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We study aeolian saltation over an erodible bed at full transport capacity in a wind tunnel
with a relatively thick boundary layer. Lagrangian tracking of size-selected spherical
particles resolves their concentration, velocity and acceleration. The mean particle
concentration follows an exponential profile, while the mean particle velocity exhibits
a convex shape. In contrast to current assumptions, both quantities appear sensitive to
the friction velocity. The distributions of horizontal accelerations are positively skewed,
though they contain negative tails associated with particles travelling faster than the fluid.
The mean wind velocity profiles, reconstructed down to millimetric distances from the
bed using the particle equation of motion, have an approximately constant logarithmic
slope and do not show a focal point. The aerodynamic drag force increases with distance
from the wall and, for the upward moving particles, exceeds the gravity force already at
a few particle diameters from the bed. The vertical drag component resists the motion
of both upward and downward moving particles with a magnitude comparable to the lift
force, which is much smaller than gravity but non-negligible. Coupling the assumption
of ballistic vertical motion and the measured streamwise velocities, the mean trajectories
are reconstructed and found to be strongly influenced by aerodynamic drag. This is also
confirmed by the direct identification of trajectory apexes, and demonstrated over a wide
range of friction velocities. Taken together, these results indicate that aerodynamic drag
and lift may play a more significant role in the saltation process than presently recognized,
being complementary rather than alternative to splash processes.
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1. Introduction

The transport of particles caused by fluid flowing over a mobile bed is a key process in
engineering (Vowinckel 2021; Capecelatro 2022) as well as in the environment (Richter &
Gill 2018; Ancey & Pascal 2020). In geophysical flows the transport is often non-
suspended, i.e. the particles are in regular contact with the bed, since turbulent fluctuations
are unable to support their weight (Pdhtz & Durdn 2020). Here we focus on aeolian
saltation, in which solid particles (typically sand or snow) of diameter d,, = 100—600 pm
move in large ballistic hops in a transport layer of thickness 1 > d, (Kok er al. 2012)
over an erodible bed. The inception of the process is usually termed fluid entrainment or
aerodynamic entrainment, in which the wind lifts grains from the bed by applying a stress
above a so-called fluid threshold. The grains are then accelerated by aerodynamic drag
and transfer the gained momentum to the bed upon collision. Impacting particles rebound
and/or eject other grains (a process often called impact entrainment or splash entrainment),
increasing the load in the saltation layer and extracting momentum from the wind until an
equilibrium is reached. Because the momentum transfer by bed collision is more efficient
than by aerodynamic drag, the impact threshold, i.e. the minimum wind stress at which
saltation can be sustained after inception, is lower than the fluid threshold.

While this general picture was essentially defined already in the seminal works of
Bagnold (1941) and Owen (1964), several crucial aspects remain poorly understood,
causing key quantities (notably the mass flux) to be insufficiently constrained in present
models of sand and snow transport (Clifton, Riiedi & Lehning 2006; Zheng 2009;
Martin & Kok 2018). As such, they remain an object of intense debate. Because the topic
is vast and has been reviewed in detail (Nickling & Neuman 2009; Zheng 2009; Claudin,
Charru & Andreotti 2011; Kok et al. 2012; Valance et al. 2015; Pihtz et al. 2020), here
we focus on selected aspects specifically relevant to the present study. While here we are
concerned with solid particles, several of those aspects are also crucial to snow saltation,
as comprehensively reviewed in Melo, Sigmund & Lehning (2024). A key issue is the
relative importance of fluid entrainment and impact entrainment, which traces back to
Owen (1964). He argued that, in equilibrium, the fluid stress on the bed surface equates
the impact threshold: a lower surface stress would result in fewer entrained particles,
reducing the momentum extracted from the wind and increasing the surface stress back
to the threshold; while the opposite would happen if the surface stress were higher than
the threshold. This self-regulating mechanism is at the basis of simple models of sediment
erosion (Raupach 1991; Doorschot & Lehning 2002; Kok & Renno 2009) but assumes
that fluid entrainment dominates over impact entrainment. This is inconsistent with the
occurrence of saltation below the fluid threshold as already documented by Bagnold
(1941). Moreover, only saltation models that assume impact-dominated entrainment can
reproduce a ‘focus’ in the near-bed wind profiles for different wind speeds, originally
reported by Bagnold (1938).

The dominance of impact entrainment over fluid entrainment implies that particles
failing to rebound are replaced by newly ejected ones, an equilibrium determined by a
ballistic impact speed O(,/gd)), where g is the gravitational acceleration (Beladjine ez al.
2007; Kok & Renno 2009). Therefore, the particle speed too should be independent of
u* in the saltation layer, which is then identified as the region below the Bagnold focus
(Durén et al. 2012; Valance et al. 2015; Melo et al. 2022). Other important consequences
of this view are that the height of the saltator trajectories (related to the thickness of the
saltation layer) as well as their length should be also independent of u* (Sato, Kosugi &
Sato 2004; Ho et al. 2011), and that the mass flux should scale linearly with the excess
stress above the saltation threshold (Kok et al. 2012; Martin & Kok 2017). The evidence
of impact-dominated entrainment is strong (Duran et al. 2012; Pihtz & Duran 2017,
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Péahtz & Durdn 2020) and several studies have reported results that support it, including
the weak influence of the friction velocity on the thickness of the saltation layer and
on the particle velocity within it (Creyssels et al. 2009; Ho et al. 2011; Martin & Kok
2017). Some experiments, however, have provided some support to Owen’s hypothesis.
Using laser Doppler anemometry, Li & Neuman (2012) measured fluid stress profiles
converging towards the impact threshold as the surface is approached, as predicted by
Owen. Walter et al. (2014) used an Irwin sensor to directly measure the wall shear stress,
which decreased weakly with wind velocity at small and intermediate particle mass fluxes
but remained essentially constant for high particle mass fluxes, again in agreement with
Owen’s hypothesis. They concluded that, while splashing is a more efficient way of
transferring momentum to the surface particles than fluid drag, both should be considered
as complementary entrainment processes.

Our understanding of the process is thwarted by the difficulty of achieving appropriate
conditions for wind tunnel experiments, and measuring wind velocity and particle
transport within the saltation layer (Rasmussen, Valance & Merrison 2015). Reaching
equilibrium between the boundary layer flow and the saltation cloud typically requires
particle beds ~6 m or longer (Rasmussen et al. 2015) with a depth of centimetres to remain
in the transport-limited regime (Li & Neuman 2012). The boundary layer thickness should
also be sufficiently thick to allow for the development of a logarithmic profile. This is re-
quired for establishing the vertical momentum flux above the saltation layer, which is then
partitioned between the airborne stress and the particle-borne stress (Raupach 1991; Li &
Neuman 2012), and in turn to reliably measure u* (Rasmussen, Iversen & Rautahemio
1996; Bauer, Houser & Nickling 2004). Moreover, as discussed in detail by Bauer et al.
(2004), the limited cross-section of typical wind tunnel studies imposes an artificial over-
steepening to the wind velocity profile. From the metrological standpoint, the saltation
layer is a harsh environment for physical probes, and its optical thickness challenges non-
intrusive measurements. Indeed, reported profiles of particle velocity and concentration
typically contain fewer than 10 points in the wall-normal directions, making it hard to
distinguish precise trends (Rasmussen et al. 2015). Obtaining a range of friction velocities
wide enough to observe clear trends is also a challenge: the high transport rates mobilize
large amounts of material, which may be complicated to handle in a laboratory setting.
Recently, Ralaiarisoa et al. (2020) reported on transport rates and characteristic heights
of the saltation layer for an unprecedented range of friction velocities and of its non-
dimensional form, the Shields number (S4, to be defined below). They concluded that the
classic saltation regime at low and moderate Sh transitions to a collisional regime at higher
Sh. This is characterized by frequent midair interparticle collisions, which have strong
dispersive effects (Carneiro et al. 2013) and as such produce a growth of the transport layer.

Particle imaging and tracking has become the de facto standard to simultaneously obtain
velocity and concentration at different distances from the bed (Creyssels et al. 2009;
Ho et al. 2014; O’Brien & Neuman 2019). However, the basic shapes of the mean profiles
differ significantly across the various studies. Moreover, while those Eulerian quantities
provide important characterization, Lagrangian particle trajectories are most suitable to
evaluate the forces acting on saltating particles, notably drag and lift. The seminal study
of White & Schulz (1977) used high-speed photography to obtain saltating particles’
trajectories, from which the authors evaluated the importance of the Magnus-lift due
to particle rotation, later supported by the theoretical model of Huang, Wang & Pan
(2010). Zou et al. (2007) used high-speed imaging to estimate the particle rotation rate and
estimated its contribution to saltation height and length. Previous measurements, however,
have not achieved sufficient temporal resolution to obtain particle acceleration, which is
essential to directly evaluate the forces at play.
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Figure 1. Overview drawing (a) and test section schematic (b) of the atmospheric wind tunnel used in the
present study. The schematic depicts the position of the Pitot-tube (1), the turbulence spires (2), the roughness
elements (3), the sand bed boundaries (4), the high-speed camera field of view (5), the laser sheet (6) and the
filter frame (7). The axis are in units of metres.

As clear from the above, several outstanding questions remain, including: How do
particle velocity and concentration evolve within the saltation layer? How do saltation
height, length and velocity vary with friction velocity? What is the relative magnitude
of the forces acting on the particles? With those questions in mind, here we present
and analyse the results of a measurement campaign in which laser imaging is used to
characterize the particle concentration, velocity and acceleration of saltating particles in
an atmospheric wind tunnel. The size of the facility and the high spatial and temporal
resolution of the measurements allow us to tackle some of the experimental challenges
mentioned above. The data is used together with an analytical force model to reconstruct
the wind speed at close distances from the bed, and to calculate the forces acting
on the particles. Moreover, energetic arguments are used to model the mean particle
trajectories. The paper is organized as follows. The experimental methodology and the
considered regimes are described in § 2; the results are presented in § 3 in terms of particle
concentration and kinematics (§ 3.1), force balance (§ 3.3) and saltation trajectories (§ 3.3);
in § 4, the trend of the saltation height is presented over a wide range of friction velocities;
§ 4 includes a discussion and draws the main conclusions.

2. Methods and regimes

Experiments are conducted in the atmospheric wind tunnel at the Swiss Federal
Laboratories for Materials Science and Technology (Diibendorf, Switzerland), as depicted
in figure 1(a). This is a recirculating facility powered by a 110kW fan, featuring a
5.7:1 contraction followed by a 10.5m long straight test section. The cross-section is
1.9 m wide and 1.3 m high, with an adjustable roof that ensures negligibly small
streamwise pressure gradient. The inflow is conditioned by a staggered array of 5 cm
tall L-shaped roughness elements over the first 3.5 m of the floor, promoting the growth
of the boundary layer (figure 1b). For the majority of the presented results, the roughness
elements are preceded by 1.1-m tall spires at the entry of the test section. The roughness
elements are followed by a 6 m long and 2 cm deep bed of spherical glass particles.

The particles consist of size-selected soda lime glass beads (Mo-Sci Corp.) of density
pp =2500kg m~3, as shown in figure 2(a). Optical microscopy over 928 particles yields
the size distribution in figure 2(b), with a mean = standard deviation d;,, = 219 4= 23pum,
a median of 223 pm and sphericity above 0.9. Using the measured relative velocity
with respect to the air and standard drag correlations (Clift, Grace & Weber 2005), the
aerodynamic response time of the particles is estimated as 7, = 163 ms and their terminal
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Figure 2. (a) Microscopic image of soda-lime glass particles used in this study. The red scale bar has a length of
500 pm. The corresponding particle diameter distribution (b), containing 928 samples, yields a mean diameter
of 219 um.

velocity in still air is 7,g=1.6m s~!, using the particle relative velocity obtained from

the measurements and the fluid velocity reconstruction as discussed in § 3.2. To limit the
number of particles employed and their spreading in the test section, the bed is 0.6 m wide
and confined by wooden plates that extend to the sidewalls of the test section. Additional
measurements in which the bed is 0.25 m wide return statistically indistinguishable results.
To prevent particles from recirculating through the tunnel, a 0.3 m tall filter with an 80 pm
wire mesh is secured on the floor at the outlet of the test section.

To initiate the saltation process, the velocity measured by the Pitot tube is increased
above the target level for around 10 s, and then reduced to the desired set point. This
ensures reaching full transport capacity, i.e. the maximum transport the airflow can sustain
without net particle accumulation on the bed (Pidhtz et al. 2020). Each measurement run
lasts approximately 5 min, before ripples begin to form (Andreotti, Claudin & Pouliquen
2006). Prior to every run, the bed is replenished and flattened, avoiding compaction
effects which may change the saltation threshold and transport rates (Pihtz et al. 2020).
Three incoming wind velocities (measured via a Pitot tube at the test section inlet),
range between U;, = 8 and 10 m s~!, well above the saltation threshold which is
visually assessed around 6 m s~!. Inspection of the image recordings confirms continuous
saltation of the considered particles. The configuration without spires at the inlet results
in smaller boundary layer thicknesses § and higher u*, as summarized in table 1, along
with important parameters from selected previous studies of aeolian saltation. The relative
humidity (RH) is monitored but not controlled. Two campaigns are carried out: one in
which RH = 50 % and inlet spires are always present (whose results are presented in
§3), and one in which RH = 20 % and both configurations with and without spires
are used (presented in §4). The RH affects the cohesive interparticle forces and thus
the quantitative saltation properties (McKenna Neuman & Sanderson 2008; Besnard
et al. 2022), complicating the direct comparison between both campaigns (and in general
comparisons across studies). This does not impact, however, the trends with friction
velocity exhibited by both campaigns, as shown below.

The particle motion is imaged at a fetch of 5.5 m of erodible bed, using a Nd:YLF laser
(Litron, 35 mJ pulse™!) operated at 10 kHz and synchronized to a CMOS (complementary
metal-oxide-semiconductor) camera (LaVision HS, 4 megapixel). The laser shines a
2-mm thick light sheet through the transparent ceiling of the test section, illuminating a
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dy Test section ) u* Sh Ga Re
dimensions
(um]  [m]({, w,h) [m] [ms™'] (-] -1 [10°]
Present study (20 % RH) 219 10,1.9,1.3 1.2 0.41 0.038 31 32
0.53 0.063 42
0.60 0.080 48
Present study (50 % RH) 219 10,1.9,1.3 0.6 0.29-2.6  0.018-1.5 31 12-104
Bauer et al. (2004) 190,270 6.8,0.9,0.76 0.23-0.26 0.26-0.96 0.01-0.102 25-42 3.7-17

Rasmussen & Sgrensen  242-320  15,0.6,09 0.4  027-074  0.01-0.11 36-55 2.5-6.9
(2008)

Ho et al. (2011, 2014) 230,630 6,0.27,0.27 - 0.35-1.00  0.02-0.21 33-151 -
Creyssels et al. (2009) 242 15, 0.6, 0.9 - 0.24-0.67 0.01-0.076 36 -
Li & Neuman (2012) 550 13.8,0.7, 0.8 0.15 0.28-0.43 0.006-0.014 123 5.9-7.7
O’Brien & Neuman 590 13.5,0.7, 0.8 0.33-0.62 0.008-0.028 137 -
(2019)

Ralaiarisoa et al. (2020) 190 6,0.27,0.27 - 0.39-2.32  0.03-1.5 25 -
Martin & Kok (2017) 400-530 - - 0.28-0.34  1.08-2.84 76-116 -
(field data)

Table 1. Particle diameter d, test section length /, width w and height &, boundary layer thickness 4, friction
velocity u*, friction velocity u*, Shields number Sh, Galileo number Ga and friction Reynolds number Re; of
some recent wind tunnel studies of saltation. Field data from Martin & Kok (2017) is also reported here for
reference. Here RH indicates the relative humidity of the air.

vertical streamwise plane at the test section midspan. The camera mounts a Nikon 200
mm lens at /4.0, resulting in a field of view of 50 mm by 70 mm with a resolution of
24.1 pixels mm™!. Perspective effects are minimized by centring the field of view at the
bed surface, and by applying a pinhole model to a dot-pattern calibration target. The bed
elevation is measured by detecting the reflection of the laser sheet on the sand bed as the
point of maximum intensity in each column of the image. This information is used to
correct the data during postprocessing, yielding a precision in the elevation coordinate of
0.5 mm or approximately two particle diameters.

The local particle volume fraction ¢, in the range O (107> —1073), is evaluated via direct
counting of the particles in the imaged volume (see Fong, Amili & Coletti 2019), where
the approach was validated with a known particle mass loading (Hassaini & Coletti 2022;
Hassaini, Petersen & Coletti 2023). The absolute value is affected by the uncertainty in
evaluating the illuminated sheet thickness. This, however, does not affect the gradient of
the wall-normal concentration profiles, on which our considerations will be based. The
particle motion is evaluated by time-resolved particle tracking velocimetry (PTV) using
an in-house code (Petersen, Baker & Coletti 2019), allowing us to reconstruct Lagrangian
particle trajectories. The steps are similar as in previous studies in which particles in
turbulent flows were tracked (e.g. Berk & Coletti 2021; Salmon et al. 2023) and are briefly
summarized here. First, the background generated by a temporal moving minimum filter
is subtracted, and low intensity out-of-focus particles are masked out. Particle centroids
are detected with subpixel precision using a centre-of-mass algorithm and tracked using
the fourth-best-estimate approach proposed by Ouellette, Xu & Bodenschatz (2006). The
resulting trajectories are convolved with the first and second derivatives of a Gaussian
kernel to obtain the particle velocities and acceleration, respectively, following the method
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Figure 3. (a) Bias analysis using the normalized mean value, conditioned on the minimum trajectory length
L. The bias is slightly more pronounced in the vertical direction, but remains well below 10 % at the trajectory
length required for smoothing. (b) Typical vertical velocity distribution measured at u* = 0.53 ms~!.

proposed by Voth et al. (2002). A kernel width of 25 frames or 2.5 ms is used; as this is
two orders of magnitude shorter than the particle response time, the convolution is not
expected to filter out statistically significant features of the particle trajectories.

To ensure statistical convergence, 10 runs are carried out and ensemble-averaged
for each case, yielding 0(107) detected particles and 0(10%) trajectories. The high
friction velocity in the configurations without spires leads to relatively large particle
concentrations, which do not allow for accurate particle tracking. Thus, for those cases, we
evaluate only the particle concentration profiles and the associated height of the saltation
layer (see § 4).

The variance of the trajectory length is a well-known source of bias in the tracking
process: because slower particles are likely to be tracked over longer trajectories, they
could be over-represented in the statistics depending on the averaging operation (Mordant
et al. 2004). To analyse the significance of such a bias in the present measurements,
we consider the normalized mean particle velocity and acceleration, conditioned on the
minimum trajectory length of 10 frames (figure 3a). The unconditional mean (i.e. the
average over all trajectories irrespective of their length) is used for normalization. In
the following, we denote with x the streamwise horizontal coordinate and with y the
wall-normal vertical coordinate, the origin being located at the bed surface. We indicate as
u and v the corresponding components of the particle velocity u, while a,, and a, are the
components of the particle acceleration a. The bias appears to be more significant for the
vertical components, while remaining below 10 % for the length required for smoothing.
The mean vertical velocity is found to be negligibly small compared with its variance, as
shown by the probability density function (PDF) in figure 3(b). This is consistent with
the saltation process having reached equilibrium conditions at the measurement station.
We note that the probability distribution of vertical velocities is approximately Gaussian
(Creyssels et al. 2009; Durén et al. 2012), as discussed later.

The air flow in the boundary layer above the bed is characterized by particle image
velocimetry (PIV) using 1-2 pwm di-ethyl-hexyl-sebacate droplets as tracers, seeded in
the flow before the contraction section using a Laskin nozzle. These are illuminated
and imaged by the same system used for PTV. Figure 4(a) shows selected velocity
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Figure 4. The PIV measurements of the horizontal fluid velocity profile with spires above the saltation layer
for two sample cases with and without spires at the inlet of the test section. The comparison in linear scale in
(a), between the configurations with and without spires at the inlet, show the significant difference in boundary
layer thickness. Panel (b) shows the lower portion characteristic velocity profile with spires together with the
logarithmic fit (dashed line) in the region below 150 mm, where the measured profile starts to deviate.

profiles, from the configuration with and without the spires at the inlet of the test section.
Measurements are confined to the region 100 mm above the bed, due to the high effective
optical density of the saltation layer and the reflectivity of the particle bed. They all display
a logarithmic profile in the range 100 mm < y < 150 mm, as shown in figure 4(b), from
which the friction velocity u* in the classic law of the wall,

(ur)= u—*lnl, 2.1

k" yo

where uy is the horizontal fluid velocity, k = 0.41 is the von Kdrmdn constant
and yp is the aerodynamic roughness. Here and in the following, angle brackets
indicate temporal/ensemble averaging. A Clauser chart method (Clauser 1956 Wei,
Schmidt & McMurtry 2005; Li & Neuman 2012), in which the logarithmic slope of
the streamwise fluid velocity profile is compared with a canonical zero-pressure gradient
turbulent boundary layer, is used to evaluate u*. We define the Reynolds number
Re; = u*8v~!, the Shields number Sh = ,()fbf"z(,opgdp)_1 and the Galileo number Ga =
\/ng;(p fvz)_l, where v and py are the air kinematic viscosity and density,
respectively. The Shields number compares the aerodynamic and gravitational forces
acting on the particles, while the Galileo number compares the gravitational and viscous
forces. For the calculation of dimensionless numbers, a nominal kinematic viscosity of
1.5x 107> m?s~! is used. Though most parameters are within common ranges, Re;
reaches significantly larger values compared with previous laboratory experiments owing
to the relatively large cross-sectional size of the test section and the consequently thick
boundary layer.

3. Results

The data is reported both in dimensional and non-dimensional form, using d,, ,/gd,
and g to normalize the length, velocity and acceleration, respectively. In §§ 3.1-3.3, we
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Figure 5. Panel (a) depicts the particle volume fraction profile for different friction velocities in
semilogarithmic scale. The solid lines indicate the exponential fit. In addition to the expected increase of overall
concentration with shear, an increase in decay height of the exponential profile is observed. Comparable wind-
tunnel studies do not find a clear trend and propose a constant decay height, as shown in (b). Panel (c) shows
the percentage of trajectories with apex at a given height, sampled from evenly spaced bins. The measurements
indicate that the particles tend to have their apex at a height comparable to the decay height.

present the results of the first measurement campaign (RH = 50 %, with spires), including
both particle motion and concentration. In § 4, we show the results of the concentration
measurements obtained in the second campaign (RH = 20 %, with and without spires)
which cover a much wider range of ™ and Sh.

3.1. Particle concentration and kinematics

The profiles of particle volume fraction are displayed in figure 5(a) for the three friction
velocities. The semilogarithmic scale clearly highlights the exponential decay of the mean
concentration (c), which closely follows the form

() = co exp (;—y) 3.1)

N
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Figure 6. Comparison of the mean horizontal particle velocity profiles of different wind tunnel studies,
spanning a similar range of Shields number.

where c¢q is a constant of units (m_3), and &g can be interpreted as the characteristic
height of the saltation layer (Nalpanis, Hunt & Barrett 1993; Nishimura & Hunt 2000).
The exponential fits yield iy = 6.5, 8 and 10 mm for u* = 0.41, 0.53 and 0.60 m s,
respectively. Given the large amount of data and large number of vertical bins compared
with previous studies, the present results lend strong support to (3.1), as opposed to other
functional dependencies (e.g. Dong et al. 2006; Zhang, Wang & Lee 2008). Assuming
the particle motion in the vertical direction is ballistic (as confirmed in the following),
the exponential decay of particle concentration implies a Gaussian distribution of vertical
ejection velocities (Duran et al. 2012), see also figure 3(b). We do not observe the near-
wall deviation from the exponential behaviour observed by Ho et al. (2012) which was
attributed to a non-Gaussian velocity distribution of the saltating particles (Valance et al.
2015). Moreover, while the measured thickness of the saltation layer is compatible with the
estimate hy ~ 40 d), by Creyssels et al. (2009), the observed increase of iy with friction
velocity is at odds with the view that &, is independent from the friction velocity (Creyssels
et al. 2009; Duran et al. 2012; Kok et al. 2012). This is quantitatively shown in figure 5(b),
depicting the saltation height (normalized by the particle diameter) as a function of Sh,
compared with those reported by Creyssels et al. (2009) and Ho et al. (2012). This trend
is confirmed in figure 5(c), which presents the relative fraction of particles peaking at a
given height of the particle trajectories that include both upward and downward phases:
as the friction velocity increases, the probability distributions of the apex height shift to
larger values. The magnitude of this shift is comparable to the increase in saltation decay
height. It should be kept in mind, however, that the apexes of the saltating trajectories are
only indirectly related to the concentration profile on which £, is based on. Moreover,
the distribution of the trajectory apexes is considered less robust than the concentration
profiles, as the former requires capturing specific parts of each trajectory and not only
the particle locations. Still, its trend corroborates the observation that the wind velocity
influences the height of the saltation layer.
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Figure 7. Mean horizontal particle velocity profiles, of separated upward- and downward-moving particle
populations. The mean horizontal particle velocity is monotonically increasing with height and friction velocity
for both populations, although their difference is increasing as the downward moving particles spent more time
being accelerated by the air flow.

The horizontal particle velocity profiles are shown in figure 6. Besides the increase
with friction velocity, the present measurements reveal a nonlinear dependency with
wall-normal height. Rasmussen & Sgrensen (2008) and Creyssels et al. (2009) reported
logarithmic and linear trends, respectively, while Ho et al. (2012) reported a sharp change
in slope inside the saltation layer. Our data, on the other hand, appears to follow a power
law (u) ~ Ayb where b ~ 1.8, consistent with measurements by Liu & Dong (2004). In
general, there is significant quantitative and qualitative disagreement between different
experimental studies. Besides the shape of the profiles, the present results also denote a
sizable increase of horizontal particle velocity with friction velocity. This is contrary to the
independence of the particle velocity with u*, which is assumed to follow from a purely
impact-driven entrainment as discussed in the Introduction. It is consistent, however, with
the increase in A reported above: due to the quasiballistic nature of saltator trajectories, A
is expected to grow with the streamwise particle velocity (Owen 1964). Extrapolating the
particle velocity to the bed location to determine a so-called slip velocity (i.e. the mean
horizontal particle velocity at the bed surface) may lead to large uncertainties (Pihtz &
Duréan 2017). Therefore, while our data is as close to the bed as any previous study, we
refrain from providing an estimated slip velocity (or ejection/impact velocities). However,
the present data provides an upper bound ~ 10,/gd, for the slip velocity in the considered
range of parameters.

We now focus on the kinematics of the upward moving and downward moving particle
populations, as their different behaviour is revealing of key aspects of saltation transport
(Durén et al. 2012; Kok et al. 2012; Valance et al. 2015). Figure 7 presents profiles of
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Figure 8. (a¢) Mean horizontal particle acceleration profiles of upward and downward moving particle
populations. The legend of this panel is identical to the one given in (b). Both populations show a monotonous
increase of acceleration with height and friction velocity. With increasing height, the change in acceleration
reduces and reaches an almost constant value at the top of the saltation layer. (b) Horizontal particle acceleration
distributions at different friction velocities. All three distributions are skewed towards higher accelerations. The
width of the distributions and the length of the tail is increasing with increasing friction velocity.

mean horizontal velocities, showing that downward moving particles travel substantially
faster, on average, than the upward moving particles. That is because the former have spent
longer time being accelerated by the flow — an aspect we will expand upon in the following.
The gap indeed grows with the distance from the bed, as the wind speed also grows. Both
upward and downward populations show the same trend of increasing streamwise velocity
with friction velocity.

The measurements of the acceleration components are especially useful in view of
evaluating the forces acting on the particles. Figure 8(a) displays profiles of the mean
horizontal acceleration, separating upward moving and downward moving particles.
Because the former travel more slowly as shown above, they experience larger relative
velocities with respect to the air flow and consequently larger drag, which implies higher
streamwise accelerations. For both populations, the streamwise acceleration increases
with increasing friction velocity throughout the saltation layer. As discussed, for example
by Melo et al. (2024), the ratio (a,)/g is proportional to the characteristic particle
time of flight times the horizontal velocity difference between upward moving and
downward moving particles. This quantity is expected to be independent of u™ for splash-
dominated transport. This is in contrast with our observations, and rather in line with the
increasing trends of particle concentration and velocity reported above. The PDFs of the
horizontal acceleration (figure 8b) broaden with increasing friction velocity. Interestingly,
a significant fraction of the particles experience a negative horizontal acceleration.
This indicates they are travelling faster than the local wind, which imply they transfer
momentum to the air. Such an exceptional scenario was hypothesized by Walter et al.
(2014) to explain trends in their stress measurements at the bed. In general, the large
width of the acceleration distribution (whose standard deviation is larger than its mean) is
driven both by the variability of the particle saltating motion and by the turbulent airflow
fluctuations.
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Figure 9. (a) Mean vertical particle acceleration profiles of upward and downward moving particle populations.
The mean vertical acceleration is almost constant and weakly sensitive to friction velocity. The magnitude
is close to the gravitational acceleration. A lift force causes a reduction in downwards acceleration and the
different signs of the drag for upward and downward moving particles causes the observed separation of
the mean accelerations of the populations. (b) Vertical particle acceleration distributions at different friction
velocities. The symmetric distributions widen as the friction velocity increases.

Figure 9(a) displays profiles of mean vertical acceleration. A negative acceleration of
order g is found for both upward moving and downward moving particles, confirming
that the vertical motion of the saltators is approximately ballistic. The upward moving
particles, however, experience measurably larger accelerations. This is due to the vertical
component of the drag force acting in opposite direction for both populations. Moreover,
the magnitude of the downward acceleration for the ensemble of all particles is measurably
smaller than g, suggesting the presence of a sizable upward lift force. These considerations
will be quantified in the next subsection. The PDF in figure 9() indicates that the vertical
acceleration variance also increases with friction velocity, and even more markedly than
for the horizontal component.

3.2. Force analysis and reconstruction of wind velocity

The measurement of the accelerations allows us to solve the particle equation of motion
instantaneously for each particle. As a result, the fluid velocity can be inferred close to the
sand bed, where it is not accessible with PIV measurements. Nishimura & Hunt (2000)
solved such an equation to calculate particle trajectories but did not measure the particle
accelerations. Therefore, they could not calculate the lift force (which was assumed to be
negligible), and the fluid velocity was assumed to be instantaneously equal to its temporal
mean. This assumption likely leads to underestimation of the forces, because saltating
particles are well in the nonlinear drag regime in which turbulent fluctuations lead to a net
increase of the mean drag (Maxey & Riley 1983; Balachandar & Eaton 2010; Brandt &
Coletti 2022).

Here, on the other hand, both lift and drag forces are evaluated, as well as the
instantaneous fluid velocity at the particle location. We start from Newton’s second law,

ma = Fp + Fp + Fg, (3.2)
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where m = (1/6),01775612 is the particle mass, Fp, Fr and Fy = [0, —mg] are the drag, lift
and gravity force, respectively. Unsteady forces such as added mass and history term are
negligible for the present large ratio between particle density and fluid density (Maxey &
Riley 1983; Ling, Parmar & Balachandar 2013; Brandt & Coletti 2024). The drag force,
aligned with the relative velocity u,, is calculated as

1 nd?
Fp= EprDTurura (3.3)
where
24 0.687
CD:IT(] 4+ 0.15Re”>°"), Re < 1000. 3.4
e

Here Re = u,dv!, the drag coefficient Cp is estimated via the correlation of Schiller &
Nauman (see, Clift et al. 2005), and the relative velocity is defined as

uy=us—u, (3.5)

where both the fluid velocity u ¢ and the relative velocity u, are taken at the particle
location (Horwitz & Mani 2016). The lift force is perpendicular to the drag force by
definition:

F-Fp=0. (3.6)

As the transport is dictated by the balance of forces in the x and y and z directions, we
limit our attention to the in-plane components. Therefore, (3.3)—(3.4) define a system of
seven scalar equations in eight unknowns: u ¢y, u fy, urx, Ury, Fpyx, Fpy, FLx and Fpy. To
close the system, we assume that the instantaneous vertical fluid velocity at the particle
location is negligibly small compared with other velocity components, u ry, ~ 0. This
is supported by measurements in particle-laden wall turbulence in suspension (Berk &
Coletti 2020; Baker & Coletti 2020) and saltation (Raupach 1991). The resulting system of
equations is solved for each particle in each frame, obtaining the forces and the horizontal
component of the fluid velocity at the particle location. Beside measurement errors,
sources of uncertainties of this approach include: neglecting some polydispersity in the
particle size; using of the empirical drag correlation (which, while commonly used in
particle-laden turbulence, was derived for uniform steady flows (Brandt & Coletti 2024));
assuming a purely horizontal fluid velocity; and neglecting of the out-of-plane relative
velocity. With the exception of the latter (which implies a small underestimation of Re),
the others are sources of random uncertainty whose influence is expected to shrink with
the large number of samples. Moreover, we note that assuming Fy ~ 0 in lieu of u g, ~ 0
leads to quantitative similar results, implying that the epistemic uncertainty associated
with the approach is indeed minor.

The mean horizontal wind velocity is obtained by ensemble-averaging the instantaneous
velocity values from the force analysis within vertical bins, each containing at least 10*
samples. The reconstructed profiles are plotted in figure 10 for the different friction
velocities, and appear to be approximately logarithmic throughout. Previous experimental
studies have consistently shown convex wind profiles, i.e. a logarithmic region above the
saltation layer (where u* is usually evaluated) and a reduction of the logarithmic slope
approaching the bed (Neuman & Nickling 1994; Bauer et al. 2004). As discussed by Bauer
et al. (2004), such curvature of the velocity profile is likely due to the restricted geometry
of wind tunnels imposing artificial constraints to the boundary layer development,
especially at high speed and when the Froude number Fr = U;, (gh)~*> > 20 (where £ is
the wind tunnel height), see Owen & Gillette (1985). Here the relatively large wind tunnel
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Figure 10. Mean horizontal fluid velocity profile at different friction velocities. The lower part is reconstructed
from the particle kinematics, the upper part is measured with PIV. The dashed black lines are linear
extrapolations of the reconstructed velocity profiles above 10 mm.

cross-section yields Fr = 5-7.8, and indeed a slight curvature of the wind velocity profile
is only visible at the higher friction velocities. Moreover, with respect to facilities in which
less massive inflow conditioning is applied, the present boundary layer thickness is large
with respect to the cross-section dimensions. Therefore, while the conditions are far from
those realized in the outdoor environment, the level of geometric confinement of the flow
are less severe than in the majority of previous studies.

Besides the approximately constant logarithmic slope, a second remarkable feature of
the reconstructed wind velocity profiles is the lack of the so-called Bagnold’s focus. In
fact, a clear crossing of the wind velocity profiles for different u™ was identified solely in
Rasmussen et al. (1996), while all later studies measured profiles that only tend to converge
(Bauer et al. 2004; Rasmussen & Sgrensen 2008; Ho et al. 2014; O’Brien & Neuman
2019), barely cross (Li & Neuman 2012), or cross at different heights depending on u*
(Ralaiarisoa et al. 2020). In figure 10, the logarithmic slope inferred from the velocity
reconstruction for y > 10 mm (marked by a dashed line) is shown to be fully consistent
with the PIV measurements carried out above the saltation layer. This corroborates the
validity of the present approach to reconstruct fluid velocity and forces at play, at least in
the ensemble-average sense. Only at the higher friction velocity, one can observe some
misalignment, which is believed to be the consequence of the above-mentioned slight
curvature of the wind profile. Additionally, as PIV and PTV measurements are not carried
out simultaneously, minute differences in the experimental conditions may play a role.

For the evaluation of the forces, we ensemble-average equation (3.3). The horizontal
direction, assuming the horizontal component of the lift force to be negligible, yields a
simple balance between drag and inertia force: Fp, = ma,. The mean horizontal drag
force is therefore directly linked to the mean horizontal particle acceleration profiles
(figure 8a). Accordingly, the drag grows sharply with increasing distance from the bed and
plateaus only in the outer region of the saltation layer. Even at the lowest measurement
heights (3 mm or 14d),), the drag force is comparable to gravity (Fpy Fg*1 ~a,g )
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Figure 11. Mean vertical forces acting on the saltating particles. Panel (a) shows the mean vertical drag force
for different friction velocities. The distribution is mostly symmetric and constant with changes in friction
velocity. Panel (b) depicts the corresponding lift force. Both forces have the same order of magnitude of
0(0.1 g). The uncertainty on the lift force based on run-to-run variability is 6 %.

and in fact exceeds it for the ejected particles at the higher friction velocities. Drag
also acts in positive and negative y direction for the downward and upward moving
particles, respectively, with a comparable magnitude of O (0.1 F;) and an increasing trend
with distance from the bed (figure 11a). Figure 11(b) shows a sizable lift force, also of
magnitude O(0.1F), which acts in positive y direction. Despite the experimental scatter,
a trend towards lower lift forces at higher friction velocities is visible. Since the Saffman
effect is deemed negligible in saltation (Kok et al. 2012), the magnitude and trend of the
lift force may be due to differences in the rotational particle dynamics and the associated
Magnus effect (White & Schulz 1977; Xie, Ling & Zheng 2007; Zou et al. 2007; Huang
et al. 2010). Alternatively, the trend might be associated with increased collision rate
(Ralaiarisoa et al. 2020) randomizing the rotation rate of the particles and thus reducing
the influence of the Magnus effect. These aspects deserve further scrutiny via imaging
approaches with higher resolution. Beside such trends, the estimated magnitude of the lift
force is consistent with the numerical simulations by Kok & Renno (2009), who verified
the Magnus effect as the dominant lift mechanism. Indeed, according to the classic formula
by Rubinow & Keller (1961) relating such lift and the particle rotation rate, we estimate
the latter to be O (100 rpm) which is consistent with imaging measurements by Zou et al.
(2007) in similar conditions. We note that wall-induced lift is negligible in the present
range of wall-particle distances (more than 10 particle diameters), see Shi & Rzehak
(2020).

3.3. Reconstruction of saltation trajectory

The high resolution of the present imaging system, necessary to precisely track the
saltating particles, indirectly limits the streamwise extent of the field of view. Along
with the spanwise particle motion (O’Brien & Neuman 2018) and the relatively high
concentration approaching the bed, this limits the capability of tracking saltating particles
over the full hop length. Alternatively, we reconstruct the saltation length by assuming
ballistic motion in the vertical direction.
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Figure 12. Vertical evolution of mean horizontal particle velocity for different specific vertical energies. The
particles accelerate past their apex and eventually reach a terminal velocity, which is characteristic for each
energy class.

The hypothesis of ballistic motion in the vertical direction, justified by the observation
that vertical drag and lift are relatively small compared with gravity, amounts to assuming
that the specific vertical energy E = 0.5v> + gy is constant along each trajectory. We
indeed verify that E varies by at most 15 % along each trajectory (not shown for
brevity). We then split the ensemble of the trajectories into ‘energy classes’ associated
with different values of E, such that the average of the saltation length L can be

written as | 1 "
= > L=->3Y1L=) EL). 3.7)
n n n E ng E n

Here n is the total number of trajectories, ng is the number of trajectories in an energy
class and (-) g represents the average of a given energy class. The saltation length in each
energy class is calculated by integrating the horizontal particle velocity,

1 1 t/ [/
LY =— L=— / udt:/ (u) g dr, (3.8)
ng g neg ; to to

where 1 is the lift-off time and ¢’ is the time at which the particle returns to the bed. This
temporal integration can be transformed into a spatial one with the assumption of ballistic
motion in the vertical direction,

dy =vdt = 2(E — gy) dt. (3.9)

The integration for the upward and downward branches of the trajectory are calculated
separately, to obtain an injective mapping from time to height,

ya ya () g

m “h AE—a

(3.10)
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Figure 13. (a) Reconstructed average saltation trajectories for different vertical energies. The profiles are not
self-similar, but exhibit a skewness, which increases with increasing vertical energy. This increase is due to a
combination of increasing drag force and increasing time of flight. (b) Average saltation length as a function of
specific vertical energy. The dashed lines denote the saltation length in purely ballistic flight, computed from
the lift-off velocity. The difference between the measured and the ballistic curves highlight the influence of
fluid drag on saltation length.

where (u4) and (u ) are the mean velocity of the upward and downward moving particles,
respectively, and y4 = Eg~! is the vertical height of a trajectory apex. This integral
is approximated using the measured horizontal velocity profiles, binning the data with
respect to the values of E averaged over each particle trajectory. Figure 12 plots, for
the representative case at u* = 0.41 m s~!, the resulting relation between height and
streamwise velocity for upward and downward moving particles and for different energy
classes. Despite the data discretization and the effect of vertical drag and lift (neglected
in this analysis), each curve appears to reach an apex close to the theoretical (ballistic)
height y4. Performing this separation unveils the diminishing mean acceleration particles
experience along their trajectories.

Integrating these velocity profiles yields the mean trajectory shape for a given specific
vertical energy, as plotted in figure 13(a), again for the case u* = 0.41 m s~'. The trajectory
shapes are not self-similar, with a skewness that increases with E. This is due to the
longer time of flight of more energetic particles, during which the horizontal drag plays
an increasingly important role. To quantify the effect of drag, figure 13(b) displays the
corresponding mean saltation length as a function of specific vertical energy at different
friction velocities, comparing with the length of purely ballistic trajectories. The latter
are obtained using the lift-off velocity, which is estimated by extrapolating the measured
vertical velocity to the bed surface. The aerodynamic drag increases the saltation length
by more than 50 %.

Having obtained (L)g for different values of E, the mean saltation length can be
obtained from the PDF of the specific energy p(E). Rather than performing the integration
in the energy E, this is done in the vertical velocity at lift off, vy = /2, leveraging the
fact that p(vo) is known to follow a Gaussian form related to the exponential decay of the
concentration profile (Creyssels et al. 2009; Durén et al. 2012; Kang & Zou 2014),
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Figure 14. (a) Kernel used to compute the mean saltation length for different friction velocities. Dashed lines
depict the polynomial extrapolation. (b) Mean saltation lengths as a function of Shields number, compared with
the wind tunnel data of Ho er al. (2014) and the field data of Namikas (2003).

_ 1 —v%
p(vo)——m exp 2ah, (3.11)
<L>=/0 p(vo) (L)(vo) dvp. (3.12)

As the data is available in a finite velocity range, we use a fourth-order polynomial to fit the
experimentally observed p(vg), with the constraints p(0) = 0 and a zero first derivative at
p(vo) =0, to extrapolate the missing tails. The experimental distributions of p(vo)(L)E
and the analytical fit are shown in figure 14(a), while figure 14(b) plots the saltation
lengths resulting from the integration. Expressed in particle diameters, the values are
approximately consistent with previous studies such as the field data by Namikas (2003)
and the wind tunnel study by Ho et al. (2014). However, we again observe a marked
increase with friction velocity, with the mean saltation length roughly doubled in the
considered range. In a similar range, Namikas (2003) also showed an increase with Sk,
though followed by a decrease.

4. Saltation height over a wide range of Sh

The previous sections point towards an increasing particle transport with u* (and therefore
with Sh) in terms of saltation height, saltation length and particle streamwise velocity. The
range of Sh over which these trends are measured, however, is limited. To corroborate this
observation, we consider the concentration measurements in the second campaign, carried
out over a much wider range of Sh. Those display again exponential profiles from which
we extract the saltation height &, plotted in figure 15. The growing trend over two decades
of Sh is apparent and beyond the experimental uncertainty (estimated from the standard
deviation between multiple runs carried out for each Sh).

The quantitative comparison with other studies is hampered by various factors
mentioned above, including differences in RH, particle properties and boundary layer
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properties. The only previous laboratory study that covered a comparable range of Sh
is by Ralaiarisoa et al. (2020) who also found an increasing /4y with Sk, but only above
a critical level Sh & 0.3. Supported by numerical simulation, they argued that this was
due to the transition from the classic saltation regime of quasiballistic trajectories to a
regime in which midair collisions are prevalent. They reported the characteristic decay
height of mass flux profiles, which cannot be directly compared with the saltation height
measured here. The importance and influence of midair collisions was highlighted also in
numerical and theoretical studies, e.g. Carneiro et al. (2013) and Pihtz & Durén (2020).
One may hypothesize that midair collisions are also responsible, at least in part, for the
presently observed increasing saltation height (and in general, increasing transport) with
Sh. Compared with previous studies in which this effect might have been significant
only at relatively large Sh, our experiments are carried out at larger Re;, which implies
a broader range of turbulent scales. Those may act to enhance the relative interparticle
velocities and collision probability, in particular due to extreme fluid velocity fluctuations
(Bec, Gustavsson & Mehlig 2024). This may explain why we observe an increasing trend
of hy over the entire range of considered Sk, unlike Ralaiarisoa et al. (2020) who used
a wind tunnel with a 27 cm by 27 cm cross-section. To confirm such a view, midair
collisions would have to be captured simultaneous to the local air flow, which, however,
is not presently feasible. Interestingly, the present results appear to indicate three distinct
trends: the saltation height increases up to Sh < 0.1, remains approximately constant for
intermediate Sk, and then increases further when S% exceeds unity. This seem consistent
with the theoretical modelling by Berzi, Jenkins & Valance (2016) who found a succession
of three transport regimes with increasing Shields number: one just above the motion
threshold, which is not limited by the splash; a splash-limited regime, for which the mass
flux increases linearly with the friction velocity and the saltation height is constant; and
a collisional transport regime where interparticle collisions contribute to sustain the mass
loading. This view implies that impact is the dominant entrainment mechanism only in
the intermediate regime, while aerodynamic entrainment and collisions play significant
roles in the first and third regime, respectively. This would explain the dependence of the
saltation properties on the friction velocity (as well as the lack of Bagnold’s focus) in
our results in § 3.2. Further studies are warranted to verify this picture and to confirm the
precise boundaries of the three regimes.

5. Discussion

We have carried out a laboratory study of aeolian saltation, whose distinguishing features
include: the use of size-selected spherical particles; the relatively thick boundary layer; the
high spatiotemporal resolution of the measurements. Let us discuss these three features,
along with their implications.

First, the present glass microspheres are much more regular in shape and their size
distribution is much narrower compared with natural occurring sand, such as commonly
used quartz grains (e.g. Neuman & Nickling 1994; Rasmussen et al. 1996; Bauer et al.
2004; Li & Neuman 2012). While spherical particles do not represent natural properties
of aeolian settings, they allow us to reduce the influence of uncontrolled factors, such
as the particle self-sorting during saltation. For example, O’Brien & Neuman (2019)
found the median diameter of quartz sand in the near-bed region of the saltation cloud to
increase markedly with friction velocity. Comola & Lehning (2017) found that ejections of
heterogeneous sand are far more frequent than for uniform sand, increasing the separation
between fluid threshold and impact threshold. Moreover, the non-spherical shape of natural
particles may significantly affect the inception wind speed, collision dynamics, rotation
rate and aerodynamic drag (Wang, Ren & Huang 2014; Dun et al. 2018; Chen et al. 2019).

1018 A17-20


https://doi.org/10.1017/jfm.2025.10498

https://doi.org/10.1017/jfm.2025.10498 Published online by Cambridge University Press

Journal of Fluid Mechanics

20.0
[0 Without spires
175 @® With spires LJI] | 50
15.0 1 le:‘
|-J|] 60
12.5 - . 4 + |-J|]|'JI]:]
z |t
|
£ 1001 '#J Sh
e 40 =
7.5 1
5.0 4
20
2.5 1
0 - ———————7 - ——— T 0
10! 100
Sh

Figure 15. Saltation decay height at different Shields numbers. The error bars are estimated from the standard
deviation between multiple runs at each Shields number.

Second, the relatively thick boundary layer compared with most previous laboratory
studies is enabled by the dimensions of the tunnel and by the extensive use of inflow
conditioning to promote its growth. We stressed in the Introduction (§1) how the
geometric confinement complicates the evaluation of u* and artificially modifies the
velocity profile, producing changes in the logarithmic slope above the saltation layer
(Bauer et al. 2004). At the high Re; relevant to aeolian saltation, the logarithmic layer
is confined to the region y8~! < 0.12 (Chauhan, Nagib & Monkewitz 2007; Marusic ef al.
2010), thus a typical saltation height iy ~ 50d, or 10 mm for the considered particles
(Ho et al. 2012) would be contained in it only if § >90mm. In fact, as saltating
particles reach well above the conventional height A obtained from the exponential
decay of the particle concentration, § should be much larger still for the saltation
process to be fully embedded within the logarithmic layer. Moreover, § controls the
range of amplitudes and time scales of the turbulent wind velocity fluctuations (Péhtz
et al. 2018), whose importance in aeolian saltation has been increasingly appreciated
in recent years. Using particle-resolved simulations, Lee & Balachandar (2012) and
Li et al. (2020) showed the effect of turbulence on the hydrodynamic forces and
critical shear stress determining incipient motion. The experiments by Hout (2013)
highlighted the relation between saltating particle trajectories and near-wall turbulence
structures. The large-eddy simulations of Zheng, Jin & Wang (2020) stressed the
importance of large-scale turbulent eddies, leading to sand transport by aerodynamic
entrainment below the impact threshold. The numerical simulations of Hu, Johnson &
Meneveau (2023) emphasized the importance of small-scale turbulent fluctuations in
the resuspension of particles lifted from a bed with multiscale asperities. Li et al.
(2020) experimentally quantified the impact of turbulent fluctuation on the excursions
of surface shear stresses and thus on fluid entrainment. Turbulent fluctuations are also
key ingredients for interparticle collisions (Bec et al. 2024), which in turn crucially
affect the transport (Pdhtz & Durdn 2020). Overall, considering the enormous range of
scales accommodated by the atmospheric surface layer and the specific features of wall
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turbulence emerging at high Reynolds numbers (such as very large-scale motions and
extreme stress fluctuations, see Smits, McKeon & Marusic (2011) and Liu & Zheng
(2021)), the conditions & > h; and Re, > O(10%) appear necessary to reproducing the
aeolian dynamics. Only a few of the previous studies reported the boundary layer
thickness, but this can be estimated to be comparable to the cross-section half-height.
This implies that the maximum Re, attained in studies such as Creyssels et al. (2009)
and Ho et al. (2011) are an order of magnitude lower compared with the present
experiments.

Third, the present imaging system enables the acquisition of novel and extensive data.
Besides providing more detailed profiles of concentration and velocities with respect to
previous studies, the use of high-speed time-resolved imaging and the implementation of
Lagrangian particle tracking results in higher accuracies compared with non-time resolved
strategies (Schroder & Schanz 2023). Crucially, it has enabled the first measurements of
particle accelerations in the saltation layer. This has allowed us to verify the applicability
and limitation of the key assumption of ballistic vertical motion, to reconstruct the fluid
velocity at the particle location and to evaluate the forces acting on the particles.

The dynamic model based on the particle equation of motion allows us to infer the mean
wind velocity down to 3 mm from the bed. The agreement with the PIV measurements
above the saltation layer lends credibility to the present approach. To our knowledge, only
the laser-Doppler anemometry study of Li & Neuman (2012) reported airflow velocities
this close to the bed in saturated saltation. Those authors described the challenges
associated with performing laser-Doppler anemometry in those conditions, specifically in
discriminating between saltating particles and flow tracers, which forced them to consider
particles of diameter d,, = 550 wm, twice as large as in the present study. Further studies
are warranted to investigate the flow profiles at similar or even smaller distances from the
bed with alternative techniques.

The approach we follow allows us to evaluate the saltation length, which is an important
quantity to determine the mass transport. The alternative of evaluating it directly from
Lagrangian trajectories is necessarily limited to wind speeds relatively close to the
transport threshold, in order to limit particle concentration and avoid optical occlusion
(Zhang, Kang & Lee 2007). Approaches conceptually similar to the present one were
followed by Creyssels et al. (2009) and Ho et al. (2014). In those studies, experiments were
used to define the particle velocity distribution at the bed, which, however, could only be
determined at several particle diameters from it, whereas we utilize the measurement of
the full velocity profile. The trend of the inferred saltation length is consistent with the
one of the saltation height, which is directly observed through the concentration profile
and the trajectory apexes.

6. Conclusions
With the above in mind, we summarize our findings in the bullet points below.

(i) In terms of particle concentration. The vertical profiles clearly follow an exponential
shape, with a characteristic height of the saltation layer that increases substantially
with friction velocity, as shown by measurements spanning two decades of Sh.

(ii) Interms of particle mean velocity. The profiles exhibit a convex shape, are sensitive to
the friction velocity in the considered range and suggest that also the relative velocity
of the particles at the bed is dependent on it.

(iii) In terms of particle acceleration. The distributions of horizontal accelerations are
positively skewed, though they contain negative tails associated with particles
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travelling faster than the fluid. The vertical accelerations indicate that gravity
dominates, though separating upward and downward moving particles highlights the
effect of vertical drag and lift forces.

@iv) In terms of air flow velocity. The mean wind velocity profiles, reconstructed down to
millimetric distances from the bed and consistent with PIV measurements farther in
the boundary layer, have an approximately constant logarithmic slope, increase with
increasing friction velocity and do not show a focus.

(v) In terms of forces acting on the particles. The aerodynamic drag force increases with
distance from the wall and, for the upward moving particles, exceeds the gravity
force already at distances O(10d,) from the bed. The vertical drag component
resists the motion of both upward and downward moving particles with a magnitude
~ 0.1F,, which is comparable to the lift force. The latter decreases somewhat with
increasing friction velocity, possibly because of differences in the rotational effect
of the collision dynamics, which, however, could not be resolved with the present
measurements.

(vi) In terms of particle trajectories. Coupling the assumption of ballistic vertical motion
and the measured streamwise velocities, the mean trajectories are found to be strongly
influenced by aerodynamic drag, resulting in saltation heights and lengths that
increase with the friction velocity. The direct identification of trajectory apexes also
confirms the increase of saltation height with Sh.

Taken together, those results indicate that aerodynamic effects, in particular the
aerodynamic drag and lift forces, may play a more significant role in the saltation process
than presently recognized. On one side the influence of the wind forcing on the key
transport properties is apparent; on the other, the aerodynamic drag and lift forces have
significant magnitudes across the entire saltation layer. Therefore, the present results may
support the interpretation by Walter et al. (2014) that splash and aerodynamic effects are
complementary rather than alternative processes. Moreover, the intense air turbulence and
its broad range of scales may induce frequent midair collisions, boosting the height and
length of saltation and in general increasing the transport.

The findings clearly indicate that common assumptions (in particular those prescribing
saltation properties independent of the friction velocity at full transport capacity) need
further scrutiny. The discrepancy with previous studies could be rooted in processes that
might be differently represented in different experimental and/or numerical set-ups, such
as particle polydispersity or the range of scales in the turbulent boundary layer and midair
interparticle collisions. Finally, processes that we could not address here, such as granular
electrification and electrostatic effects in general, may increase collision rates and provide
a significant force in the downward direction (Kok & Renno 2008; Ruan, Gorman &
Ni 2024).

While we have focused on steady saltation, it would be interesting to leverage the
present facility and measurement approach to investigate intermittent saltation, as the
latter is highly sensitive to large-scale velocity fluctuations (Paterna, Crivelli & Lehning
2016). Moreover, further research is warranted to address via Lagrangian measurements
the similarity and differences between the considered processes and the transport
(Melo et al. 2024).
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