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Role of Dune Skewness
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Rennes, Université de Rennes 1, Rennes, France, 3Ecole Polytechnique Fédérale de Lausanne, Lausanne, Switzerland

Abstract we recorded aerodynamic roughness and shear velocity along transects on and around mature
crescent-shaped barchan dunes of 4.5 m and 27 m height above the horizontal rock-covered Qatar desert by
fitting to the log-law time-averaged vertical velocity profiles acquired from triads of ultrasonic anemometers
penetrating the inner turbulent boundary layer. Shear velocity first decreased, then recovered as air climbed on
the dune, with a local maximum ahead of the crest as predicted by the Jackson and Hunt (1975, https://doi.org/
10.1002/qj.49710143015) theory. Unlike flows over gentler bedforms without a slope discontinuity, an
anomalous peak of shear velocity also arose on the dune centerline at the brink, which the theory attributed to
skewness in the dune transect profile. The onset of aeolian transport produced a log-law passing through the
Bagnold (1941, https://doi.org/10.1007/978-94-009-5682-7) focal point. It was bracketed by noticeable
hysteretic peaks in the correlation between wind speed and entrained sand flux. The dunes' rocky surroundings
and topography produced an aerodynamic roughness at odds with the Nikuradse (1933, https://ntrs.nasa.gov/
citations/19930093938) data for fully developed turbulent boundary layers. Large-eddy numerical simulations
illustrated the sensitivity of shear velocity to wide changes in aerodynamic roughness from desert floor to dune
surface.

Plain Language Summary Wind friction is the engine that erodes sand dunes, relentlessly pushing
them over roads, houses, and infrastructure. Our records of wind speed on crescent-shaped mobile dunes
challenge the conventional understanding of this process. Comparing field measurements and models, we show
that the highest friction occurs where the gentle upward dune surface abruptly gives way to a steeper
avalanching downward slope. Our data also reveals that the “aerodynamic roughness,” a measure of wind
friction on sand, is at odds with historical data meant for turbulent pipe flow. Because numerical simulations are
used to predict flow over landforms that are inaccessible to detailed measurements, we validate them against
data on a large dune. Our observations imply that, to achieve greater fidelity, simulations should subdivide the
fluid neighborhood of the dune more finely, and revisit how they treat aerodynamic friction on its surface.
Although our work involved large desert dunes, we expect these suggestions to apply more broadly to
atmospheric, fluvial or submarine landforms that are surrounded by rougher terrain or that feature sudden
changes in slope.

1. Introduction

Aeolian transport determines the size, shape and speed of crescent-shaped “barchan” sand dunes forming on a
hard, relatively flat desert floor (Andreotti et al., 2002). When upstream sand availability is limited (Lii
et al., 2018), their initial growth involves two simultaneous mechanisms (Kroy et al., 2002). First, as Jackson and
Hunt (1975) and Hunt et al. (1988) predicted for a low bedform, the basal shear stress 7 = pu*? on sand, or its
shear velocity u*, reach a maximum ahead of the dune crest, as the inertia of air with density p within the “inner
layer” near the surface compels the peak wind speed in the outer flow above the crest to lag behind the forcing
imposed by 7 (Charru et al., 2013; Fourriére et al., 2010).

Second, Sauermann et al. (2001) recognized that grain inertia gives rise to a “saturation length” delaying the
strongest aeolian transport flux from where 7 peaks. In this reasoning, the two mechanisms cooperate to enlarge
the dune: although the peak shear stress occurs upwind of the highest dune elevation, fluid inertia displaces its
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effect on aeolian transport downwind, while the saturation length delays sand accumulation (Durén et al., 2011).
In this hypothetical mechanism, the dune thus grows until the saturation length becomes equal to the distance
between the peaks of stress and topography, at which point the whole bedform reaches a mature equilibrium size.

Models of whole dune fields (Lii et al., 2018; Narteau et al., 2009; Xiao et al., 2023; D. Zhang et al., 2010, 2012)
and studies of dunes reversing direction (N. S. Chen et al., 2022; Gao et al., 2021) also invoke the theory of
Jackson and Hunt (1975) as they assume that the increment in shear stress over its counterpart on a flat surface is
proportional to dune slope. However, for simplicity, they ignore the prediction that variations in shear stress along
the wind lead those in topography.

Large-eddy-simulations (LES) over relatively large domains (Hardy et al., 2021) and Reynolds-averaged-Navier-
Stokes (RANS) models (Jin et al., 2021) similarly disregard such lead of shear stress over topography. To avoid
resolving the relatively thin “inner layer” of Jackson and Hunt (1975), they apply instead the boundary conditions
of Launder and Spalding (1974) to the surface, which amounts to adopting an aerodynamic roughness and
pegging basal shear stress to overhead wind speed. As our observations will reveal, this simplification prevents
simulations from capturing important details of stress variations on a real dune.

Although barchans have moderate enough upwind slopes to uphold the linear assumptions of Jackson and
Hunt (1975), their sharp topographical change at the “brink™ challenges the theory. There, the windward smooth
surface abruptly gives way to a much steeper incline descending near the angle of repose (Allen, 1970; Louge
etal., 2015). To handle this discontinuity in the linear framework of the theory, Kroy et al. (2002) extrapolated the
windward surface above the separation bubble to treat the dune wake as a virtual object over which wind
streamlines glide more evenly. In other words, Kroy et al. (2002) effectively suppressed the negative skewness
characterizing the profile of mobile dunes possessing an avalanche face. Doing so, their application of the Jackson
and Hunt (1975) theory predicted smooth variations of shear stress leading the dune topography. Durdn
et al. (2010) adopted this treatment to elucidate the formation of entire dune fields with some success.

However, on a mature desert barchan featuring an avalanching lee, our field anemometry discerned a sharp peak
in turbulent shear velocity u* just upwind of the brink. Such anomaly was not observed on a sand heap with
smoother topographical variations (Claudin et al., 2013), but it appeared in much smaller barchans forming in a
water flume (Charru & Franklin, 2012). Although the linear theory of Jackson and Hunt (1975) was not designed
to handle sharp discontinuities, we find nonetheless that its integration over the recorded topography also features
a peak of shear stress at the brink, and that the strength of this peak grows with skewness magnitude of the dune
transect along the wind.

Our measurements of shear velocity #* and “aerodynamic roughness” z, over mature barchans complement the
field work of Weaver and Wiggs (2011) and A. B. Smith et al. (2017) by reporting how the turbulent boundary
layer gradually transitions from a desert floor littered with rocks of 5-30 cm size to the much smoother erodible
dune surface. Perhaps our most significant contribution is the observation of In z;, values that disagree widely with
experiments of Nikuradse (1933) for fully developed turbulent flows in pipes roughened with sand grains. More
broadly, Nikuradse's results are often invoked to posit aerodynamic roughness in geophysical turbulent flows,
rather than to measure its evolution in situ, or to predict it from direct numerical simulations. For example, in
fluvial environments, In z is implicitly related to the Chézy correlation of basal shear stress and mean flow speed
(D’Ippolito et al., 2021; Lefebvre et al., 2014). Our observations imply that such practice is arbitrary.

Lastly, we used an acoustic probe to measure the flux of sand that wind transported near the crest. Although we
did not deploy this probe elsewhere on the dune, our observations of a greater local shear velocity at the brink
suggest that the rate of aeolian erosion feeding the dune's downwind avalanche face may be more intense than
inferred from existing aerodynamic models. Three distinct hysteretic peaks in the time-correlation of sand flux
and wind strength bracketed the aeolian transport speed threshold of Bagnold (1941), above which shear velocity
and aerodynamic roughness abruptly change as air momentum is depleted by the presence of lifted sands. We also
examined why existing correlations inspired by Shields (1936) overpredicted the threshold stress required to
mobilize our sands, and suggested that the discrepancy may be inherited from the greater bumpiness of the
surrounding desert floor.

The present contribution is the last in a series of articles on this Qatar desert, which concerned heat transfer inside
the small barchan (Louge et al., 2013), microbiota of the dune field (Abdul-Majid et al., 2016), remote sensing of
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its motion (Michel et al., 2018), vapor transport and respiration across the sand surface, internal evanescent waves
of moisture, and interactions with the atmospheric boundary layer (Louge et al., 2022).

We begin this article with a description of field anemometry. After verifying that the log-law for the core of a
turbulent boundary layer adequately captures wind speed profiles above the surface at all times and locations on
and around the dunes, we show that anomalously high values of u* exist at the brink. Having recorded the dune
topography, we then compare these observations with the LES and with predictions of the Jackson and
Hunt (1975) theory, as implemented by Weng et al. (1991), Kroy et al. (2002), and Walmsley et al. (1986).
Finally, our anemometry confirms that the Bagnold (1941) focal point conjecture captures variations of z, and u*
once transport occurs, but it suggests that correlations for local shear threshold inspired by Shields (1936) are
corrupted by distant changes in surface bumpiness.

2. Field Measurements

We conducted anemometry and aeolian transport measurements on 10-16 January 2017 on a relatively small
barchan with 60 m toe-to-brink distance, 80 m horn-to-horn, and A, ~4.5 m crest elevation above a relatively
rough rock-covered Qatar desert ground near El-Kharrara at 25° 00" 30"N,51° 20’ 27"E, while wind blew to-
ward an average bearing of 141° close to the 159° historical direction of this mobile dune. We also studied a much
larger barchan on 30 April to 3 May 2017 at 25° 00" 45"N,51° 19" 58"E with 145 m toe-to-brink distance, 440 m
horn-to-horn, and 27 m peak elevation.

Sands on the upwind face of barchans in this desert have a material density p, ~ 2630 kg/m?, and moments of the

_ —\1/2 —\1/3
particle-size-distribution by mass d ~351 um, d,y = (d2> ~365 um, and d3y = (d3> ~377 um, where the

overbar denotes averaging over the PSD and indices are consistent with the notation of Babinsky and
Sojka (2002), summarized in Appendix B of Louge et al. (2022). To compare with aeolian transport results of Zhu
et al. (2019), our PSD also features d,;o = 123.4 £ 9.2 ym, d,50 = 307.2 £ 5.3 ym, and d ¢y = 456.8 £ 3.8 um,
which represent the diameters below which 10%, 50% and 90% of solid volume reside, respectively.

We deployed three separate triads of GILL INSTRUMENTS WINDSONIC ultrasonic anemometers of 142 mm diameter,
each consisting of two parallel plates separated by 82 mm, yielding wind speed and direction with 0.01 m/s
resolution, 0 to 60 m/s speed range and angular accuracy +3°. For each triad, anemometers were attached to a
frame of PVC tubes oriented to avoid interference with the wind stream. A battery-powered CAMPBELL SCIENTIFIC
CR-800 digital portable data acquisition card recorded speed and direction at intervals <3 s. A Leica TS02
theodolite recorded the precise Easting, Northing and Height of each anemometer in the roving triad using a field
mini-prism, thereby allowing us to calculate the normal unit vector fi to the dune surface and absolute wind
velocity vectors at each location. We also used the theodolite to survey dune size and shape.

Figure 1 shows setup details and anemometer locations on the small dune. Two triads were installed at fixed
positions to acquire data continuously over the entire campaign, one sufficiently upwind to record conditions on
the desert floor, and the other higher on the dune. The third triad was “roving,” in that its three anemometers were
attached to a rigid tube frame that could be transported with relative ease to many locations on and around the
dune, and then be left to record wind speed and direction continuously over time intervals no shorter than 15 min.
To avoid data corruption, the roving triad was positioned outside the wake of its fixed counterparts, and data from
all three triads was discarded from at least 1 min before, during and after its placement. In this way, the roving
anemometers let us chart variations of shear velocity and aerodynamic roughness along several dune transects. On
one occasion, the roving triad also acquired data at a distance of 0.92 m from the brink over 17.5 hr, while the
triads fixed to the dune and desert floor operated simultaneously for comparison.

Finally, to evaluate the threshold wind velocity at which sand transport began and ended, we deployed the
acoustic probe that Ahmedou et al. (2007) used in Mauritania and calibrated in a wind tunnel. The probe consisted
of a 50 cm-tall vertical aluminum tube of 2 cm diameter positioned just above the surface to be struck by most
transported sand grains (Figure 1b).

3. Turbulent Boundary Layer

For context, we first discuss general characteristics of the turbulent boundary layer. We show that all recorded
vertical profiles conformed to the log law in its core. Then, we outline how vertical anemometer elevations were
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[~ anemometer

acoustic probe

longitudinal
transect

Figure 1. Anemometry on the small dune at 25° 00" 30"N,51° 20" 27'E. Easting, Northing, and Height (ENH) (m) are relative to the barycenter of the dune outline on
the desert floor, which is made horizontal by tilting its normal vector by +0.28°, —0.06° and —0.29° to account for slight ground inclination along the ENH directions.
Once magnified, blue, green, and red symbols represent low, medium and high anemometers; circles are fixed anemometers upwind and on the dune; triangles show
successive roving triads; arrows indicate mean wind speed and direction; numbers 1-4 mark roving locations seen in Figures 3, 5, and 13. (a) Viewed through the theodolite
reticle, a fix on one of the anemometers using the mini-prism. (b) Fixed anemometer triad on the dune and acoustic probe. (c) Fixed triad upwind. (d) Checking anemometer
elevation. (¢) Roving triad on rock-covered ground behind the small “Nadine” dune, with the larger “Chris” dune in the background, and (f) on the dune.

selected to penetrate the “inner” region just above the dune surface, in which fluid inertia causes the basal shear
stress 7 to lead the wind velocity u as it accelerates over the dune. Next, we justify why thermal instabilities of the
atmospheric boundary layer, while important farther aloft, barely affected turbulent profiles at the relatively low
elevations of our anemometers. Lastly, we indicate how small wind speeds, which occur mostly at night, produce
a meandering flow that does not conform to the classical view of a turbulent core.

The turbulent boundary layer above a flat plate includes a viscous sublayer, a buffer, and a turbulent “core” with
velocity u satistying

u/u* ~a, + (1/c) In(zu* /), (D

where xk~0.41 is von Karmén's constant, v~ 1.5 107 m?/s is the kinematic viscosity of air (Kays & Craw-
ford, 1980), and z is elevation above the surface. Our ultrasonic anemometers were too thick to resolve the viscous
and buffer layers. For example, if the surface was smooth, the transition between buffer layer and core would
occur at the altitude z, ~30v/u*. Therefore, with typical u* > 0.1 m/s in the field, our instruments could not
possibly fit within z, <5 mm. Instead, the design of our triads was a compromise between portability, vertical
resolution and redundancy. Its aim was to determine values of «* and z; arising in the “log-law of the wall,” which
serves as an alternative to Equation 1 for the core of the turbulent boundary layer

u/u* = (1/k)In(z/z). 2

By fitting #* and z; to measured values of u at three known elevations, this method offered minimum redundancy
for checking whether Equation 2 correctly captured the turbulent profile. Eliminating u/u* from Equations 1 and
2 yields

In(u*zo/v) = —a, k. 3

LOUGE ET AL.

4 of 24

8SUB17 SUOLILLOD BAIERID 3|qeotjdde ayy Ag pausenob a1e Sapie YO 88N JO S3|NJ o ARiq1 8UIIUO AB]IM UO (SUORIPUOD-PUR-SWLBIALOD" 3] 1M AReiq 1 BU1|UO//SHRY) SUORIPUOD PUe SWS L U3 89S *[7202/60/9¢] U0 Ariqiauliuo Ao|IMW ‘20Ul aueIyood Aq 6652004€202/620T OT/I0p/w0d Ao 1M Azl feutuosgndnfe//sdny wouy pepeojumod ‘6 ‘720¢ “TT0669TC



MID
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Earth Surface 10.1029/2023JF007599

For smooth walls, a,, = a,, is constant (Saph & Schoder, 1903). Without asperities, z, is not a geometrical length
scale, but it originates from upstream coherent structures (Wu & Moin, 2009). More generally, as Section 7 will
discuss, zo on our evolving dune bedform is severely affected by the nature of the desert floor upstream.

When u* rises with the mean Reynolds number, Nikuradse (1933) showed that In z, does not decrease indefinitely
in rough pipes, but that it reaches instead an asymptotic geometrical value set by the diameter of sand grains that
he glued to the pipe's inside surface. By least-squares fitting the nearly invariant Darcy friction factor at the
highest Reynolds number of his experiments, one obtains the classical result for a rough wall in the limit of
large u*,

20 = 20, = d/w, 4)

where d is the average grain diameter, and @ = 34.6 + 0.3. Because d/w and u* are the only local scales of
distance and speed in a fully developed turbulent boundary layer of indefinite extent, it is natural to define the
Reynolds number Re* = u*zy_/v and the dimensionless turbulent roughness zg = z0/20, such that In z(‘; -0
as In Re* — 0.

For turbulent flows climbing over gentle topography, Jackson and Hunt (1975) recognized that, in the streamwise
direction, fluid inertia in an “inner layer” just above a bedform delays the response of wind velocity u to changes in
basal shear stress along its surface. Specifically, the basal shear stress 7 = pu*? on a dune is not highest where wind
speed aloft peaks over its crest, but instead 7 (or #*) are maximum ahead of it. From a balance of acceleration and
shear stress gradient terms in their streamwise momentum Equation 2.10a, and by fixing coefficients of their
leading order as unity, Jackson and Hunt (1975) estimated the thickness ¢ of the inner layer where such delay
occurs as

A (5) ~0(1), ®)

22 20

with exponentn = 1. Weng et al. (1991) and Sauermann et al. (2003) adopted this expression for measurements of
wind speed and sand transport over a barchan dune.

Later, by adopting a dependence on In z of the difference Au between the upstream velocity profile and that over
the hill, Taylor et al. (1987) suggested another scaling with n = 2, which produces much thinner estimates of ¢
from Equation 5. Nonetheless, as Taylor et al. (1987) recognized in their Section 4.1, the inner layer thickness is
challenging to pin down with certainty. To compare their new prediction with data, they identified # as the altitude
where Au is maximum. Then, they found that n = 2 better captured measurements estimates of # than n = 1 for
four out of six available data sets summarized in their Table II. For a smooth bedform of wavelength A ~46 m and
aerodynamic roughness z; =~ 12 um, Claudin et al. (2013) chose n = 2, which yields £ ~ 18 cm. Inspired by their
anemometer placement, we located the midpoints of our instruments at the same relative elevations z; ~29 cm,
72, =73 cm, and z3 ~ 115 cm above the sand surface.

Interpreting 1 as twice the toe-to-brink distance L of our dunes, Equation 5 yields estimates of £ ~40 cm and
110 cm with n = 2 for our small and large barchans, respectively, while n = 1 produces much larger values
¢ ~3.5 mand 10.6 m. In other words, adopting n = 2 would imply that only our lowest anemometer resides in the
inner layer on the small dune, whereas the original scaling of Jackson and Hunt (1975) places them all well within it.

Meanwhile, as Figure 2 illustrates, time-averaged velocity profiles closely conformed to the logarithmic profile in
Equation 2. To quantify this at all anemometer locations, we derived an error bar for u* as a 80% confidence
interval for the slope of the linear regression of u versus In z using Student's t-distribution (Louge et al., 2023). In
all cases, the value of u* derived from only the lower two anemometers was within the error bar of u* obtained
with all three. This suggests that the logarithmic profile extended at least to the top anemometer. Therefore, it is
likely that the actual thickness of our inner layer was comprised between the relatively low value predicted by
Taylor et al. (1987) with n = 2 and its much thicker counterpart from Jackson and Hunt (1975) with n = 1. A
definitive resolution of this question will require anemometry of finer resolution reaching both lower and higher
altitudes than our own.
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Figure 2. Left graphs: instantaneous wind speed parallel to the surface at the bottom, middle and top anemometers of the roving triad deployed at a 0.92 m distance from
the brink and at the fixed triad on hard desert floor upstream of the small barchan. Middle graphs: the corresponding simultaneous time-averaged vertical wind profiles
near the brink and on the desert floor, as well as at the fixed anemometer triad on the dune (placement, see Figure 1b). Top and bottom graphs are respectively recorded
around solar noon and 4 hr after sunset. Right graph: Monin-Obukhov length estimated from measurements of Louge et al. (2013) on 19-21 March 2011. Vertical solid
and dashed lines mark sunrises and sunsets. Negative values of L are shown as solid lines; positive as dashed lines.

In the desert, another complication arises from possible interactions with the thermal boundary layer. However, as
Figure 2 indicates, such effect is inconsequential. In the presence of significant vertical temperature gradients,
wind profiles are subject to the Monin-Obukhov similarity

KZ du ©)

u* az

Without thermal gradients, ¢ equals one, thus leading to Equation 2. In their presence, experiments conducted in
Kansas at much higher elevations suggested instead

p=(—apz/L)”" Q)
when the atmospheric boundary layer is unstable during the day, and
p=1+ayz/L (®)

when buoyancy suppresses turbulent velocity fluctuations at night (Haugen et al., 1971). Fitted constants are

approximately ap ~ 15 and ay ~4.8 (Wyngaard, 2010). The Monin-Obukhov length

u* pcp,T
— >

Kg4q

L

©)

is a measure of the scale of the corresponding distortions. Here, T is absolute air temperature, g is gravitational
acceleration, and §”  0T/dz is the convective heat flux at the surface, typically negative during the day when
sand loses heat, and positive at night when the ground is colder than the air aloft.
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Figure 3. Meandering upstream at low wind and in the wake. Top graph:
circles are rms fluctuations A¢ in wind direction versus speed u3 at the top
anemometer of the triad on the hard desert floor upstream of the dune
(placement, see Figure 1c). The horizontal dashed line is the average A¢ ~9°
for u3 >4 m/s. The vertical dashed line marks the transition uz ~2.5 m/s
below which the wind exhibits meandering behavior. Bottom graph: circles are
ratios of recorded speed fluctuations ' in the plane of the top anemometer
relative to the shear velocity u* fitted for this fixed upstream triad. The
horizontal dashed line marks the constant (2/ 3)1/ 2y from Equation 10.
Numbered triangles are roving anemometer downwind of the dune (locations
shown in Figure 1).

faster flows in

Oxy = Oyy =

isotropic
o, = (p/3) (2 + u? + u?) that is related to the shear velocity through o= (p/3)y*u*?, where

A definitive determination of L requires knowledge of wind speed u*, as well
as temperatures at the sand surface and in the atmospheric boundary layer at
one or more altitudes. Although we did not record such temperatures in this
campaign, typical values of L can be estimated from earlier measurements on
the same dune, documented by Louge et al. (2013, 2022) and their supporting
information. The right panel of Figure 2 shows the time-history of |L| over
two typical days. As expected, inverted stable thermal boundary layers arose
at night, then gave way to instabilities shortly after sunrise and before sunset.
In all cases, |L| was much greater than the altitude z3 of our highest
anemometer, thereby maintaining ¢ close to unity in the elevation range that
we examined.

Consistent with these estimates, the middle panels of Figure 2 show that
vertical profiles of mean wind speed conformed to Equation 2 without
distortion at night or high noon. In this context, we simply assume that, if ¢
differed slightly from unity, its value was the same at all locations on or
around the dune. Then, for a given time-average interval >15 min, forming
the ratio of #* at a roving location to that at the fixed anemometer on the dune
allows relative comparisons of shear velocity along transects that are nearly
independent of mean wind speed or thermal conditions.

Nonetheless, such comparisons can be more uncertain at low wind speeds. As
Anfossi et al. (2005) suggested, wind can meander when u <2 m/s. For
turbulence, fluctuation  velocities produce a normal  stress

x =275 £ 0.25 (Fourriére et al., 2010). Because our anemometers only recorded two-dimensional resultant speed

s / 1/2
fluctuations u' = (u? + u}?)

~ (2/3)1/2(14;2 +u? + M'zz)l/2

on a plane parallel to the base, we therefore ex-

pected these fluctuations to be related to the fitted shear velocity u* through

’ 172
u 2

— (—) X (10)
u 3

As Figure 3 shows, this relation was upheld when the wind speed u3 recorded by our highest anemometer on the

desert floor exceeded approximately 2.5 m/s. Below this value, the wind meandered with directional rms

fluctuations A¢ rising above the 9° that we normally recorded with stronger winds. Because such meandering
complicates turbulence modeling, we identify in this article conditions when it may have occurred (e.g., open

circles in Figure 5).

Nonetheless, as the next section discusses, time-averaged velocities recorded at three elevations conformed well

to the log-law at all anemometer stations, even at low winds or, surprisingly, behind the dune (Figure 4).

4. Transects of Shear Velocity

Figure 5 shows dune topography and evolution of shear velocity u* along the main streamwise longitudinal

transect identified in Figure 1. Because mean wind strength rose and fell in unison along the entire transect,

Figure 5 presents the ratio of u* at the roving triad relative to its value «; at the fixed triad on the dune. This

reference selection of #; was natural since sand aerodynamic roughness is typically smaller than on the sur-

rounding desert floor.

Figure 5 qualitatively confirms predictions of the Jackson and Hunt (1975) theory. Along the wind direction,
u*/u; first decreases, then rises to a local maximum ahead of the crest. Theory predicts that the distance between

this local maximum and the crest is (1/27)B/A (Kiki-Sandoungout, 2019), where 4 is the dominant wavelength of

a bedform shaped as a cosine, and A and B are coefficients that Fourriére et al. (2010) calculated in terms of the

dimensionless surface roughness , =

2xzy/4, and provided in their supporting information as convenient fits in

terms of R = —In(z,/A4)> 0, valid for 5, $ 1073, see also Musa et al. (2014) (For a Lorentzian profile, Kroy
et al. (2002) found the similar expression (1/37)B/A, see their footnote [12]). With an average z5~ 100 ym
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Figure 4. Left: instantaneous wind speeds at the bottom, middle, and top anemometers deployed at the fixed dune location
(placement, see Figure 1b) and at the roving triad on point 1 located 7.2 m “downwind” of the base of the avalanche face.
Right: solid lines are least-squares fits to simultaneous vertical profiles of time-average velocity for these triads, along with the
fixed triad on the hard desert floor. The dashed line is a similar fit for the roving triad at a distance <0.5 m downstream from the
base of the slip face with an exceptional reversal u* ~ — 0.45 m/s.

recorded near the crest and 1~90 m taken as twice the distance between toe and crest on the transect, A ~ 3.9,
B~1.4and (A/27)B/A ~5 m, which is consistent with the recorded 6.8 m distance between the local maximum
of u*/u} and the crest.

A feature of this transect is the peak of u*/u’ recorded at the relatively short 0.92 m distance upstream of the
brink. There, in the absence of aeolian transport or wind reversal, we found u*/u; = 1.21 = 0.04 at 80% con-
fidence from a long-term record subdivided in 37 intervals of 20 min (circle and error bar labeled “brink™ in
Figure 5). Charru and Franklin (2012) also reported such peak at the brink of small barchan dunes forming in a
water flume. These observations may be related to the increased turbulence that Weaver and Wiggs (2011)
recorded between brink and crest (their Figure 11 at an altitude of 0.3 m), or perhaps to the increased “speed-up
ratio” that Michelsen et al. (2015) discerned in 2d and 3d RANS simulations. As Section 9 will show, invoking the
existence of a separating streamline acting as the solidified upper boundary of a separation bubble downstream of
the brink effectively suppresses this anomalous peak in shear velocity.

To examine whether such bubble exists, we placed the roving triad at several locations behind the dune. The first
intriguing observation was the profile recorded just behind the downwind avalanche face, which we show as a
dashed line in Figure 4. A close look at Figure 1 reveals that the mean wind velocity at this roving triad had a
bearing 41° nearly parallel to the avalanche face, while the negative u*/u; ~ —0.14 implied a flow reversal of the
turbulent boundary layer at the sand surface. Beside this exceptional point, all roving triads behind the dune
recorded mean velocities aligned with the prevailing wind direction, and they all conformed to the log-law, see for

(‘i(esen floor local maximym crest @<brink

—
o)
(o}

o

u*/u*
ow
PR ——— _O_;: -l

dune profile 1 horns line

(=)

0 50 flow reversal —»a 150 distance (m) 200

Figure 5. Shear velocity u* measured with the roving triad relative to its simultaneous reference value «; from the fixed triad
on the dune versus distance along the path labeled “longitudinal transect” in Figure 1, acquired in 17 to 23 min time intervals.
The dark circle on the desert floor and its error bar are calculated from eight records lasting 1 hr, during which wind blew to a
bearing of 139 + 5° and was neither meandering nor reversing course. Open circles indicate data acquired with u3 <2.5 m/s at
the top roving anemometer. The largest u*/u; was acquired at 0.92 m ahead of the brink. The triangle at u*/u} ~ —0.14 is the
only flow reversal that we observed just behind the base of the avalanche face. Points labeled 1 through 4 are located behind the
dune, as shown in Figures 1 and 3. The vertical dashed line marks the line joining the downwind tips of the two dune horns. The
horizontal one is u*/u; = 1. The solid line is dune surface elevation versus distance relative to crest altitude, magnified for
clarity.
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Figure 6. Anemometry on the larger dune of 27.2 m peak height. (a) Profile of u*/u; along the transect shown in (b), with
origin at the fixed triad on the rough desert floor. The error bar at the brink is calculated from 10 records of 20 min at 80%
confidence. The dashed line marks »* = u. (b) Dune topography with superimposed roving anemometer positions and arrows

o u*/u; aligned with the wind velocity. (c) Profile of In zg =1In(z0/z0) along the transect with error bars discussed in
Section 7. The dashed horizontal straight line is In zg ~ 6.9 from Louge et al. (2013). In panels (a) and (c), the solid line shows
dune altitude along the transect with an arbitrary scale.

example, the profile at point 1 labeled “downwind” in Figure 4. Therefore, on average, the flow behind the dune
did not recirculate per se (A. B. Smith et al., 2017), as it would downstream of a backward-facing step. However,
as Figure 3 illustrates, the nature of its turbulence, as measured by the ratio u' /u* was not consistent with a fully
developed turbulent boundary layer, but instead adopted a behavior reminiscent of meandering wind, as would be
expected if the dune produced a Karman vortex street in its wake.

In short, the lee of the dune featured a flow that meandered about the mean wind direction, rather than reversed
course. At about twice the distance from the base of the avalanche face to the line joining the downstream tips of
the barchan horns, the flow eventually returned to the upstream value of u*/u, and fluctuation velocities relative

1/2

to u* conformed again to the asymptotic value (2/3)" “y in Equation 10.

5. Much Larger Dune

We also conducted measurements on a dune six times larger than that considered in other sections. In this case,
our anemometer triads were well within the inertial inner layer of thickness prescribed by Equation 5. They were
carried along the longitudinal transect shown in Figure 6 and left at each position for approximately 20 min.
Because this very large dune continuously rose until the brink, we referred shear velocities u* to their counterpart
uy that we simultaneously recorded with the fixed upstream anemometer triad on the rough desert floor.

As Figure 6 illustrates, the profile of relative shear velocity u*/u; evolved qualitatively as it did on the smaller
dune (Figure 5). To investigate behavior at the brink, we left the roving triad at the brink for 18 hr. Within that
period, we extracted 10 intervals of 20 min during which the wind blew toward a bearing of 153 + 9°, close to the
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historic direction of dunes in the field, thus letting us evaluate error bars shown in Figure 5. The measurement
hinted that an anomalously high u*/u’ was also present at the brink. Meanwhile, the evolution of aerodynamic
roughness was qualitatively similar to what we will discuss in Section 7, including values of zy < z_ well below
those inferred from the pipe data of Nikuradse (1933).

6. Aeolian Transport

To determine wind speeds at which the transported sand flux changes, we correlated signals of our top
anemometer of Figure 1b with those of the acoustic probe that Ahmedou et al. (2007) deployed in the field. In the
wind tunnel, their calibrations showed that the transported sand mass flow rate q'/ in a unit width of the whole
boundary layer is proportional to a power a of the difference between the voltage V produced by the instrument
and a residual voltage V), in the absence of any impact, (}, x(V=Vy)* x H(V —V,), where H is the Heaviside
function equal to 1 when its argument is positive, and zero otherwise.

Specifically, we correlated its series of N voltages V; with the corresponding N speeds u3, which the top
anemometer of the fixed triad recorded simultaneously on the dune at a sampling frequency of 1 Hz. To that end,
we introduced the normalized correlation function

N
2 Huz, —v) X (V; = Vo) X H(V; = V)

fi(\/) — t:lN s (]1)
2 Hi(uz,) x (V; = Vo)™ x H(V; — Vo)

i=1

where the superscripts = indicate, respectively, wind speeds at the top anemometer rising (3, , <u3,) or falling
(u3,,, > u3,) from one data point to the next. With v = 0, the cumulative function f * captured all recorded impacts
with voltages V; > V,;, and was therefore equal to one. As v grew, because fewer and fewer impacts occurred with
uz, >v, f* decreased. Then, its absolute derivative |0f*/dv| had local peaks at values of wind speeds where
impacts suddenly became more abundant.

Three distinct peaks of |df*/dv| are evident in Figure 8. As commonly observed at the onset of other gas-solid
suspensions such as minimum fluidization (Tsinontides & Jackson, 1993), each peak exhibits hysteresis,
whereby it arises at a higher wind speed when the latter is rising. Such behavior is reminiscent of the wind tunnel
experiments of Zhu et al. (2019), who noted that incipient aeolian transport is subject to several thresholds.

We also examined our long-term records on the dune and brink to recognize the unmistakable Bagnold transition
to aeolian transport that Zhu et al. (2019) identified as their second threshold (Figures 9b-9d). Below this
transition, the log-law in Equation 2 applies, so the shear velocity is proportional to the speed u5 at the top
anemometer of altitude zs,

M

K
U =———Xuz =51 XUs. 12
n(z5/29) 3 1 3 (12)

Equivalently, the mean aerodynamic roughness Z, may be obtained from the slope s; on a graph of u* versus u3,

111(2—0) = 1n<i3> _x (13)
204 204 81

in which we make diameters and distance dimensionless with Nikuradse's z,_ on a rough wall (Equation 4), which
is the only natural local length scale. An inspection of Equation 12 indicates that the ratio u*/us is entirely
governed by the magnitude of In z, and therefore, as we suggest in Section 7, by fluid friction alone.

Beyond the transition, a two-way momentum coupling arises between the gas and solids interacting with the
erodible bed. Once wind speed is sufficient to saturate the flow with transported particles, Bagnold (1941)
observed that the log-law of Equation 2 passes through a single focal point (Nakamura & Tsuchiya, 2013) at the
altitude z;, and velocity u;,, implying that shear velocity and aerodynamic roughness are bound by the relation
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w, = (u* /) In (2/2)- (14)

As Creyssels et al. (2009), Ho et al. (2011), and O’Brien and Neuman (2019) articulated, the denser population of
grains below the focal point extracts momentum from the air, as they collide among themselves, while their solid
volume fraction establishes a balance between their pelting of the erodible surface and the subsequent “splash”
ejection of new grains. In contrast, above the focal point, the increasingly more dilute mixture allows the air to
catch up with the wind speed aloft. As a result, the gas velocity profile adapts its shape to pass through the focal
point irrespective of wind speed aloft, which is equivalent to adjusting the apparent z, as u* changes.

Another consequence of Equation 14 is that the slope of u* versus uj rises to a higher value s, after aeolian
transport has begun. Eliminating In z, between Equations 12 and 14,

*

“ =mx(u3—%)552x(”3_"‘b)' (15)

Then, the mean aerodynamic roughness now satisfies

1n<ﬁ> = ln<z—3> - K(i + ﬂ) (16)
20, 20, Sy u

To evaluate the magnitudes u; and Z of shear velocity and aerodynamic roughness at the critical transport
transition, we fit s,, u;, and the transition speed u3_ to Equations 12 and 15, and substitute the results in Equa-
tions 15 and 16. As insets b—d of Figure 9 show, we observe such transition to aeolian transport on the dune and
brink, manifested as sharp changes in the graph of In zg versus In Re*, and also in u* versus us, in agreement with
similar wind tunnel observations of Ho et al. (2011) and Zhu et al. (2019). For the triad fixed on the dune,
Figure 9f also reveals that this Bagnold transition occurs between the second and third peaks of |0f ~/dv|. Similar
to what Zhu et al. (2019) reported, this behavior suggests that the first two peaks are precursors to the onset of
particle transport, while the third occurs after such transport is initiated.

Inspired by McEwan and Willetts (1993), Jenkins and Valance (2014) used a simple periodic model to capture
differences in the transport behavior of rigid and erodible beds, and elucidated the origin of the focal point that
Bagnold had observed. Our field measurements reaffirm the existence of this point, and produce a behavior of u*
versus u3 that agrees remarkably well with the wind tunnel observations of Ho et al. (2011). Such agreement
further confirms the validity of our turbulent profiles, despite the minimum redundancy of three anemometers that
our field tactics compelled us to adopt.

7. Aerodynamic Roughness

As the Supporting Information shows, historical data for flat beds reveals that aerodynamic roughness plays a
unique role in the onset of sediment transport. To bring this to light, we first compare the results of Nikur-
adse (1933) for fully developed turbulent flow in rough pipes against research inspired by the work of
Shields (1936) for water-based sedimentology, as thoroughly reviewed, for example, by Guo (2020), extended to
the density of air first by Bagnold (1941) and to rarefied gases by Andreotti et al. (2021).

In this re-examination, we notice a striking direct proportionality between the threshold Shields number Sh that
makes the shear stress 7, = puj2 on a plane at incipient transport of cohesionless, narrowly sorted sediment
dimensionless with the weight of particles minus their buoyancy, and the aerodynamic roughness z, referenced to
its value zp_ = d/w at large Re*, once suitably corrected for the ratio of fluid to solid material densities (Pihtz &
Duran, 2023),

1/3
SthJSh;xZ—Ox(pﬁ) , (17)
(ps—r)gd 20, \ps

where Sh’, = 0.0660 + 0.0053 at 95% confidence or, equivalently, 7. = 7%, X (p, — p) g 20 (p/p;)"” with
75, = 2.28 = 0.18. This simple correlation suggests an interpretation of zy/d, not as a geometrical parameter, but
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rather as controlling the Coulomb-like threshold friction that the turbulent boundary layer must exert on a
sediment surface to mobilize its constituent particles. Because Prandtl's mixing length «z in the turbulent core
above a plane surface is proportional to the distance z from it (Bradshaw, 1974), Equation 2 implies that xz, is a
natural scale for this length. It is intriguing that Equation 17 can then be recast as Sh = (¢ /k) X (my/ my)Y3,
where my, is the mass of a characteristic fluid eddy of diameter xz, and m, is the mass of a typical particle on the

planar surface.

To obtain Equation 17, we integrate Equation 2 across Nikuradse's pipes of radius R,,, relate zy/R,, to the Darcy
friction factor that Nikuradse reported, and recall that his entire data set conforms to a single curve that is
equivalent—albeit much simpler—than the Moody (1944) chart (Figure 10b),

29 _ exp (—ay, )
20 Re*

o

zg + 1 — exp(—a, Re*), (18)

where Re* = u*zy_/v and zg characterize the local turbulence, a,, = 5.84 £ 0.04 and a, = 1.35 + 0.03 (J. Cheng
et al., 2022; Christoffersen & Jonsson, 1985; Dade et al., 2001; J. D. Smith, 1975). Then, we note the remarkable
resemblance of Equation 18 and available literature correlations for Sh versus Re* across systems spanning nearly
six orders of magnitude in p/p, (Andreotti et al., 2021; Jia et al., 2023; Pihtz & Duran, 2018; Swann et al., 2020).
Three regimes naturally arise from Equation 18, namely a low Re* limit for In Re* < (a,, — x a,,)/(1 + a,,) where
In zg ~ —a, x —InRe*, an intermediate transition where In zg ~—a,, +a, XInRe*, and a rough limit for

In Re* > a,,/a,,, where In zg; ~ 0 (straight lines in Figure 10b with a,, ~0.234 + 0.015 and a,,, ~0.184 + 0.010).

Because Equation 18 is independent of the outer scale R, of Nikuradse's pipes, turbulent fluid mechanics has long
posited that Equation 18 should apply to any fully developed turbulent boundary layer, as long as the underlying
surface is flat and its bumpiness is invariant. However, it is unclear whether Equations 17 and 18 should hold with
wide variations of topography and/or surface bumpiness, or whether the permeable nature of sediment surfaces
might also play a role.

As this section articulates, our field data suggests that the local geometrical roughness zy = d/w no longer serves
as reference scale for the Shields parameter Sh in Equation 17. Given the long reach of turbulent coherent
structures, it appears that such reference is closer to the much larger—and more distant—z,, from the surrounding

desert floor.

Although all velocity profiles conformed to the logarithmic form in Equation 2, the corresponding In z, were
more uncertain than those of u* discussed in Section 3. Unlike u*, values of Inz; drawn from the lowest
anemometers did not reside within the regression error bars In zg = A In zy at 80% confidence. As the Sup-
porting Information shows (Louge et al., 2023), for nearly half roving locations on the small dune, (In zj),_3
calculated from three anemometers was higher than its counterpart (In zy),-, drawn from the lowest two. In
this case, we conservatively pushed the size of the lower error bar of In zy down to (In zj),,, and reported
In z € [In 2y — (In 29),—3 + (In 29),_p.In 2y + A In 79| ; conversely, if (Inzp),—3<(Inzp),—,, we widened the
confidence interval as In zy € [In zy — A In zo,In 2o + (In 2p),—, — (In 2p),—3] -

As Equation 13 indicates, aerodynamic roughness is independent of wind speed below the transport threshold.
However, it exhibited greater scatter than the relative shear velocities u*/u; reported in Section 4. Nonetheless,
clear trends emerged. First, in agreement with predictions of Ho et al. (2011), the hard desert floor did not undergo
a regime transition in In z; from Equations 13-16, as aeolian transport was negligible between dunes. Here, we
found that the nearly constant ratio s; = u*/u; was greater than at the brink or on the dune, consistent with the
much greater In zy, of the rock-covered desert floor. Coincidentally, the data suggested a downward trend of zo,
versus u* on the desert floor, namely In(u*z, f/v) = 5.05 = 0.38, which resembled the similar relation for a

perfectly smooth wall (Equation 3), but with a much larger constant.

As Figures 9 and 10a illustrate, the magnitude of In zy/z_ at the brink and on the dune proved considerably larger
than what Equation 18 predicts. The field data of Sauermann et al. (2003) on a large dune in Brazil (gray rectangle
in Figure 10a) confirms this (Because those authors only recorded wind speed with a single anemometer, they
inferred u* by adopting the relatively large invariant value z, = 250 ym that produced best agreement with the
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Figure 7. Records of speed at the top anemometer fixed on the dune and the corresponding impact signal (bottom). Sunrises
and sunsets are marked by vertical solid and dashed lines, respectively. The first sunrise is on 11 January 2017 and the last on
14 January. Horizontal arrows indicate when specific measurements were conducted, including roving anemometry on the
main longitudinal “upwind transect” identified in Figure 1, the corresponding “downwind transect”, measurements
performed “upstream of brink” (diamonds in Figure 11 upper right), and a much longer period with the roving triad gathering
“records at brink” at a 0.92 m distance from the latter. Horizontal lines mark correlation peaks found in Figure 8. Note
acoustic signal failures on the first and second day.

Jackson and Hunt (1975) theory applied to the dune cross-section transect prolonged by the wake-enclosing
solidified streamline of Kroy et al. (2002)).

Crucially, our data of In zy/zy_ was also randomly distributed between Equation 18 and the greater value recorded
on the desert floor, particularly at the brink. This observation hinted that upstream coherent structures generated
by relatively large stones littering the dune's surroundings were occasionally advected by the flow climbing over
it. These wide excursions in z; at relatively low speeds (Figure 9f) also suggest an explanation for the apparent
contrast in acoustic signal strength between the relatively weaker winds on the first day and stronger ones
thereafter (Figure 7). Although the transport threshold is driven by u* (or equivalently by z, as Equation 17
suggests), it is not practical to correlate instantaneous acoustic impact signal with a shear velocity that requires a
long averaging period. Therefore, the only feasible correlation involves instantaneous wind speed and acoustic
signal (Figure 8). Consequently, because wide excursions in z; can change the speed threshold, acoustic signal
strengths recorded at the same wind speed can differ between periods of relatively weak winds when z,, varies
widely, and stronger winds when z;, changes more steadily. Avoiding this apparent contrast is the reason why the
correlation of Equation 11 involves Heaviside functions of speed Hi(us, — v) and H(us,).

As aeolian transport began, particles dampened fluctuations in In zy/zg_
considerably. This suggested that aerodynamic roughness was now exclu-
sively governed by the local flow, rather than more distant coherent structures

Figure 8. Derivative |0f*/dv| of the function in Equation 11 versus speed v.
Peaks of |0f 7/0v| occur at v = 2.71, 4.15, and 7.26 m/s with falling wind

inherited from the desert floor. As wind speed and shear velocity grew further,
greater particle loadings ultimately led to the Bagnold regime transition,
which occurred just below the onset of the third peak of |df*/dv| in Figure 8.

In the absence of aeolian transport, other transects exhibited wide variations
in In zy/7y_ that were further at odds with Equation 18 (Figure 10a), most
notably on the West side of the small dune, where In(zy/zy_) turned sharply
negative (Figure 11h). Therefore it is obvious that the flow over these dunes

did not behave as Nikuradse's fully developed turbulent boundary layer on a

rough pipe wall. Such sharp decrease in In zg is reminiscent of the experi-
mental observations of Antonia and Luxton (1971), Antonia and Lux-
ton (1972), who noted that the interplay of the inner and outer layers delays

speeds; peaks of |9f */dv| are at v = 2.90, 4.47, and 7.94 m/s with rising wind  the return to turbulent equilibrium when a flat surface undergoes a geomet-

speeds.

rical transition from rough-to-smooth, which is analogous to our dunes on a
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Figure 9. Evolution of shear velocity u* and In zg along the main transect. (a) 3D-sketch showing values of u*/u (symbols)
along the transect path (solid line), and a dune mesh with exaggerated elevation; the reference u was recorded
simultaneously on the fixed dune triad (circle just West of the transect). Long term records acquired on the windward desert
floor (triangles), on the dune (circles) and at the brink (diamonds). (b—d) u* versus u3 at the top anemometer at the three
locations shown. The solid line is the model of Equations 12 and 15. For the brink (b) and dune data (c), dashed lines prolong the
greater slope backward and intersect the us-axis at the Bagnold speed u;,. (d) There is no slope change on the hard desert floor, as
Ho et al. (2011) predicted; models for brink and dune are superimposed for comparison. (e-g) In z;r, =1In(z0/20,) versus

In Re* = In(u*zy_/v), where d =351 pm is the mean sand grain diameter. In each graph, triangles show values on the desert
floor, conforming to In(u*z, ,/1/) = 5.05 £ 0.38 (dashed line), in good agreement with prior data ln(zof /20,,) = 6.9 from Louge
et al. (2013) (horizontal dotted line). Dashed lines indicate the model of Equations 13 and 16, and the solid line is Equation 18.
) 1n zg on the dune (circles); gray areas cover the range of In Re* for meandering flow, and values between the falling and rising
velocities of the second and third peaks of |0f ~/dv| in Figure 8.

rocky floor, than when it does from smooth-to-rough. In addition, these authors found that the parameter a,, is
considerably larger after a rough-to-smooth transition than on a smooth flat surface, reaching a value as high as
a, ~ 15, and that « is also >0.41 in this case. These trends suggest how In zg could be smaller than Nikuradse's
data.

Conversely, to explain why much larger values of In zg are possible, we note that aerodynamic roughness on the
dune may be corrupted by its much larger value on the desert floor, as one gradually evolves into the other (Abkar
& Porté-Agel, 2012). Our records of incipient transport in Figure 9 offer further insight on the decisive role that
the bumpier upstream desert floor plays. As insets (c) and (d) of Figure 10 show, Shields friction coefficients on
the dune and its brink are at once higher than literature values for Sh* = Sh(ps/p)l/3 versus Re*, and lower than
the expression of Equation 17 for Sh* versus zy/z,_. Therefore it is clear that our threshold data do not conform to
established expressions of Shields friction versus local Reynolds number. However, if we adopt a larger reference
Zo, for aerodynamic roughness in the range zo_ <zp, <zo, where it is expected, the data can be brought into
compliance with Equation 17, see dashed lines in Figure 10d. Overall, this suggests that the higher, distant up-
stream bumpiness affects Shields friction in ways that traditional sedimentology correlations with local Re* do
not capture.

8. Model

We now examine whether the theory of Jackson and Hunt (1975) and Hunt et al. (1988) captures the evolution of
the relative shear velocity u*/u that we measured on all longitudinal and lateral transects of the smaller dune.
Weng et al. (1991) and Kroy et al. (2002) wrote the corresponding two-dimensional Fourier transforms of shear
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Figure 10. Aerodynamic roughness and density-corrected Shields number Sh* = Sh X (ﬂ,;//’)l/j. (a) In zg versus In Re* for
upwind transects without aeolian transport revealing a wide discrepancy with Nikuradse data (small circles). Gray circles are
transects labeled “along the dune” in Figure 11, excluding relatively low wind speeds (open circles in Figure 5) or the brink;
squares are transects “along the West side”; crosses are for the large dune of Figure 6. Confidence intervals for In zg are
drawn for all symbols, yet sometimes too small to be visible. The gray rectangle is the likely data range of Sauermann

et al. (2003), which we inferred from their reported u* ~0.36 m/s, z, = 250 um and particle size 100 < d <600 pm (Jimenez
et al., 1999). (b) Close-up of Nikuradse data. The solid curve and dashed straight lines are, respectively, Equation 18 and its
approximation in three regimes. (c) In Sh* versus In Re* from Guo (2020) (triangles), Pihtz and Duran (2018) (circles), Swann
et al. (2020) (diamonds), Andreotti et al. (2021) (squares), and simulations of Pihtz and Duran (2023) (pluses). Solid curve and
dashed lines are obtained by adopting Equation 18 to convert In Re* to In z;, and Equation 17 to transform In z; into In Sh*. For
In Re* < — 4, the correlation no longer applies as the flow is not fully turbulent (dotted line), but rarefied conditions (squares)
still conform. Large circles are data for In Sh* versus In Re} = In(uzy_/v) at the brink and on the triad fixed on the dune.
(d) In Sh* versus In(zy/zg,) for literature data (symbols in inset ¢) and the corresponding fit of Equation 17 (line). Large circles
are brink and dune data assuming z, = zo_; the dashed line spans the range z_ <zy, <z ; where we expect the reference
aerodynamic roughness z,_to reside.

stress excursions 7, and 7,, respectively along the wind and across its transverse direction, from the mean value

pu’;f far away on the surrounding plane, due to the presence of a bedform of elevation A(x,y) above the horizontal,

T, AK +1Bk|k,| "

u*2 2, .2
Plos JE+E

z koxk, -
= T —=xh
Pl I+

where k, =27/, and k, = 2n/4, are respective wavenumbers along and across the wind, 4, and A, are the

19)

corresponding wavelengths, and the overbar denotes the Fourier transform. As mentioned earlier, Fourriere
et al. (2010) calculated A and B in terms of 5, = 27zy/A and R = —In(zo/4) > 0.

Meanwhile, to address the meteorological problem of wind transitioning from the ocean surface to a flat landform,
Walmsley et al. (1986) considered variations in aerodynamic roughness on a horizontal plane without topo-
graphical evolution. For a roughness satisfying Inzo = Inzp, +a, X G(x,y), where G is a dimensionless func-

tion, a, is an amplitude of its variations, and In 7, is roughness around the bedform, they obtained the Fourier

g
transform of stress excursions
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where K is the modified Bessel function of the second kind and order zero.

(20)

To predict the shear stress on the entire dune surface, we first identify the dune outline on hard ground from
theodolite measurements, least-squares-fit the plane on which it stands, and slightly tilt the entire dune so this
outline becomes horizontal (Figure 1). For each position of the roving anemometer triad, we then rotate the
resulting three-dimensional surface to align it with the time-averaged wind direction during the measurement
period. To avoid aliasing the Fourier-transformed height /, we pad the (x,y) domain where the dune resides with
at least one identical area of vanishing altitude on all sides.

Recently, Jia et al. (2023) extended the Jackson and Hunt framework to variations of In zO with topography.
Unfortunately, in our case, because such variations are superimposed upon drastic changes of geometrical
roughness between the dune and its surroundings, we crudely estimate the contribution 7, of roughness evolution
to the shear stress in Equation 20 by fitting our measurements of In z, to the empirical function

2 3 4
(481 +3gz)(hi> _2gz<%> _2gl(hh ) ] 21

where a, = —(g + 8/2). g = —86 £20, g, = 180 + 40.

1
Ge—<X
(281 +gz)

Finally, we identify the dimensionless shear stress excursions as the real part of the inverse transforms in
Equations 19 and 20, calculate the vector (x,y) = pu’;f X + %, where all contributions to stress deviations are

combined linearly as # = (, +%,) & + %, §, and derive pu*? =

||z]|. Figure 11 compares measurements and
predictions of Equation 19 with or without the contribution of Equation 20. Although the linear theory of
Equation 19 should not apply to sudden or steep variations of topography, it predicts the correct trends on the main
longitudinal transect (solid line, inset b), namely an initial dip in #*/u} as one approaches the windward face,
followed by a rise toward the crest, a sharp peak at the brink, a reversal at the foot of the slip face, and a gradual
return to the upstream u /u; behind the dune. In general, we find that the contribution of 7, is relatively small.
Near the brinkline (inset f), we plot predictions on a parallel path at the distance of 0.92 m where an anomalous
peak arose (open diamond). As expected, measurements at greater separation from the brinkline exhibit lower
values of u*/u’.

Nonetheless, Equation 19 typically overpredicts «*/u, and it does not capture transverse transects well (inset c).
In addition, Equation 19 alone fails to reproduce a substantial dip in »*/u: on the off-center longitudinal transect
(inset e). However, this feature is qualitatively captured by adding the contribution of Equation 20. Similarly, the
dotted line in inset (b) suggests that variations in In z, are responsible for the initial decrease in u*/u; along the
main transect.

In short, to model surface shear stress on a dune with vastly different geometrical roughness than its surrounding,
it is essential to know how topography and aerodynamic roughness both evolve. However, while topography is
straightforward to establish, aerodynamic roughness cannot yet be predicted a priori without measuring turbulent
velocity profiles in the field.

9. Role of Dune Skewness

Although the theory exaggerates predictions of u*/u;, we use it on artificial dune profiles of invariant roughness
to suggest how a local peak of shear velocity arises near the brink. Kroy et al. (2002) conducted such exercise on
Gaussian-shaped bedforms, occasionally truncated to feature an avalanche face. Recognizing that the linear
theory was not meant to handle a sharp discontinuity in slope, they extrapolated the dune surface beyond the brink
with the upper streamline of a separation “bubble” bounding its wake, which they approximated as a cubic profile
with distance. To find the downwind landing position and the four coefficients of this cubic, they imposed a
continuous altitude and slope at the brink, vanishing altitude and slope at the landing, and they prescribed that the
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Figure 11. Measured transects of u*/u; versus distance x and predictions of Equation 19. (a) dune topography with
exaggerated altitude and superimposed transects (thick solid line: longitudinal transect in Figure 5; dashed line: “along the
West side”; dotted line: “across the dune” or “across the wake”; thin line along the brink). The solid line marked “prediction”

is Equation 19 and also appears in inset (b) “along the dune” with identical symbols for u*/u (filled circles for longitudinal
transects; open diamond for the anomalous value at the brink, see also Figure 9). (b—f) Lines are predictions of Equation 19 alone
for an average wind direction among measurements in each transect; open squares (c) and triangles (d) mark intersections of two
transects nearly orthogonal to (b); circles are “along the dune” (b), squares “across the dune” (c), triangles “across the wake” (d),
or its “West side” (e); diamonds are “near the brinkline” (f) with corresponding distances from it. Like Figure 5, open circles
mark measurements at low wind speeds. In panels (b) and (e), solid lines are Equation 19 alone, while dotted lines add the

contribution of Equation 20 with a, = —2.2 and In(z,/z_) = 6.2 for (b) and In(zo, /2y, ) = 4.9 for (e). (g) Transect of In z;
along the dune while u; = 0.14 +0.03 m/s for 0 <x <88 m, later rising to u} = 0.35 = 0.03 m/s for 106 <x <203 m.

(h) Surprisingly, In zz;, shown here with its confidence intervals, turned sharply negative along the West side, while

u =0.31%0.02 m/s varied little.

inclination of the streamline in between have its steepest inclination equal to 14°. Here, we revisit this exercise to
gauge whether the theory, when applied to bedforms with sharper variations, may yet foreshadow the existence of
the anomalous peak of u*/u, that our field tests revealed.

Figure 12 illustrate these calculations, which for simplicity we carry out without variations in In z;. In inset a, we
first consider an artificial three-dimensional dune with geometry prescribed by Sauermann et al. (2000). As Kroy
et al. (2002) intended, fitting a separation bubble (dotted line) hardly induces a peak in the profile of u*/u on the
centerline transect. However, forsaking this artificial bubble yields considerable excursions in this ratio, including
a sharp rise at the brink and a depression at the toe (solid line). Coincidentally, this line also features a sharp
reversal in u*/u}, <0 just behind the lee, although it exaggerates what was observed in Figure 4. Meanwhile, a
Gaussian profile with similar profile standard deviation confirms that the maximum u*/u, on such smooth
bedform arises ahead of the crest (dashed line).

In insets b and ¢, we note that a sharp peak in #*/u?, can also arise without an abrupt discontinuity in slope. In the
spirit of Kroy et al. (2002), we show this by constructing artificial bedforms of height &, that are shaped as a
symmetric Gaussian in the direction y perpendicular to the wind, but that are asymmetric down its bearing of
coordinate x. The asymmetry along x is achieved by patching two half-Gaussians of different standard deviations
st for x>0 and s, for x <0,

1(y 2 1/x\? 1/x\?
h = hy exp E(;) H(x)exp 5(;) + H(—x)exp 5(;) X (22)
y x X

where H(x) is the Heaviside function, thus making the profile continuous in elevation and slope on its crest at
x = 0, albeit discontinuous in the second derivative. (Such profile resembles the larger dune in Figure 6, which
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Figure 12. Shear velocity u* relative to its upwind value u, and dune elevation / relative to its crest height /, along the
central symmetry transect in the prevailing wind direction on artificial three-dimensional dunes, predicted by Equation 19.
(a) Solid lines: dune shaped as described by Sauermann et al. (2000) with identical sy ~4.5 m as its real counterpart in
Figure 1. Dotted lines are for the same dune artificially prolonged with a separation bubble (Kroy et al., 2002). Dashed lines are
for a bedform shaped as a symmetric Gaussian with standard deviations s} = sy ~12.5 m and s, ~ 12.2 m of the dashed
bedform profile. (b, ¢) Profiles of u*/u?, on artificial bedforms conforming to Equation 22 with central transects shown in three
insets labeled with their coefficient § = s}/ . (b) Profile resembling a barchan with steeper downwind face. Solid, dashed and
dotted line have, respectively, f = 1/4, 1/2 and 1 (skewness ji; ~ —0.8, —0.5 and 0). (c) A higher peak of u*/u, arises as wind

reverses direction (8 = 4, 2, and 1 as shown, or ji; ~ 4+0.8, +0.5, and 0, respectively). u* <0 is truncated for clarity.

reaches its highest elevation at the brink). We set different ratios § = sf/s; of the artificial bedform, while

keeping the sum 5 = [(s:)2 + (s;)2>] /2 constant. To characterize the topographical profiles of Equation 22, we

~ e X — Hq } *
PR N ) s 23)
oo 04

where p, = [3¥xh*dx, o4 = [I(x - ﬂd)zh*dx, and h* = h/fIh dx is normalized. However, it is more
intuitive to quote the ratio 8 of the right and left standard deviations s} and s, which is related to ji; by integrating
Equation 22,

introduce their skewness

o =\2(1 - py ST MDA (24)
[ﬂ—Z(l—ﬂ) +n(ﬁ—l)ﬂ]

We find that a backward flow (inset c) yields stronger peaks of u*/uZ, than its forward counterpart on the gentler
slope (inset b), consistent with common observations of more intense erosion at the brink of a barchan when wind
reverses direction. Crucially, as both insets show, the peak of u*/u}, near x = 0 grows as magnitude of the profile
skewness fi; increases along the wind transect. Therefore, despite its flaws illustrated in Figure 11, the theory of
Jackson and Hunt (1975) suggests that skewness of the dune profile is the principal cause of the anomalous peak
of shear stress that our field measurements revealed at the brink.
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10. Large-Eddy Simulations

In the absence of aeolian transport, Section 7 implied that, despite its universal character for rough walls,
Equation 18 is inappropriate when topography and/or large, sudden variations in surface bumpiness exist. In this
context, we investigated whether LES, which generally assume In z;, at the boundary, address the challenge of
wide variations of aerodynamic roughness on the surface.

Turbulent flows over large bedforms are challenging 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 LES (Hardy
et al., 2021; Jin et al., 2021; Liu et al., 2019; Omidyeganeh & Piomelli, 2013; Sun & Zheng, 2023; Zheng
et al., 2020), RANS (Jin et al., 2021; Lane et al., 2004; Lefebvre et al., 2014; Michelsen et al., 2015; A. B. Smith
et al., 2017), or algorithms coupling morphodynamics with a fluid mechanics solver such as Lattice methods
(Baumgarten et al., 2021; Lii et al., 2018; Narteau et al., 2009; Q. Zhang et al., 2022), LES or RANS (Sotiropoulos
& Khosronejad, 2016), or ad-hoc models of erosion and deposition (Xiao et al., 2023).

In all such techniques, boundary conditions for shear stress and aerodynamic roughness play a crucial role. To
gauge their importance, we simulated the turbulent flow over the dune using the large-eddy simulation code
WiIRE-LES developed at EPFL. To avoid time-consuming computation, LES spatially filters and solves the
Navier-Stokes equations, explicitly resolving large turbulent motion while lumping net momentum contributions
of small eddies in a subgrid scale (SGS) model. In this way, LES captures much larger flows than direct numerical
simulations that employ a grid discretization smaller than all relevant scales in the turbulent energy cascade. To
handle flows over long bedforms, our own WiRE-LES combines a spectral method of high-order accuracy in the
horizontal directions with finite-difference discretization along the vertical elevation for efficient implementation
of wall models (Fang et al., 2018). Using a terrain-following coordinate transformation (Fang & Porté-
Agel, 2016), we extend this numerical strategy to topographies with low to moderate slopes, which are typical of
desert dunes. Meanwhile, to parameterize unresolved stresses, we adopt the Lagrangian scale-dependent dynamic
SGS model of Stoll and Porté-Agel (2006), which does not require parametric tuning and readily applies to
complex terrain. Fang and Porté-Agel (2016) validated this approach against wind tunnel data.

To direct the flow through a single inlet and outlet, we rotated the simulation domain to align the x-axis with wind
direction. We placed the barycenter of the dune outline at the center of the (x,y) plane, discretized the 512, 128, and
64 m domain in a regular grid of resolution of Ax = Ay = 1 m and Az~0.25 m along the x-, y- and z-directions,
respectively. The spectral method automatically applied periodic boundary conditions in the horizontal directions.
We specified the upper boundary condition as stress-free. Because dimensions of the domain in the y- and z-di-
rections were much larger than the dune size, those boundary conditions did not affect the flow in the dune vicinity
significantly. We imposed turbulent inflow boundary conditions at the inlet using the buffer-zone technique, which
conducts a precursor simulation without the dune and drives the flow with a constant mean pressure gradient along
the x-direction that matches the velocity profile above the surface to that recorded at the reference anemometer
triad.

Crucially, we evaluated the surface shear velocity from Equation 2, which relates the instantaneous velocity in the
first grid cell to the assumed In z;, ignoring the phase lead of shear stress over topographical variations that is
modeled in Equation 19. Figure 13 compares LES predictions of u*/u time-averaged over 300 s and data on the
main longitudinal transect for two distinct prescriptions of In z;. In the first, we adopted for the entire domain the
uniform value of In(zy/zo_) = 3.4 that is representative of data recorded on the dune (red crosses in Figure 13). As
expected, u* was mismatched ahead of dune, but rejoined measured data on the upstream slope. Although the
simulation hinted at the existence of the peak u* at the brink, it did not capture the local maximum ahead of the
crest, perhaps because it did not resolve the inertial inner layer of thickness £ ~ Az that is central to the Jackson
and Hunt (1975) theory. Downstream, the simulation overpredicted u* and returned to far-field conditions farther
than measurements. By analogy with flows near the trailing edge of an airfoil (Dahlstrom & Davidson, 2003), it is
possible that the relatively coarse spatial resolution around the sharp discontinuity at the brink may be responsible
for this. To gauge the role of an evolving In z,, we also conducted another LES with values of In z, correlated with
altitude using Equation 21 (blue crosses in Figure 13). Because this simulation barely recorded the rise of u* at the
brink, this exercise confirmed the important role that In z, plays, but underscored challenges involved in pre-
dicting it.

LOUGE ET AL.

19 of 24

95U8017 SUOWILIOD SAIES.D) 3]gedl[dde ay) Aq peusenof ae Sapie YO ‘8sn Jo Sa|nJ Joj Aeiqi UIjUQ AS]IA UO (SUONIPUOI-PU-SWLB)W0D A8 | 1M AleIq Ul Uo//:Sdny) SUONIpUOD pue sWIe | 8U188S *[17202/60/92] U0 AriqiT suIuO AS|IM ‘Soueld aUeIy00D AQ 665/00-rE202/620T 0T/I0p/W0d A8 1M Aselq i puluo'sqndnfe//:sdny wouy pepeojumoq ‘6 ‘vZ0Z ‘TT0669TZ



| . Yed J |
MID
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Earth Surface 10.1029/2023JF007599

(FS%H floor « local maximum Crest S

u*/u*

dune profile

0 T T A

|} |
0 50 150 distance (m) 200

Figure 13. Comparison of field data on the longitudinal transect of u*/u’ of Figure 5 (circles) with Large-eddy-simulations
predictions at same location on an identical topography. Red crosses: fixed roughness In(zy/zy_) = 3.4; blue crosses:
roughness correlated with relative altitude, In z; = In 20, +ag X G from Equation 21 and ln(zof/zom) = 6.9. Top: a snapshot of
local streamwise wind velocity (deepest blue: —1.8 m/s and red: +9.9 m/s) at fixed roughness. Other symbols, see Figure 5.

11. Conclusions

Deploying triads of two-dimensional ultrasonic anemometers with minimum redundancy, we conducted field
experiments to evaluate the evolution of turbulent shear velocity u* and the log of aerodynamic roughness In z; on
two large isolated crescent-shaped barchan sand dunes surrounded by a stone-covered, nearly horizontal desert
floor. On a central transect along the prevailing wind direction, u* first decreased, then climbed over the dune,
with a local maximum ahead of its crest. A sharper peak also arose at the brink just ahead of the downwind
avalanche face. Although such peak is likely to raise the local sand flux cast over the avalanche face, effects of this
anomaly on aeolian erosion at the brink require more research.

Despite its linear character, the theory of Jackson and Hunt (1975) for flows over low hills captured—albeit
exaggerated—these trends for u*, and suggested that dune skewness is responsible for the sharper peak. The
model of Walmsley et al. (1986) further implied that observed variations in In z, could qualitatively predict
reductions of #* on the upwind face and on the off-center transect to the West of the dune.

The mean flow did not recirculate on the lee side, except very close to the avalanche base, but instead it maintained a
log profile with velocity fluctuations meandering from side to side about the wind direction.

During period of aeolian sand transport, correlations of an acoustic measurement of transported sand flux with
wind strength revealed three consecutive peaks preceding distinct behavior of #* and In z,. At speeds higher than
the third peak, u* rose more steeply with wind speed, consistent with the existence of a focal point in the log
profile of wind velocity, which Bagnold (1941) had identified.

Our data further cautioned against assuming that aerodynamic roughness is invariant. Having recorded wide
excursions in In z, on and around the dune, we showed conclusively that the behavior of In z, versus u* is sharply
at odds with the universal Equation 18 inferred from the experiments of Nikuradse (1933) with fully developed
turbulent boundary layers on rough pipe walls.

As we noted by comparing Nikuradse's data to literature on the Shields (1936) threshold, aerodynamic roughness
appears to govern the Shields parameter that makes shear stress on a plane at incipient aeolian transport
dimensionless. As a result, its evolution should not be assumed but recorded in the field or modeled, perhaps by
combining the theories of Jackson and Hunt (1975), Walmsley et al. (1986), and Jia et al. (2023).
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In addition, our data for the Shields parameter versus local shear Reynolds number at the brink differed widely
from that on the dune, while neither conformed to density-corrected sedimentology correlations for narrowly
sorted, cohesionless grains. This suggested that other effects, such as topography, upstream turbulence, or
permeability may play an important role.

In general, we illustrated the importance of prescribing proper boundary conditions in models of fluid flow over
field-size bedforms. Despite their remarkable ability to capture most flow features, numerical simulations face two
main challenges. First, if they do not resolve the relatively thin inertial inner layer, simulations cannot capture the
lead of peak shear stress ahead of the peak topography, and thus they might miss the anomalous rise of u™ at the
brink. Such limitation might be rectified without demanding an excessively fine resolution by imposing a boundary
condition that evolves according to the Jackson and Hunt (1975) model. Second, simulations often prescribe In z,
rather than evaluate it over the entire flow field. We have shown that this practice is arbitrary, particularly if a
bumpier surface encloses the bedform.

Because turbulence is driven by fluid inertia, flows of Newtonian fluids with different densities share the same
kinematic behavior, as long as fluid properties are constant and the pressure gradient in the Navier-Stokes
equations is either negligible or compensated by gravity. Therefore, turbulent boundary layers in water and air
are qualitatively similar in the absence of sediment transport. Nonetheless, the fundamental reason for the
observed density dependence of Equation 17 with a flat sediment bed remains an open problem. Then, although
we conducted measurements in a desert, the challenges that they exposed should arise in other systems, such as
submarine or fluvial sand dunes, where bedforms also inherit turbulent vortices from their surroundings.

Data Availability Statement

Supporting Data and its reduction are available on the Cornell University eCommons Repository at Louge
et al. (2023). Uncertainty analysis of the anemometry is available at Louge et al. (2024).
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