roughness z0 is related to its 
geometrical counterpart. For turbulent flows 
in smooth pipes, reconciling Eq. 1 with the 
universal turbulent core profile in wall units 
yields an effective aerodynamic ‘roughness’ 
satisfying  

  ln ��
∗��
�  = −�� �     �2� 

where au=5.1 and ν is the kinematic fluid 
viscosity. However, as u* rises with pipe 
Reynolds number, Nikuradse (1933) showed 
that the Darcy friction factor reaches an 
asymptote that becomes invariant with u*, 
but that now depends on the geometrical size 
of wall roughness. By integrating the velocity 
profile in Eq. 1 for internal turbulent flows in 
pipes, one can recover the measured Darcy 
friction coefficient and, reconciling it with 
the asymptotic data of Nikuradse (1933) for 
internal pipe wall roughened with sand of 
diameter d, extract the classical effective 
aerodynamic roughness at high u*, 

 �� ≃ �
�     �3� 

where ω≃33. This expression, which 
captures the limit of large roughness or large 
Reynolds number, now explicitly involves a 
geometrical characterization of surface 
bumps. Assuming a universal character of 
wall-bound turbulence, it is commonly 
adopted even for external flows that do not 
resemble Nikuradse’s pipes, for example on 
the surface of sand dunes at sufficiently large 
u∗ (Andreotti et al. 2002). However, as the 
next section shows, we found instances 
where aerodynamic roughness is 
considerably smaller than what Eqs. 2 or 3 
suggest. 

 
2 FIELD EXPERIMENTS 

We measured shear velocity and 
aerodynamic roughness by positioning triads 
of ultrasonic anemometers to penetrate the 
inertial inner layer described by Jackson and 
Hunt (1975). All measured profiles closely 
conformed to the log-law for the core of 
turbulent boundary layers. As Fig. 1 
illustrates, shear velocity first decreased, then 
recovered as air climbed on the small dune 
along a centerline transect, with a local 
maximum ahead of the crest as Jackson and 
Hunt (1975) predicted. 

 

 
Figure 1: Shear velocity relative u* to its value at the 
crest ur* along the transect on the centerline of a 
barchan dune of 4.5 m height. 

 
At odds with existing models of the 

downstream dune wake (Kroy et al. 2002), an 
anomalous peak of shear velocity arose on 
the dune centerline at the brink. By forsaking 
descriptions of the wake as a bubble bound 
by a solidified streamline (Kroy et al. 2002), 
our direct application of the theory of Jackson 
and Hunt (1975) to the actual dune shape, 
including its discontinuous slope at the brink, 
suggested the origin of such anomaly (Louge 
et al. 2023). 
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We also recorded the evolution of 
aerodynamic roughness along the same 
transect, from its high value on the rough 
desert floor to lower ones on the dune and its 
wake. To question whether the Nikuradse 
(1993) formulation remained valid, we 
referred aerodynamic roughness to its 
asymptotic geometrically-rough limit in Eq. 
3 and defined ln z0† = ln(z0 ω /d). If, as is 
often expected, ln z0 cannot fall below its 
asymptotic value ln(d/ω) at large shear 
velocity, then one should always observe  
ln z0†>0. However, as Fig. 2 shows, there are 
locations near the dune’s upstream toe where 
this inequality is not met. 

 

 
Figure 2: Log of the aerodynamic roughness relative 
to its value at high u*, ln z0†= ln(z0 ω /d), vs distance 
along the transect of Fig. 1. 
 

Figure 3 confirms these observations 
along a similar transect on the larger dune of 
27 m height. There, we also observed a peak 
of shear velocity at the brink, as well as 
sharply negative ln z0†. More remarkably, 
values of ln z0 recorded near the upwind toe 
were even smaller than those prescribed by 
Eq. 2 for a smooth surface (dotted line). 

 

 
Figure 3: Observations on the larger dune of 27.2 m 
height. (A) Profile of u*/ur* along the transect shown 
in (B). The horizontal dashed line marks  

u*=ur*, where ur* is the reference shear velocity that 
we simultaneously recorded with a fixed anemometer 
triad upstream of the dune, on the origin of distances 
plotted. (B) Dune topography with superimposed 
roving anemometer positions and arrows proportional 
to u*/ur* and aligned with the wind velocity. (C) 
Profile of ln z0† along the transect. The dashed 
horizontal straight line is ln z0†=6.9 from Louge, et al. 
(2023). The dotted line is aerodynamic roughness for 
a smooth surface (Eq. 2). In (A) and (C), the solid line 
shows dune altitude along the transect with an 
arbitrary scale. 

3 CONCLUSIONS 

Turbulent boundary conditions on the 
surface of large isolated barchan dunes 
standing on a rough, nearly horizontal desert 
floor are not as straightforward to specify as 
what numerical simulations typically 
prescribe. First, we found that it is important 
to resolve the relatively thin inner layer 
described by Jackson and Hunt (1975). 
Without such precaution, a simulation is 
unlikely to capture the peaking of surface 
shear stress ahead of the dune crest, or the 
existence of a sharp maximum of shear 
velocity at the brink, both of which are 
associated with the inner layer. 

Second, we observed that, as the log of 
aerodynamic roughness evolves from a 
relatively large value on the stone-covered 
desert floor to the smoother dune, this 
quantity can descend well below the classical 
model derived from data for internal flows in 
rough pipes (Nikuradse 1933). Therefore, 
sadly, it appears that numerical simulations 
of large, field-size bedforms must resolve the 
turbulent boundary layer closely, at least 
through the inner layer – and possibly closer 
to the surface –, so the evolution of 
aerodynamic roughness can be properly 
captured. 

These observations should also be relevant 
to marine and fluvial bedforms, which are 
subject to similar variations in detailed 
topography between sea floor and dunes, and 
which also possess slope discontinuities 
where gravity currents first arise.  

In this context, dune fields with steady, 
nearly unidirectional winds constitute a 
natural laboratory where turbulent surface 
boundary conditions may be measured at 
scale.  
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We are currently writing an article (Louge 
et al. 2023) that presents our desert data in 
greater detail, including their interpretation 
within the Jackson and Hunt framework 
(Jackson & Hunt 1975, Kroy et al. 2002), the 
existence of multiple thresholds of sand 
entrainment, and variations of shear velocity 
and aerodynamic roughness during aeolian 
transport through the lens of Bagnold’s focal 
point in the turbulent boundary layer 
(Bagnold 1941, Jenkins & Valance 2014). 
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