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ABSTRACT
An experimental study was conducted to investigate the spatiotemporal evolution of sand waves/ripples submerged in a turbulent bound-
ary layer airflow. While a digital image projection technique was applied to achieve temporally resolved measurements of the dynamically
evolving sand surface morphology, a combined particle tracking/imaging velocimetry technique was also used to reveal the two-phase (i.e.,
air–sediment) flow field during the dynamic sand wave/ripple evolution process. It was found that the sand bed surface would evolve from
initial random three-dimensional (3D) sand wavelets to two-dimensional (2D) sand waves and further into well-organized sequences of 3D
chevron-shaped sand ripples that are separated by longitudinal streaks, when exposed to the turbulent boundary layer airflow. A discrep-
ancy of the local sand wave propagation at different transverse locations was revealed based on the wavelet analysis of the time-series of the
sand bed height variation, which was suggested to contribute to the formation of the 3D chevron-shaped sand ripples. It was also found
that the evolving sand waves/ripples could dramatically affect the near-bed two-phase (i.e., air–sediment) flow structures as indicated by
the dramatically disturbed air–sediment flow structures. By correlating the sand surface profiles and the near-surface sand particle velocity
patterns, a complete description of the dynamic sand bedform evolution was revealed with five dominant phases being defined: (I) ini-
tial strengthening phase, (II) transition phase, (III) ripple-modulated re-strengthening phase, (IV) stabilizing phase, and (V) longitudinal
phase.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5144522., s

I. INTRODUCTION

Sand ripples and waves are commonly observed geological
morphologies in nature, either in the inland desert areas or on
the bed of sandy shallow seas. Various sand patterns have been
observed in nature, which include waves, ripples, subaqueous dunes,
antidunes, chevrons, and alternate bars.1,2 The formation of these
sand patterns is generally caused by the emission, transport, and
deposition of sand and dust, driven by fluid flow in both aeolian
and fluvial environments. The research on aeolian sand ripples can
be dated back to the late 1890s, when Darwin3 and Cornish4 found
the existence of lee-side eddies to move sand grains to form sand
ripples and dunes. However, the later observations and experiments

revealed that there is no direct linkage between the lee-side eddies
and the sand ripple formation or development.5–7 Instead, the sort-
ing mechanism (i.e., natural sifting of sand grains by different sizes)
was proposed to account for the aeolian sand ripple formation.8–10

Depending on the sand particle size and wind speed, several trans-
portation modes of aeolian ripples were proposed to describe the
complex interactions between the boundary layer airflow and the
erodible sand surface. When the atmospheric wind is sufficiently
strong, small sand particles can be moved and lifted by fluid flow,
hopping along the soil surface in a process known as saltation.11 The
impacts of saltating particles can mobilize larger particles, leading to
the process of reptation,12 during which the particles settle back to
the soil after a short hop. By correlating the sand ripple wavelength
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and the characteristic path length in sand saltation, it was suggested
that the ripple height and shape are determined by the surface sand
grading and the incidence angle of saltation.13–15 Later in the 1990s, a
theoretical model of sand ripple formation was developed, involving
two sub-processes, i.e., saltation with a long trajectory vs reptation
with a short trajectory.16 It was revealed that the growth of sand rip-
ples is essentially caused by the spatial variations of sand mass flux
due to the reptating population.17

Another genre of elucidating the aeolian sand ripple formation
is associated with the instability of the fluid–sediment flow system,
in which the sediment is viewed as a viscous fluid and the forma-
tion of sand ripples is considered to be a result of Kelvin–Helmholtz
instability of two shear fluids with different densities.18 By simpli-
fying the problem as a homogeneous ideal fluid over an erodible,
sinusoidal bed, it was found that there is a spatial lag between the
maximum bed velocity and the maximum sediment transport rate.19

The stability theories were then developed based on the real fluid
with internal frictions.20 Two separated instability modes were pro-
posed with consideration of realistic turbulent flow close to the bed,
i.e., one is dependent on the local roughness of the bed and the other
is associated with the depth of flow.21 It was found that the viscous
shear can cause particle resuspension and the effect of the viscosity
profile on the stability characteristics could be much more dramatic
than that of the density profile.22 Recently, a different approach of
linear stability analysis was performed using direct numerical simu-
lations,23 in which the phase lag between the bed topology and the
sediment flux was obtained from the three-dimensional turbulent
simulations. It was found that while the Froude number is the criti-
cal controlling parameter in the early linear development of ripples,
the particle Reynolds number becomes more dominant during the
equilibrium stage.

Turbulent bursting, which is characterized as quasiperiodic
cycles of ejection of fluid away from the wall followed by a high-
speed sweep moving fluid toward the wall,24 is another possible
mechanism to cause erosion and deposition of sediments.25 By cor-
relating the turbulent structures and the topographic features of the
sediment bed, it was found that turbulent bursting plays an impor-
tant role in entrainment and suspension of mobile sediments.26 The
formation of entrainment patches as well as the ripple development
was illustrated with the “grouped sweep” model developed based on
the streak bursting cycle.27 In recent years, it was also revealed that
turbulent sweeps in the near-bed region are the primary mechanism
for destabilizing the sand bedform.28 Along with the advancement
of turbulence modeling in recent years, more details about the rela-
tionship between turbulent bursting and sediment movement were
extracted by applying the quadrant analysis and turbulence kinetic
energy (TKE) budget methods.29–31 A recent study by Groom and
Friedrich32 revealed that while the decrease in sand wave/ripple ele-
vation could lead to an increase in the average near-bed velocity, the
increase in the sand form roughness would result in an increase in
both turbulence intensity and turbulent production (TKE). It was
also found that the dispersive kinetic energy diffusion is substantial
within the roughness sublayer.33

Though the mechanisms controlling the emergence of
sand bedforms have been extensively investigated over the past
years,28,34–39 the evolutionary particulars of the sand bedforms and
the complex interactions between the dynamically evolving sand
ripples/waves and the boundary layer airflow are still not revealed

due to the lack of knowledge about the transient surface morpho-
logical details and the near-surface air–sediment flow character-
istics during the dynamic courses of sand ripple formation and
development. Advanced experimental techniques, which are capa-
ble of making time-resolved, quantitative measurements of the sur-
face morphologies of wind-driven sand ripples/waves, are highly
desirable to provide a complete description of the sand bedform
formation and evolution process. In recent years, various mea-
surement techniques have been developed to achieve quantitative,
non-intrusive measurements of thickness distribution/surface mor-
phologies of different substances,40–45 among which the novel digital
image projection (DIP) technique developed by Zhang et al.45 and
Liu et al.46 has been demonstrated to be a very reliable measurement
tool to reconstruct the complex three-dimensional (3D) geometrical
profiles of various objects with great resolutions in both temporal
and spatial dimensions. In the present study, the DIP technique
was implemented to provide temporally resolved measurements of
the sand surface morphology to quantify the transient behaviors of
sand ripples/waves submerged in a turbulent boundary layer airflow.
Based on the quantitative DIP measurements, a complete evolu-
tion process of the sand bedform was revealed, with various sand
ripple/wave structures (i.e., in terms of wave shape, frequency, and
wave number) being characterized clearly and quantitatively in both
time and space scales. In addition to the DIP measurements, a series
of combined particle tracking/imaging velocimetry (PTV/PIV) mea-
surements were also conducted in the present study to reveal the
air–sediment velocity field during the dynamic sand wave/ripple for-
mation process. Then, by correlating the sand bed surface profiles
and the near-bed sand particle flow field, a complete description of
the dynamical mechanisms controlling the sand bedform evolution
was revealed. To the best knowledge of the authors, this is the first
effort of its kind to quantitatively define the evolutionary details of
the aeolian sand bedform driven by the turbulent boundary layer
airflow.

In the context that follows, the experimental methods to quan-
tify the sand surface morphology and the two-phase flow field are
described at first. Then, the key parameters that define the dynamic
air–sediment flow interactions and the sand surface morphologies
are introduced. Based on the quantitative measurements of the sand
surface morphologies, both the temporal evolution and the spatial
variation of the ripple-modulated sand surfaces are extracted and
analyzed. In addition, the characteristics of the dynamically evolv-
ing sediment-air flow fields during the sand wave/ripple formation
process are also revealed in great details.

II. EXPERIMENTAL METHODS
The experimental study was performed in the Low-disturbance

Wind Tunnel located at the College of Engineering of Peking Uni-
versity (i.e., PKU-LWT). The PKU-LWT is a closed-circuit wind
tunnel with two test sections that are equipped with optically trans-
parent windows, i.e., one has a cross section of 1.5 m in width× 1.5 m
in height and the other has a cross section of 1.0 m in width × 1.0 m
in height. The wind tunnel has two contraction sections upstream
of each test section with a set of honeycombs and screen structures
installed ahead of the first contraction section to provide uniform,
low turbulence airflow into the test sections. All the experiments in
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the present study were performed in the smaller test section (i.e.,
1.0 m in width × 1.0 m in height), which has a capacity of generating
a maximum wind speed of 50 m/s.

A. Digital image projection (DIP) technique
The DIP technique used in the present study is a structured

light technique, which relies on actively projecting known light pat-
terns onto an object and extracting 3D surface shapes from the
images of the projected light patterns captured from one or more
points of view.43 Figure 1 shows the schematic to illustrate the tech-
nical basis of the DIP technique. As shown in Fig. 1(a), a digital
projector is used to project image patterns with known characteris-
tics onto a test object of interest (e.g., the sand surface in the present
study). Due to the complex surface shape of the test object, the pro-
jected image patterns will deform when observed from a different
perspective other than the projection axis. The projection unit, the
image acquisition unit, and the three-dimensional object form a tri-
angulation base. If the corresponding points between the camera
(A) and the projector (C) are identified through a calibration pro-
cedure, the 3D shape of the test object can be obtained through an
analysis of the triangulation of ∆ABC. It should be noted that the
correspondence for the DIP technique used in this study is estab-
lished by finding the displacement vectors between corresponding
points in the distorted images (i.e., the images acquired with the rip-
ple/wave features formed on the sand surface) and a reference image
(i.e., the image acquired without any ripples/waves on the mea-
surement plane) by using a spatial cross correlation image process-
ing algorithm.45,46 This is very different from the most-commonly
used fringe-based structured light technique, in which the 3D pro-
file of the test object with respect to the reference plane is retrieved
based on the measured phase changes between the modulated fringe
patterns and those in the reference image.43

For the DIP technique used in the present study, the 3D shape
of the measured object is restructured based on the displacement
map of the corresponding points between the distorted images and
the reference image. Figure 1(b) shows the diagram of the DIP tech-
nique for displacement-to-height conversion. A reference plane with
a height 0 in the Z-direction is used as the reference surface for all

subsequent measurements. The arbitrary point “M” in the captured
image corresponds to point “N” in the projected image, and point
“D” on the object surface. From the projector’s point of view, point
“D” on the object surface has the same position as point “A” on
the reference plane. However, from the point of view of the image
recording camera, point “D” on the object surface images will be at
the same position as point “C” on the reference plane. Therefore, the
same point “N” in the projected image will be recorded as point “A”
in the reference image (i.e., the image acquired with the sand sur-
face being flat) and point “C” in the distorted image (i.e., the image
acquired with the ripples/waves formed over the sand surface). The
distance between point “A” and point “C” represents the displace-
ment of the same point “N” between the distorted and reference
images. Assume the distance between point “M” and point “N” is
d, and the reference plane is parallel to the plane of devices with a
distance s between them. Similar triangles can be formed between
∆MND and ∆CAD; therefore,

d
CA
= s − BD

BD
= s
BD
− 1. (1)

Because the distance s is usually much larger than BD, this
equation can be simplified as

Z(x, y) = BD ≈ s
d
CA = KCA. (2)

It should be noted that because the values of s and d are fixed for
a given DIP setup, K will be a constant for a given DIP system, which
can be determined through a calibration procedure. Equation (2)
shows a linear relationship between the measured displacement CA
and the object height Z(x, y). Therefore, the 3D shape of the test
object can be determined quantitatively by measuring the displace-
ments between the distorted and reference images at the points of
interest. Further information about the implementation procedure
and image processing algorithm for DIP measurements can be found
in the studies by Zhang et al.45 and Liu et al.46

Figure 2 shows the experimental setup used in the present study
to quantify the transient sand wave/ripple formation and evolution
process. As shown schematically in the figure, a sand bed was used

FIG. 1. Technical basis of the digital imaging projection (DIP) technique: (a) triangulation of the DIP technique; (b) diagram of the displacement-to-height conversion.
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FIG. 2. Experimental setup for the DIP technique to quantify the aeolian sand ripple
formation and development.

to load the sand grains. X, Y, and Z denote the streamwise, spanwise,
and normal-to-surface directions, respectively. The sand bed, which
is made of a hard plexiglass, has a groove of 1755 mm in length,
1000 mm in width, and 20 mm in depth to load the sand grains. The
sand bed was mounted horizontally at a height of 430 mm from the
bottom of the wind tunnel test section. An asymmetric leading-edge
of 180 mm in length, with two cubic Bézier-curves connected at the
nose tip, was designed following the approach as described by Frans-
son,47 to ensure the minimum flow disturbance into the boundary
layer airflow. A trailing edge flap was also designed to keep the stag-
nation point of the sand bed on the upper surface to compensate for
the blockage effects caused by the support system.

As shown in Fig. 2, a commercially available projector (Dell
DLP-M109S, of 858 × 600 pixels in resolution) was used to project
a grid-patterned image onto the surface of the sand bed for the
DIP measurements. A high-resolution digital camera (PCO sensi-
cam QE 12 bit, of 1376 × 1040 pixels in resolution, produced by
PCO Imaging company) with a 50 mm lens was used for the DIP
image acquisition. The digital camera and the projector were syn-
chronized with a digital delay generator (Stanford Research Systems,
Inc., Model DG645). During the experiments, the DIP image acqui-
sition was triggered to start right after the wind tunnel was turned
on to start the sand emission/transport/deposition process, with
3600 images (i.e., 15 min in duration) being recorded in each test
trial.

B. Particle tracking/imaging velocimetry (PTV/PIV)
In the present study, a combined particle tracking/imaging

velocimetry (PTV/PIV) technique was also implemented to reveal
the velocity structures of the two-phase (i.e., air–sediment) flow
system. Figure 3 shows the experimental setup for the PTV/PIV
measurements of the two-phase flow field. The illumination for the
PTV/PIV measurements was provided from the top window by a

FIG. 3. Experimental setup for the PTV/PIV measurements of the sand particle
flow field.

double-pulsed Nd:YAG laser adjusted on the second harmonic and
emitting two pulses of 120 mJ at the wavelength of 532 nm. A set
of convex and concave cylindrical lenses along with optical mir-
rors was used to generate a laser sheet with a thickness of 1 mm
to illuminate the tracers in the near-bed flow field over the sand
bed surface. A high-resolution digital camera (PCO sensicam QE
12 bit, of 1376 × 1040 pixels in resolution) with a 50 mm lens was
used for PTV/PIV image acquisition with the axis of the camera
being perpendicular to the laser sheet as shown in Fig. 3. The dig-
ital camera and the double-pulsed Nd: YAG laser were connected to
a workstation (host computer) via a digital delay generator (Berke-
ley Nucleonics, Model 565), which controlled the timing of the laser
illumination and the image acquisition. It should be noted that since
the sand particles used in the present study have a relatively large
diameter of ∼0.21 mm, the corresponding Stokes number (i.e., Stk
= t0U∞/dp, whereU∞ is the incoming airflow velocity, dp is the sand
particle diameter, and t0 is the relaxation time of the sand particle,
t0 = ρpd2

p/18μair , where ρp is the density of the sand particle and μair
is the dynamic viscosity of air) of the sand particles was estimated to
be Stk > 200, which indicates that while the sand particles suspended
in the air would be closely interacting with the gas flow, they would
not follow the gas flow streamlines. Therefore, in the present study,
specialized smoke oil was also used in the PIV measurements to gen-
erate droplet tracers of ∼1 μm in diameter to seed the gas-phase flow
structures in the air–sediment flow system.

In the present study, due to the limitation of the sampling fre-
quency of the camera, the trajectories of the sand particles were
not adequately obtained in the PTV measurements. In the mean-
time, since the bulk density of sand particles in the flow field is low
and varies significantly as the time goes on, the spatial resolution of
the PIV measurements is relatively low. Therefore, the algorithm of
PIV + PTV is used to improve the spatial resolution of the vector
field.48,49 After the raw PTV/PIV images were acquired, a standard
PIV post-processing (two pass cross correlation with an interroga-
tion window size of 64 × 64 pixel2 first and 32 × 32 pixel2 second)
was first executed to get an estimator of the local velocity of the sand

Phys. Fluids 32, 063304 (2020); doi: 10.1063/1.5144522 32, 063304-4

Published under license by AIP Publishing

https://scitation.org/journal/phf


Physics of Fluids ARTICLE scitation.org/journal/phf

particles. Then, the resolution of the vector field was further refined
by the detection and tracking of individual particles (i.e., PTV) with
a vector field with regular grid (8 × 8 grid size) by applying a polyno-
mial second order algorithm with additional filtering and smoothing
procedures. It should be noted that after the instantaneous sand par-
ticle flow fields were derived, which contain a large number of noise
components from the environment (background noise) and sys-
tem (electrical noise), a series of Proper Orthogonal Decomposition
(POD) analyses were performed to remove the noise components
and extract the high energy modes of the flow structures.50–52 In the
present study, the dominant sand flow structures were reconstructed
using the first 10 leading-order POD modes (which contain 40% of
the total energy).

III. DESCRIPTIONS OF THE AIR–SEDIMENT FLOW
SYSTEM AND SAND SURFACE MORPHOLOGY
A. Sand particles in airflow

In the present study, the size of the sand particles was selected
to be dp = 0.21 mm with a heterogeneity smaller than 1%, which
represents the most commonly observed aeolian sand particles in
nature.10 Based on the air density at the room temperature (i.e., ρa
= 1.225 kg/m3) and the density of the sand grain as listed in Table I,
the specific density of the sand particle is calculated to be

R = ρp − ρa
ρa

= 1819. (3)

Figure 4 shows a typical snapshot of sand particle translation
velocities acquired in the PTV/PIV measurements. It is clearly seen
that the sand particles are non-uniformly distributed in the measure-
ment region, i.e., the sand particle concentration close to the sand
bed surface is obviously higher than that in the outer layer. While
most of the sand particles show a downward motion due to the grav-
ity effect, there are still ascending sand particles, which indicates an
evident saltation process over the sand bed surface. Following the
work by Kulick et al.,53 Aliseda et al.,54 and Zhu et al.,55 the par-
ticle bulk volume fraction, i.e., ΦV , can be estimated using the box
counting method as given in Eq. (4), whereNp is the number of iden-
tified sand particles within the measurement volume, e.g., the bright
white dots shown in Fig. 4, Δx and Δz are the length and width of
the measurement window, and Δy is the thickness of the laser-sheet
thickness in the PTV/PIV measurements,

ΦV =
πd3

pNp

6ΔxΔyΔz
. (4)

The ratio between the gravity and viscous forces exerted on a
suspending sand particle is usually described by the Galileo number,

TABLE I. Parameters related to the aeolian sand particles.

dp ρp υp
(mm) (kg/m3) R Ga (m/s) Rep∗ τ∗ ΦV

0.21 2230 1819 27.72 2.98 1.66 0.0038 5 × 10−3

FIG. 4. A snapshot of sand particle translation velocities acquired in the PTV/PIV
measurements.

which is given by

Ga = (gRdp3)1/2/ν, (5)

where g is the gravitational acceleration and ν is the kinematic
viscosity of air.

The setting velocity of the sand particle, υp, is estimated theo-
retically assuming that the sand particles are spheres with a diameter
of dp,

υp =
(ρp − ρa)gd2

p

18μ
, (6)

where μ is the dynamic viscosity of air.
When the sand bed is exposed to an aeolian environment, the

shear velocity at the interface between the sand surface and the air-
flow, i.e., u∗, is a key parameter that determines the sand particle
behaviors and sand surface morphology, which can be calculated
using the following equation:

u∗ =
√
τw/ρa =

√
μ
ρa

∂u
∂z
∣
z=0

, (7)

where τw is the shear stress at the sand–air interface, which is a func-
tion of the velocity gradient, i.e., ∂u/∂z, at the bottom of the air
boundary layer.

Thus, the particle Reynolds number, Rep∗, can be calculated
using the following equation:

Rep∗ = u∗dp
ν

. (8)

The thickness of the viscous sublayer can be estimated as

H∗ = 5ν
u∗

. (9)

Here, the dimensionless Shields shear stress is also introduced,
which is defined as

τ∗ = u2
∗

gRdp
. (10)

Since the shear stress at the sand–air interface can be calculated
based on the boundary layer velocity profile that was also measured
in the present study, all the parameters defined above are estimated
and listed in Table I.

In the present study, while x, y, and z denote coordinates in
the streamwise, transverse, and vertical directions, respectively, wall
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units are used to normalize the various variables following the work
of Niño and Garcia.10 The wall units are characteristic scales formed
using u∗ and ν, i.e., ν/u∗ represents a length scale, u∗ represents a
velocity scale, and ν/u2

∗ represents a timescale. Variables with the
subindex “+” are dimensionless with respect to the wall units.

B. Threshold shear velocity to initiate saltation
For the sand bed exposed to an aeolian environment, there is

a threshold shear velocity initiating the saltation, which is usually
derived as

uth = A
√
Rgdp, (11)

where A is a dimensionless constant that is assumed to be 0.085
for the fluid threshold.56,57 Thus, based on the parameter values
listed in Table I, the threshold shear velocity is estimated to be uth
= 0.164 m/s, and the friction Reynolds number is calculated to be

Ref∗ = ρauthdp
μ

= 1.74. (12)

The bulk Reynolds number is also calculated based on the sand
bed width and bulk mean velocity, i.e., Reb = ρaU∞w

μ = 4× 105, where
U∞ is the bulk mean velocity and w is the width of the sand bed.

The impact threshold that defines the minimum shear stress
of wind at which saltation can be sustained is lower than the fluid
threshold due to the splashing particles that impact on the sedimen-
tary bed and contribute more energy to move grains on the bed. As
described by Bagnold,11 the ratio between the impact threshold and
the fluid threshold is about 0.8, which gives u∗,th = 0.13 m/s.

Considering the inter-particle forces as suggested by Shao and
Lu,58 the threshold shear velocity is further calculated using the
following equation:

unth = AN

√
ρp − ρa
ρa

gdp +
γ

ρadp
, (13)

where AN is estimated to be AN = 0.111, i.e., for the sand particle
size larger than 200 μm; A2

N is recommended to be around 0.0123,
according to the wind tunnel measurements.59 γ is a scaled strength
of inter-particle forces (i.e., γ = 2.9 × 10−4 Nm−1) as given by Kok
and Renno.60 Thus, the threshold shear velocity considering the
inter-particle forces is estimated to be unth = 0.25 m/s. While the ratio
between the sand–fluid shear velocity and the freestream velocity in
the fluid is estimated to be u∗/U∞ ≈ 0.035–0.05 as given by Trit-
ton,61 the corresponding threshold freestream velocity is estimated
to range from U∞,th = 5 m/s to U∞,th = 7.1 m/s based on the sand
particle parameters used in the present study.

C. Sand surface morphology
Following the previous work by Kidanemariam and Uhlmann,62

the details of the sand surface morphology are extracted in terms
of the sand bed height, H, sand height fluctuation, H′, mean wave-
length, λ, and mean amplitude, σ, of the sand wave/ripple patterns.
It should be noted that due to the change in the sand bed height dur-
ing the sand wave/ripple formation process in this study, the sand
height fluctuation, H′, is extracted by applying a de-trending pro-
cedure (i.e., sand height fluctuation with respect to the trending of
bed height variation). For example, the local sand height fluctuation

in the time-series at x = x̂, H′(x̂, t), is extracted using the following
equation:

H′(x̂, t) = H(x̂, t) − p[H(x̂, t)], (14)

where H(x̂, t) is the local sand height at x = x̂ as a function of time
and p[H(x̂, t)] is the polynomial fitting of the time-history of the
local sand bed height in a least-squares sense.

Similarly, the sand bed height fluctuation along the streamwise
direction at t = t̂, H′(x, t̂), is also extracted using the following
equation:

H′(x, t̂) = H(x, t̂) − p[H(x, t̂)], (15)

where H(x, t̂) is the sand height profile along the streamwise direc-
tion at t = t̂ and p[H(x, t̂)] is the polynomial fitting of the sand bed
height profile.

Based on the sand height fluctuation along the streamwise
direction, i.e., H′(x, t̂), the surface-normal dimension of the sand
wave/ripple patterns, i.e., mean amplitude, is characterized by the
rms fluctuation of the sand bed height, σH , which is defined as

σ2
H(t̂) = ⟨H(x, t̂) ⋅H(x, t̂)⟩

x
. (16)

Since the wavelength of the sand surface pattern varies signif-
icantly along the streamwise direction during the sand wave/ripple
formation process, the predominant wavelength of the sand surface
patterns cannot be simply extracted by applying the instantaneous
two-point correlation of the streamwise sand height fluctuation as
given by Kidanemariam and Uhlmann.62 Instead, the variation of
the wave number of the sand surface waves/ripples is evaluated by
applying the wavelet analysis of the streamwise sand height fluc-
tuation. In addition, the temporal frequency of the sand surface
wave/ripple propagation is also extracted by performing the wavelet
analysis of the sand height fluctuations in the time-series.

IV. CHARACTERIZATION OF BOUNDARY LAYER
AIRFLOW OVER THE SAND BED SURFACE

Based on the estimation of the threshold shear velocity and
corresponding freestream velocity to initiate saltation, i.e., U∞,th
= 5 m/s to U∞,th = 7.1 m/s, the test freestream airflow velocity is
selected to be U∞ = 8.0 m/s in the present study. The characteristics
of the oncoming boundary layer airflow over the smooth bed were
measured by using a hot-wire anemometer at a sampling frequency
of 5.0 kHz. The time-averaged velocity profiles were calculated
based on the velocity data acquired in a period of 5.0 s, i.e., 25 000
samples.

Figure 5 shows the time-averaged velocity profiles of the
boundary layer airflow at different streamwise locations along the
centerline of the smooth bed surface (i.e., with no sand particles
loaded on the bed surface) to reveal the transition process of the
boundary layer airflow over the sand bed surface. In the plot, while
the velocity data were normalized by the interfacial shear velocity
at the smooth bed surface, i.e., U+ = U/u∗, where u∗ =

√
τw/ρa

= √(μ/ρa)∂u/∂zz=0, the distance away from the bed surface, z, was
normalized by the wall unit, i.e., z+ = z/(ν/u∗). As clearly shown in
Fig. 5, the velocity profile at the streamwise location of X = 420 mm
is a typical Blasius profile, indicating a laminar boundary layer at the
location of X = 420 mm. As the boundary layer airflow develops,
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FIG. 5. Time-averaged boundary layer
velocity profiles at the different stream-
wise locations over the smooth sand bed
surface at U∞ = 8.0 m/s. Fitting curves
using models of Musker,64 Spalding,65

and Nickels.66

i.e., at the downstream location of X = 490 mm, the velocity dis-
tribution is no longer in the Blasius profile, but with transitional
features as discussed by Shahinfar and Fransson.63 At further down-
stream locations, i.e., from X = 590 mm to X = 800 mm, the velocity
profiles of the boundary layer flow are found to become stable and
overlapped with each other. The classical profile models64–66 of tur-
bulent boundary layers are also plotted in the figure for comparison.
It is clearly seen that the velocity profiles at the downstream loca-
tions after X = 590 mm follow a log-law and are well fitted with
the classical models, indicating a turbulent boundary layer airflow
over the surface of the sand bed after the downstream location of
X = 590 mm. Since the current study is particularly focused on the
sand wave/ripple formation in turbulent flows, the region of inter-
est for the DIP and PTV/PIV measurements is selected to be located
in a fully developed turbulent boundary layer airflow (i.e., from X
= 875 mm to X = 1255 mm).

Figure 6 shows both the mean velocity profiles and the veloc-
ity fluctuations of the gas-phase flow in the boundary layer over the
erodible sand bed. It is clearly seen that the gas velocity profiles over
the sand bed have a linear dependence on the surface-normal height.
Based on the mean velocity profiles, the gas velocity gradient in the
boundary layer, ∂U/∂z, is derived (i.e., the linear slope constant of
the boundary layer profile). The linear constant is then imported
into Eq. (7) to calculate the shear velocity at the interface between
the sand surface and the turbulent airflow, i.e., u∗ =

√
τw/ρa =√(μ/ρa)∂u/∂z∣z=0 ≈ 0.12 m/s. It is found that the actual shear

stress at the sand–air interface is very close to the impact thresh-
old, i.e., u∗,th = 0.13 m/s, as predicted above. The slightly lower shear
velocity derived in the PIV measurements is suggested to be caused
by the existence of the saltation layer, which retards the wind speed
and modifies the wind profile by the drag of saltating particles.67

The velocity fluctuations within the boundary layer over the
sand bed are also shown in Fig. 6. It is clearly seen that the veloc-
ity fluctuation over the sand bed is very intense with the maximum

variance reaching about 40% of the freestream velocity. As men-
tioned by Kok and Renno60 and Niño and Garcia,10 while the coher-
ent flow structures in the turbulent boundary layer substantially
affect the trajectories of the sand particles ejected from the sand bed,
the sand particles suspended in the boundary layer flow could dra-
matically perturb the flow structures due to the production of small
eddies in their shedding wakes and more intense flow ejections,
which essentially increases the turbulence intensity in the boundary
layer airflow.

FIG. 6. Mean streamwise velocity profiles in the boundary layer (different colors
indicate the repetitive test trials) (I) and velocity fluctuations within the boundary
layer (II) over the sand bed surface loaded with sand grains.
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V. RESULTS AND DISCUSSION
A. Time-resolved DIP measurements to reveal the
dynamic sand bedform evolution process in the
turbulent boundary layer airflow

In the present study, a very typical experimental case (i.e., at
the freestream airflow velocity of 8.0 m/s, in which the saltation

is sufficiently initiated in the turbulent boundary layer flow) was
selected, aiming at revealing the dynamical mechanisms control-
ling the sand bedform evolution. In order to examine the repeata-
bility of the experiment, multiple trials were conducted under the
same test condition. It was found that while discrepancies were
observed in the sand surface forms in terms of the starting location
of sand wave formation and spacings between sand wave sequences

FIG. 7. Time-evolution of the sand sur-
face morphology generated in the tur-
bulent boundary layer airflow with the
freestream airflow velocity being U∞
= 8.0 m/s: (a)–(h) instantaneous sand
surface morphology from t+ = 0.3 × 105

to 4.0 × 105.
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(suggested to be caused by the uncertain disturbances in upstream),
the dominant features of the sand surface morphology were essen-
tially the same [i.e., evolution from two-dimensional (2D) waves to
three-dimensional (3D) chevron-shaped ripples].

Figure 7 shows the time-evolution of the sand surface mor-
phology generated at the air/sand interface in the turbulent bound-
ary layer airflow with the freestream airflow velocity being U∞
= 8.0 m/s. While the streamwise and spanwise coordinates, x and y,
and the sand bed height, H, are normalized by the length unit, ν/u∗,
the time duration from the beginning of the saltation process, t, is
normalized by the time unit, ν/u2

∗,

x+ = x
ν/u∗ ; y+ = y

ν/u∗ , (17)

H+ = H
ν/u∗ , (18)

t+ = t
ν/u2

∗

. (19)

It should be noted that while the spatial and temporal scales
of these observations are relatively short in comparison with those
realistic sand feature formations in nature, i.e., usually hours or days,
it is found that the sand surface features would become very stable
after a period in the order of hundreds of seconds. Though further
changes in sand surface patterns may occur at the much longer space
scales and timescales, we mainly focus on this “early” stage of the
sand surface evolution in this paper, as limited by the operational
performance of the wind tunnel in terms of the test bed length and
operation period.

As can be seen clearly in Fig. 7(a), randomly distributed
pits/defects were generated over the sand bed shortly after the wind
tunnel was turned on, i.e., at t+ = 0.3 × 105. Such initial sand surface
features were also observed by Coleman and Melville68 and termed
as sand wavelets, which were suggested to be formed due to the ini-
tial pileup of sand particles and the subsequent roughness growing
as more sand particles were trapped by the pileup.68 It was suggested
that the initial 3D sand wavelet lengths are insensitive to the prop-
erties of the fluid over the sand bed but principally a function of the
properties of the sand particles.68 As the time goes by, these initial
3D sand wavelets were found to grow and coalesce into the incipi-
ent crest lines as shown in Fig. 7(b). During this process, the initially
generated random 3D sand wavelet structures were found to be re-
organized into 2D wave patterns. Since the amplitude of these 2D
wave patterns was relatively small, the flow disturbance is suggested
to be linear, with the shear stress having a phase advance against the
sand wave structures. As a result, the airflow accelerated upstream
of each crest and decelerated downstream, which further increased
the amplitude of the wave patterns. Along with the growth of the
wave amplitude, the phase advance of the shear stress was found to
decrease, resulting in a spatial variation of the shear stress as well
as the surface disturbances. As the time goes by, i.e., at t+ = 1.5
× 105, the 2D wave patterns started to break down and develop into
complex 3D wave structures (i.e., small sand ripples), first appear-
ing at upstream, as shown in Fig. 7(c). Then, the dispersed 3D sand
ripples were found to merge into the larger chevron-shaped sand
ripples as they propagated downstream, as shown in Fig. 7(d). It is

suggested that such self-organization behavior of the sand ripples is
due to the small fast-moving ripples being absorbed by the larger
and slower forms.16 Based on the similarity between the turbulent
flow structures and the surface morphology of the sand ripples,1,69,70

the sand particle transportation and ripple formation are suggested
to be closely coupled with the coherent structures of the turbu-
lent boundary layer airflow, i.e., vortical structures such as reversed
horseshoe vortices and quasi-streamwise vortices, with the former
being associated with the sweep events and the latter being asso-
ciated with the ejection events.71 As the time goes by, while the
chevron-shaped sand ripples were found to become more and more
evident as shown in Fig. 7(e), the sand surface morphology was sta-
bilized with the streamwise sequences of chevron-shaped ripples
being separated by the longitudinal streaks as shown in Fig. 7(f).
Secondary currents are suggested to be generated over these sur-
face patterns that further stabilize the sand surface morphology. It
should be noted that as more and more sand particles were trans-
ported downstream, while the height of the sand bed was found to
decrease monotonously (i.e., though the sand particles were found
to deposit in downstream locations, the sand grains loaded in the
bed were also drifting downstream driven by the airflow without any
sand supplement in upstream, causing an erosion of the sand surface
as observed in Fig. 7), the surface morphology of the sand bed was
kept in a stable shape for an extended period, as shown in Figs. 7(g)
and 7(h).

B. Temporal evolution of local sand bed height
Based on the time-resolved DIP measurements of the sand

surface morphologies in the turbulent boundary layer airflow as
shown in Fig. 7, the sand bed surface was found to evolve from
initial random 3D sand wavelets to 2D sand waves and further
into well-organized 3D chevron-shaped sand ripples separated by
the longitudinal streaks. In order to reveal the time-evolution of
the ripple-modulated sand surface morphologies more clearly and

FIG. 8. Time-series of the ripple-modulated sand bed height fluctuations at differ-
ent streamwise locations along the centerline of the chevron-shaped sand ripple
sequence: (a) x+ = 7000, (b) x+ = 8250, and (c) x+ = 9500.
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quantitatively, the time-histories of the local sand height variation
at three typical streamwise locations (i.e., x+ = 7000, x+ = 8250, and
x+ = 9500) were extracted from the DIP measurement results. It is
worth mentioning that due to the 3D nature of the chevron-shaped
sand ripples with a symmetrical outline, the temporal variations
of the local sand height at the different streamwise locations were
extracted along both the centerline and one of the side edges (i.e.,
inner edge) of the chevron-shaped sand ripple sequence as indi-
cated in Fig. 7(e), i.e., the centerline of the sand ripple sequence is
located at y+ = 320, and the inner edge of the sand ripple sequence is
located at y+ = 160. While the local sand bed height, H(t), can be eas-
ily extracted from the DIP measurement results given in Fig. 7, the
time-series of the local sand height fluctuations, H′(t), are derived
using Eq. (14).

Figure 8 shows the time-series of the local sand bed height fluc-
tuations at the different streamwise locations along the centerline
of the chevron-shaped sand ripple sequence (i.e., y+ = 320). Based
on the sand surface morphologies given in Fig. 7, it was found that
the sand ripples were formed progressively from the upstream to the
downstream as the time goes by. Once the stable chevron-shaped
sand ripple structures were formed, the local sand bed height would
only change slightly due to the fully developed air–sediment flow
system over the ripple-modulated sand bed surface. For instance, at
the upstream location of x+ = 7000, while the local sand bed height
was found to vary dramatically from t+ = 0 to t+ = 1.5 × 105, the
amplitude of the sand height fluctuation became much smaller after
t+ = 2 × 105 as shown in Fig. 8(a). Similar trends of the sand bed
height fluctuations were also observed at the downstream locations,

FIG. 9. Continuous wavelet transform
(computed in the L1 norm) of the time-
series of the sand bed height fluctuations
at different streamwise locations along
the centerline of the chevron-shaped
sand ripple sequence: (a) x+ = 7000, (b)
x+ = 8250, and (c) x+ = 9500.
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i.e., x+ = 8250 and x+ = 9500, with the sand bed height fluctuating
significantly at the beginning stage of the sand wave/ripple forma-
tion process and becoming stable with very small fluctuations after
about t+ = 2 × 105 and t+ = 3 × 105, respectively, as shown in
Figs. 8(b) and 8(c).

Since the local sand bed height was found to fluctuate signifi-
cantly in the time scale with changing amplitudes and frequencies,
continuous wavelet transform (i.e., CWT) was implemented in the
present study to reveal the frequency content of the sand bed height
fluctuations at the different streamwise locations during the tran-
sient sand wave/ripple formation process. The CWT used in this
study was obtained using the analytic Morse wavelet72 and com-
puted in the L1 norm. The minimum and maximum scales are
determined automatically based on the energy spread of the wavelet
in frequency and time. Figure 9 shows the wavelet transform of
the time-series of the sand bed height fluctuations at the differ-
ent streamwise locations along the centerline of the chevron-shaped
sand ripple sequence: (a) x+ = 7000, (b) x+ = 8250, and (c) x+ = 9500.
It is seen that at the upstream location of x+ = 7000, while a fre-
quency of f = 0.046 Hz is observed at the beginning of the sand wave
formation process, it disappears quickly after t+ = 1 × 105. Along
with the vanishing of this “high” frequency wave component (i.e., it
is suggested to be the initial 3D wavelet component), a lower fre-
quency of f = 0.016 Hz becomes dominant as a result of the 2D
wave formation over the sand bed surface. Since the amplitude of the
sand height fluctuation was found to become very small as the time
goes by, the frequency component of f = 0.016 vanishes after t+ = 2
× 105 as can be seen clearly in Fig. 9(a). At the location of x+ = 8250,
similar to that observed at the upstream location, a frequency com-
ponent of f = 0.028 Hz is found to dominate at the beginning of the
sand wave formation process, which vanishes quickly after t+ = 1.5
× 105. Meanwhile, lower frequency components (i.e., f = 0.016 Hz
and f = 0.008 Hz) are found to appear as shown in Fig. 9(b), corre-
sponding to the development of 2D waves over the sand bed surface.
At the location of x+ = 9500, since the 2D waves were found to per-
sist longer, a dominant frequency of f = 0.016 Hz is clearly seen in
Fig. 9(c), which vanishes after t+ = 3.5 × 105. The vanishing of the
dominant frequency components indicates a steady sand wave pat-
tern being formed along the centerline of the chevron-shaped sand
ripple sequence.

Figure 10 shows the time-histories of the sand bed height
fluctuations at the different streamwise locations (i.e., x+ = 7000,
x+ = 8250, and x+ = 9500) along the inner edge of the chevron-
shaped sand ripple sequence (i.e., y+ = 160). It was found that
although the wave structures were generated over the entire mea-
surement region as shown in Fig. 6, the sand bed height fluctuation
at the upstream location, x+ = 7000, was relatively small through-
out the sand ripple formation and development process as shown
in Fig. 10(a). As the sand ripples propagated downstream, the local
sand bed height fluctuation was found to become more and more
evident, i.e., x+ = 8250 and x+ = 9500, as shown in Figs. 10(b) and
10(c). Similar to that along the centerline of the chevron-shaped
sand ripple sequence, the sand bed height fluctuation along the rip-
ple edge was also found to be more intense at the early stage of the
sand ripple formation process and become weaker when the sand
ripple patterns were stabilized.

The wavelet transforms of the time-series of the sand bed height
fluctuations at the different streamwise locations along the inner

FIG. 10. Time-series of the ripple-modulated sand bed height fluctuations at differ-
ent streamwise locations along the inner edge of the chevron-shaped sand ripple
sequence: (a) x+ = 7000, (b) x+ = 8250, and (c) x+ = 9500.

edge of the chevron-shaped sand ripple sequence are shown in
Fig. 11. For the sand bed height fluctuation at the upstream location,
i.e., x+ = 7000, the energy is mainly concentrated at the frequency of f
= 0.035 Hz at the beginning of the sand wave formation, which van-
ishes after t+ = 1.5 × 105 as shown in Fig. 11(a). At the location of x+
= 8250, while a similar “high” frequency component of f = 0.035 Hz
is observed at the beginning stage, it shifts to f = 0.016 Hz as clearly
shown in Fig. 11(b), which corresponds to the formation of the well-
structured waves/ripples. While the surface patterns become stable,
the frequency component vanishes. At the location of x+ = 9500,
along with the formation of 2D waves and 3D ripples, the energy
is found to concentrate in a narrow band with frequency compo-
nents ranging from f = 0.011 Hz to f = 0.016 Hz as clearly seen in
Fig. 11(c), which vanishes after t+ = 4.5 × 105. It is suggested that the
formation of the chevron-shaped sand ripples is essentially due to
the discrepancy of the local sand wave propagation (as indicated by
the varying frequency components) in different transverse locations
caused by the asymmetric nature and instability of the turbulent
boundary layer airflow.73

C. Spatial variations of the ripple-modulated sand
surface along streamwise directions

To further evaluate the sand ripple/wave characteristics formed
in the turbulent boundary layer airflow, the spatial variations of the
ripple-modulated sand surface along the streamwise directions were
also extracted along both the centerline and the inner edge of the
chevron-shaped sand ripple sequence (i.e., the centerline of the sand
ripple sequence at y+ = 320 and the inner edge of the sand rip-
ple sequence at y+ = 160) at three typical time instants, i.e., (1) at
t+ = 1 × 105 when the 2D sand waves dominated in the measure-
ment region, (2) at t+ = 2 × 105 when the 3D chevron-shaped sand
ripples were formed at upstream, and (3) at t+ = 4 × 105 when the
sand ripple structures were fully developed and stabilized over the
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FIG. 11. Continuous wavelet transform (computed in the L1
norm) of the time-series of the sand bed height fluctuations
at different streamwise locations along the inner edge of the
chevron-shaped sand ripple sequence: (a) x+ = 7000, (b) x+

= 8250, and (c) x+ = 9500.

sand bed. Then, the sand bed height fluctuation profiles along the
streamwise direction, H′(x), are extracted using Eq. (15).

Figure 12 shows the fluctuation profiles of the sand bed sur-
face along the centerline of the chevron-shaped sand ripples (i.e.,
y+ = 320) at the three selected time instants (i.e., t+ = 1 × 105, t+ = 2
× 105, and t+ = 4 × 105). The corresponding wavelet transforms of
the sand surface profiles are given in Fig. 13. As can be seen clearly
in Fig. 12(a), at the time instant of t+ = 1 × 105, the streamwise sand
surface fluctuation profile shows a clear waveform, which is due to
the sand surface morphology being almost two-dimensional at the
early stage of sand wave/ripple formation. By performing the wavelet
transform of the waveform, it is found that in upstream from x+
= 7000 to x+ = 8000, the energy is mainly dominated in two wave
components with the wave numbers of k = 0.18 rad/mm (k = 2π/λ,
where λ is the wavelength) and k = 0.12 rad/mm being identified as
shown in Fig. 13(a). As the wave structures develop to downstream,
though the wave number varies, the waveforms are found to be very
prominent when the 2D waves are formed over the sand bed surface.
As the time goes by, i.e., t+ = 2 × 105, the sand surface morphol-
ogy was found to become more three-dimensional, starting from

FIG. 12. Spatial fluctuation profiles of the sand bed surface along the centerline of
the chevron-shaped sand ripple sequence: (a) t+ = 1 × 105, (b) t+ = 2 × 105, and
(c) t+ = 4 × 105.
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FIG. 13. Continuous wavelet transform
(computed in the L1 norm) of the spatial
fluctuation profiles of the sand bed sur-
face along the centerline of the chevron-
shaped sand ripple sequence: (a) t+ = 1
× 105, (b) t+ = 2 × 105, and (c) t+ = 4
× 105.

the upstream as already revealed in Fig. 7. Along with the evolution
of the surface morphology, the fluctuating magnitude of the sand
surface waveform is found to become smaller, with the wavelength
at upstream becoming longer, while the wavelength at downstream
remaining almost unchanged as shown in Fig. 12(b). Based on the
wavelet transform of the sand surface profile as shown in Fig. 13(b), a
clear transition of the dominant wave number from k = 0.10 rad/mm
to k = 0.17 rad/mm is observed, indicating a combination of two
wavelengths of the surface profile at this transient moment, i.e., the
upstream 3D sand ripple of λ+ = 497 and the downstream 2D sand
wave of λ+ = 293. As the surface morphology became stable, i.e., t+
= 4 × 105, the sand surface fluctuation amplitude is found to become
smaller as shown in Fig. 12(c). Based on the wavelet transform as

given in Fig. 13(c), it is found that the energy dominated by the
wave structures becomes very small as the 3D sand ripple structures
were fully developed and became stable along the sand ripple center-
line. It should be noted that the wavelength measured in the present
study agrees well with those scaled data, i.e., λ/d as a function of d/z0,
where d is the sand grain size and z0 is estimated to be z0 = 0.03–0.1d,
as given by Charru et al.1

Figure 14 shows the spatial fluctuation profiles of the sand
bed surface along the inner edge of the chevron-shaped sand rip-
ple sequence (i.e., y+ = 160) at the three selected time instants (i.e.,
t+ = 1 × 105, t+ = 2 × 105, and t+ = 4 × 105). Similar to that
along the sand ripple sequence centerline, the sand surface profile
along the inner edge of the sand ripple sequence also shows a clear
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FIG. 14. Spatial fluctuation profiles of the sand bed surface along the inner edge
of the chevron-shaped sand ripple sequence: (a) t+ = 1 × 105, (b) t+ = 2 × 105,
and (c) t+ = 4 × 105.

periodic waveform at the early stage of sand wave/ripple forma-
tion, i.e., t+ = 1 × 105, with the wavelength being almost constant
as shown in Fig. 14(a). Based on the wavelet transform, a dominant
wave number of k = 0.17 rad/mm is extracted, which then develops
to k = 0.10 rad/mm in downstream as shown in Fig. 15(a), which
is very similar to that along the sand ripple centerline due to the
2D nature of the sand surface morphology at t+ = 1 × 105. As the
time goes by, i.e., t+ = 2 × 105, along with the transition of the sand
surface morphology from the 2D waves to the 3D ripples, while the
wave structures at the upstream locations are found to become flat-
tened, the wavelength in the downstream region is kept unchanged
as shown in Fig. 14(b). The wavelet transform of the sand surface
profile given in Fig. 15(b) reveals that the wave/ripple features are
also dominated by two wave numbers, i.e., k = 0.17 rad/mm and k
= 0.10 rad/mm, which essentially shows a spatial lag (the sand sur-
face morphology becomes three-dimensional) in comparison with
that along the centerline of the sand ripple sequence. As the surface
morphology became stable, i.e., t+ = 4 × 105, the sand surface profile
is found to become flattened with only small fluctuations as shown
in Fig. 14(c). It is suggested that the flattening of the surface profile
is due to the formation of the streamwise streaks over the sand bed
as can be observed in Figs. 7(e)–7(h). Correspondingly, the energy
becomes very small in the wavelet transform of the surface profile as
given in Fig. 15(c).

Based on the sand surface fluctuation profiles along the cen-
terline (i.e., y+ = 320) and the inner edge (i.e., y+ = 160) of the
chevron-shaped sand ripple sequence as given in Figs. 12 and 14,
the surface-normal dimension of the sand wave/ripple patterns,
i.e., mean amplitude, σH , can be characterized by the root-mean-
square (rms) of the sand bed height fluctuation using Eq. (16). Thus,
the time-evolution of the sand surface fluctuation amplitude can
be derived by applying the algorism throughout the entire sand

wave/ripple formation process. Figure 16 shows the time-evolutions
of the sand surface fluctuation amplitude along the centerline (i.e.,
y+ = 320) and the inner edge (i.e., y+ = 160) of the chevron-shaped
sand ripple sequence. It is clearly seen that right after the salta-
tion was initiated, the fluctuation amplitude of the sand bed surface
increases quickly due to the formation of the initial random 3D sand
wavelets and the 2D wave development in the early stage of the sand
wave/ripple evolution process, i.e., from t+ = 0 to t+ = 1.2 × 105.
As revealed by Bagnold,6 owing to the time-lag between the changes
in the rate of sand-flow and resulting changes in the airflow veloc-
ity, there are upstream removal and downstream deposition of the
sand particles during the sand wave/ripple formation, thus leading to
the rapid increase in the sand surface fluctuation amplitude. As the
time goes by, while the 2D sand waves were developed into the well-
organized 3D chevron-shaped sand ripples as a result of the spatial
variation of shear stress as well as the surface disturbances within
each trough and crest of the sand waves,1 the sand surface fluctua-
tion amplitude was found to decrease monotonously from t+ = 1.2
× 105 to t+ = 4 × 105. It is suggested that the decrease in the sand
wave/ripple amplitude is essentially due to the intense transverse
component of the shear flow as the 3D surface features were formed.
Once the ripple-modulated sand surface morphology was stabilized
after t+ = 4 × 105, the sand surface fluctuation amplitude was found
to be almost not changed with a mean value of about σ̄H+ = 0.5.
It should be noted that while there exists a phase lag between the
sand surface waveforms along the centerline and the inner edge of
the sand ripple sequence, the fluctuating amplitude of the two sand
wave patterns is found to change concurrently throughout the sand
wave/ripple formation process.

D. Ensemble-averaged gas-phase flow statistics
in the air–sediment flow system over the erodible
sand bed before and after the sand wave/ripple
formation

As the sand bedform evolves driven by the turbulent bound-
ary layer airflow, the air–sediment flow structures would also be
altered along with the formation of the sand wave/ripple mor-
phologies. In the present study, in order to evaluate the effects of
the evolving sand bedform on the two-phase (i.e., air–sediment)
flow structures over the erodible sand bed, a series of PIV/PTV
measurements were also conducted, with the measurement plane
being located perpendicularly along the centerline of the sand rip-
ple sequence, i.e., y+ = 320. It is worth mentioning that the size
of the field of view (FOV) in the PIV + PTV measurements was
selected based on the measured wavelength of the sand waves (at
least to cover a complete waveform for the further correlation) while
maximizing the measurement resolution (i.e., the smaller the FOV,
the higher the measurement resolution). Based on the PIV mea-
surement results processed with the oil droplet tracer images, the
ensemble-averaged gas-phase flow statistics (i.e., mean velocity, vor-
ticity, Reynolds stress, and TKE) were first derived both before and
after the sand wave/ripple formation. As mentioned above, at the
very initial stage of the sand surface morphology evolution, i.e.,
t+ = 0 to t+ = 0.5 × 105, there were only randomly distributed
pits/defects being generated over the sand bed due to the initial
pileup of sand particles. The gas-flow structures in this period are
suggested to be greatly affected by the sand particles ejected from the
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FIG. 15. Continuous wavelet transform
(computed in the L1 norm) of the spatial
fluctuation profiles of the sand bed sur-
face along the inner edge of the chevron-
shaped sand ripple sequence: (a) t+ = 1
× 105, (b) t+ = 2 × 105, and (c) t+ = 4
× 105.

sand bed55 but have a minimal modification by the sand bedform.
As the sand wave/ripple structures were sufficiently developed, i.e.,
t+ = 2.0 × 105 to t+ = 2.5 × 105, while the gas-flow structures were
still under strong interactions with the sand particles suspended in
the airflow, they would also be significantly modified by the wavy
sand bedforms as suggested by Charru et al.1

Figure 17 shows the contours of the ensemble-averaged gas-
phase flow statistics in the air–sediment flow system over the erodi-
ble sand bed before and after the sand wave/ripple formation.
More specifically, “before the sand wave/ripple formation” refers
to the very initial stage, i.e., t+ = 0–0.5 × 105, and “after the
sand wave/ripple formation” refers to the period when the sand
wave/ripple structures are sufficiently developed, i.e., t+ = 2.0 × 105

to 2.5 × 105. The nondimensional time-averaged flow velocity fields
are illustrated in Figs. 17(a) and 17(e). It is clearly seen that after
the sand ripple structures are formed, the airflow boundary layer
is thickened as indicated by the larger area of velocity defect. As
revealed by Charru et al.,1 there is a linear response of the shear
stress and the presence of larger slopes of sand waves. Therefore,
the formation of the sand wave/ripple structures in this study is
suggested to induce an increase in shear stress at the air/sand inter-
face. The increased shear stress would generate more intense flow
injection events, which tends to increase the frequency of occur-
rence of wall ejections for sand particles.10 As suggested by Zhu
et al.,55 the ejected sand particles would have a non-negligible
energy/momentum exchange with the gas phase, which would result
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FIG. 16. Time-evolution of the sand surface fluctuation amplitude along the cen-
terline (i.e., y+ = 320) and the inner edge (i.e., y+ = 160) of the chevron-shaped
sand ripple sequence.

in the sublayer flow deceleration and thickening of the airflow
boundary layer.

Figures 17(b) and 17(f) depict the nondimensional time-
averaged vorticity (i.e., ω̄ν/u2

∗, where ω̄ is the time-averaged vorticity
given by ∂ū/∂z − ∂v̄/∂x) fields before and after the sand wave/ripple
formation. It is known that shear layers could be formed by the flow
separation from the crest of sand waves/ripples. These shear layers
would involve vortices owing to the Kelvin–Helmholtz (K–H) insta-
bilities.33 Along with the development of the sand waves/ripples,
more vortical structures are suggested to be formed in the air–
sediment flow system, which could essentially induce a stronger
fluid mixing and higher shear stress on the lee-side of the sand
waves/ripples. While propagating over the following stoss-side of
sand waves/ripples, these vortical structures would extend toward
the free surface as indicated by the lifted vortices shown in Fig. 17(f).
Meanwhile, owing to the enhanced fluid mixing along with the sand
wave/ripple formation, an increase in Reynolds stress (i.e., −u′v′/u2

∗,
where u′ and v′ are the fluctuations of u and v) and enhancement of
turbulence production [as indicated by the TKE, i.e., (u′2 +v′2)/2u2

∗]
are also observed as clearly shown in Figs. 17(c) and 17(g) and
Fig. 17(d) and 17(h).

E. Surface-normal velocity field of the airborne
sand particles over the wave/ripple-modulated
sand surface

In order to reveal the interactions between the dynamically
evolving sand wave/ripple structures and the sand particle flow pat-
terns in the near-bed flow field, the velocity field of the sand particles
was also derived based on the PTV/PIV measurements. It should
be noted that while both the horizontal and vertical velocity com-
ponents, i.e., u and v, of the sand particles were calculated in the
present study, only the vertical velocity component, i.e., surface-
normal velocity, was presented in this paper to illustrate the verti-
cal behaviors of the airborne sand particles and their interactions
with the dynamically evolving sand bed morphology. As mentioned

above, the surface-normal velocity of the sand particles is normal-
ized by the velocity unit, i.e., the measured shear velocity at the
interface between the sand surface and the airflow, u∗.

Figure 18 shows the time-evolution of the surface-normal
velocity field of the airborne sand particles during the dynamic sand
wave/ripple formation process. As can be seen clearly in Fig. 18(a),
at the very beginning of the saltation process, i.e., t+ = 0.3 × 105,
while a group of sand particles were ejected from the sand bed driven
by the turbulent boundary layer airflow, the surface-normal veloc-
ities of these sand particles are found to be rather small and ran-
dom due to the relatively flat sand bed surface. As the time goes by,
once the 2D sand waves were formed over the sand bed, i.e., at t+
= 1.0 × 105, the surface-normal velocity field of the sand particles
was found to be highly disturbed, featured by the alternating posi-
tive and negative velocity regions as shown in Fig. 18(b). It is also
found that the surface-normal velocity distribution is well in phase
with the sand surface profile, with the maximum positive velocity
being always located above the windward slope of the sand waves.
As the 2D sand waves break into the small dispersed sand ripples
at t+ = 1.5 × 105, the surface-normal velocities of the sand parti-
cles are found to become very small but still in phase with the sand
surface pattern as shown in Fig. 18(c). The small dispersed sand
ripples were then quickly merged into the larger chevron-shaped
sand ripples, which are found to have a significant impact on the
near-bed flow field as indicated by the recurrent alternating positive
and negative velocity regions over the sand bed surface as shown
in Fig. 18(d). As the time goes by, while the amplitude of the sand
ripples decreases monotonously in the period of t+ = 2.0 × 105 to
t+ = 3.0 × 105, the surface-normal velocities of the sand particles are
also found to decrease correspondingly as shown in Figs. 18(e) and
18(f). It is worth mentioning that while the surface-normal velocity
distribution of the airborne sand particles in the near-bed flow field
is in phase with the sand bed surface profile, there exists a phase
lag between them, i.e., while the maximum positive surface-normal
velocity is located above the windward slope of the sand surface pro-
file, the maximum negative surface-normal velocity is located above
the leeward slope of the sand surface profile.

F. Correlation between the wave/ripple-modulated
sand surface profile and the sand particle velocity
distribution in the near-bed flow field

In order to further reveal the interactions between the near-
bed sand flow field and the dynamically evolving sand bed surface
morphology, a series of cross-correlations were calculated between
the sand bed surface pattern and the surface-normal sand velocity
profiles at the different vertical distances away from the sand bed
surface, namely, R, which is defined as

R(Δ, δz) =
⟨H′(x) ⋅ v′(x + Δ, δz)⟩x

σH ⋅ σv(δz) , (20)

where Δ is the spatial lag and δz is the vertical distance away from
the sand bed surface,

δz = z − z0(t), (21)

where z0(t) is the instantaneous coordinate of the local sand bed
surface and z is the vertical coordinate of the velocity extraction
location.
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FIG. 17. Contours of ensemble-averaged
gas-phase flow statistics in the air–
sediment flow system over the erodi-
ble sand bed before and after the sand
wave/ripple formation. (a)–(d) Before
the sand wave/ripple formation, i.e.,
t+ = 0–0.5 × 105. (e)–(h) After the sand
wave/ripple formation, i.e., t+ = 2.0 × 105

to 2.5 × 105.

Figure 19 shows the time-evolution of the cross-correlation
curves between the sand bed surface pattern and the surface-normal
sand velocity profiles extracted at the different surface-normal dis-
tances δz . As can be seen clearly in Fig. 19(a), at the beginning of

the saltation process, i.e., t+ = 0.3 × 105, since the sand bed sur-
face is rather flat with almost no perturbation extruding into the
boundary layer airflow, the surface-normal velocity distribution of
the airborne sand particles appears to be irrelevant to the sand

Phys. Fluids 32, 063304 (2020); doi: 10.1063/1.5144522 32, 063304-17

Published under license by AIP Publishing

https://scitation.org/journal/phf


Physics of Fluids ARTICLE scitation.org/journal/phf

FIG. 18. Time-evolution of the surface-
normal velocity field of the airborne sand
particles during the sand wave/ripple
formation process: (a)–(f) instantaneous
surface-normal velocity field of the sand
particles from t+ = 0.3× 105 to 3.0× 105.

surface profile as indicated by the low random values of R through-
out the near-bed flow field. As the time goes by, along with the
formation of the 2D sand waves, i.e., at t+ = 1.0 × 105, the surface-
normal velocity field of the sand particles was found to be highly
correlated with the sand surface profile as clearly shown in Fig. 19(b).
While there exists a phase lag between the sand surface profile
and the sand velocity distribution, i.e., Δ+ ≈ −200 where |R|max is
achieved, the value of |R| appears to be increasing as the surface-
normal distance increases from δz+ = 50 to δz+ = 200 and becoming
smaller at δz+ = 250. This close correlation between the sand surface
profile and the sand velocity distribution is found to be disrupted
when the 2D sand waves break into the small dispersed sand rip-
ples at t+ = 1.5 × 105, with the value of |R|max being reduced to only
about 0.6 at zero phase lag as shown in Fig. 19(c). Then, along with
the formation of the chevron-shaped sand ripples at t+ = 2.0 × 105,
the correlation between the sand-ripple modulated surface profile
and the sand particle velocity distribution in the near-bed flow field
was found to be recovered, with the phase lag being about Δ+ ≈ −160

as shown in Fig. 19(d). Similar to that in the early stage when the
2D sand waves were formed, the value of |R| at this moment is also
found to increase at the larger surface-normal distance, i.e., from
δz+ = 50 to δz+ = 200, but with a tendency of retraction beyond
δz+ = 250. As the time goes by, while the amplitude of the sand
ripples decreases monotonously in the period of t+ = 2.0 × 105 to
t+ = 3.0 × 105, the value of |R|max is also found to decrease, but with
the phase lag being consistent at Δ+ ≈ −160 as shown in Figs. 19(e)
and 19(f). It should be noted that the propagation of the sand
waves/ripples, i.e., a process of upstream removal and downstream
deposition of the sand particles, is essentially caused by the phase
lag between the changes in the sand surface profile and the resulting
changes in the near-bed flow field.6 As the sand surface morphology
becomes more and more stable (featured by the well-organized 3D
chevron-shaped sand ripples separated by the longitudinal streaks),
the corresponding phase lag is found to shift back to Δ+ ≈ 0, indicat-
ing a concurrent fluctuation pattern for the sand bed surface and the
near-bed flow field.
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FIG. 19. Time-evolution of the cross-correlation between the sand bed surface pattern and the surface-normal sand velocity profiles: (a)–(f) cross-correlation curves from
t+ = 0.3 × 105 to 3.0 × 105.

Based on the data of cross-correlation coefficients between the
sand surface profile and the near-bed flow field given in Fig. 19,
the time-variations of |R|max at the different surface-normal dis-
tances during the dynamic sand wave/ripple formation process are
extracted and plotted in Fig. 20. It is clearly seen that the entire
sand wave/ripple formation process can be divided into five phases:
(I) initial strengthening phase, (II) transition phase, (III) ripple-
modulated re-strengthening phase, (IV) stabilizing phase, and (V)
longitudinal phase. In the (I) initial strengthening phase, while the

2D sand waves are formed progressively over the sand bed surface,
the surface-normal velocity field of the sand particles is changed
correspondingly with the alternating positive and negative velocity
regions being generated. Along with the increase in the 2D wave
amplitude, the correlation between the sand surface profile and
the sand flow field is strengthened with a linear increase in |R|max.
Then, due to the spatial variation of the shear stress and the sur-
face disturbances, the 2D wave patterns break into the dispersed 3D
sand ripples, which is called the (II) transition phase. During this
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FIG. 20. Time-variation of |R|max at the different surface-normal distances during
the dynamic sand wave/ripple formation process.

2D-to-3D transition process of the sand surface morphology, the
correlation between the sand surface profile and the sand flow field
is significantly reduced due to the intense transverse shear flow over
the sand bed. The dispersed 3D sand ripples are then merged into
the larger chevron-shaped sand ripples as they propagated down-
stream, which is called the (III) ripple-modulated re-strengthening
phase. During this process, the correlation between the sand surface
profile and the sand flow field is found to be re-strengthened along
with the development of the chevron-shaped sand ripple sequence.
As the ripple-modulated sand surface morphology is fully devel-
oped, i.e., the (IV) stabilizing phase, the correlation between the
sand surface profile and the sand flow field is found to be weak-
ened gradually due to the decreasing amplitude of the sand ripples
during the stabilization process. Along with the stabilization of the
chevron-shaped sand ripple sequences, the longitudinal streaks are
found to be formed [i.e., (V) longitudinal phase] due to the presence
of counter-rotating quasi-streamwise vortices,10 in which process
the correlation between the sand surface profile and the sand flow
velocity is almost not changed. Thus, a complete evolution process
of the sand bed surface morphology as well as the near-bed flow
field is well defined, which is of great importance to help understand
the dynamic sand wave/ripple formation submerged in a turbulent
boundary layer airflow.

VI. CONCLUSIONS
An experimental study was conducted to investigate the spa-

tiotemporal evolution of the sand waves/ripples submerged in a
turbulent boundary layer airflow. While a digital image projection
(DIP) technique was applied to achieve temporally synchronized
and spatially resolved measurements of the dynamically evolving
sand surface morphology, a combined particle tracking/imaging

velocimetry (PTV/PIV) technique was also used to reveal the two-
phase (i.e., air–sediment) flow fields during the dynamic sand
wave/ripple formation process. The main findings derived in this
study are as follows:

1. A complete description of the sand bedform evolution was
achieved. The sand surface evolved from the initial random 3D
sand wavelets to the 2D sand waves and further into the well-
organized sequences of 3D chevron-shaped sand ripples that
were separated by the longitudinal streaks.

2. The mechanisms of the sand bedform transition from 2D to
3D features were revealed. A discrepancy of the local sand
wave propagation at different transverse locations was revealed
based on the wavelet analysis of the sand bed height variations,
which was suggested to contribute to the formation of the 3D
chevron-shaped sand ripples. It was also found that while the
sand bed morphology developed from the 2D sand waves to
the 3D chevron-shaped sand ripples, the wavelength of the
sand surface profiles would become longer, and the fluctuation
amplitude would become smaller.

3. The interaction between the dynamically evolving sand surface
profile and the near-bed air–sediment flow field was revealed
in great details. It was found that the formation of the sand
waves/ripples could dramatically affect the near-bed sand par-
ticle flow field, which is found to be in phase with the sand
surface profiles. It was also found that both the gas-phase flow
structures and the sand particle flow structures can be highly
disturbed by the dynamically evolving sand waves/ripples.
While the gas flow field is featured with more vortical struc-
tures and higher turbulence intensities, the sand particle flow
field is highlighted by the alternating positive and negative
velocity regions.

4. Five dominant phases were extracted and defined to describe
a complete sand wave/ripple formation process. By calculat-
ing the cross-correlation between the sand bed surface pattern
and the surface-normal sand velocity profiles at the differ-
ent surface-normal distances, five development phases were
defined during the sand wave/ripple formation process: (I)
initial strengthening phase, (II) transition phase, (III) ripple-
modulated re-strengthening phase, (IV) stabilizing phase, and
(V) longitudinal phase.
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