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ABSTRACT
Barchan dunes are three-dimensional, crescent shaped

bedforms found in both aeolian and subaqueous environ-
ments, including deserts, river beds, continental shelves,
and even the craters of Mars. The evolution of and dynam-
ics associated with these mobile bedforms involve a strong
degree of coupling between sediment transport, morpho-
logical change, and flow, the last of which represents the
weakest link in our current understanding of barchan mor-
phodynamics. Their three-dimensional geometry presents
experimental challenges for measuring the full flow field,
particularly around the horns and in the leeside of the dunes.
In this study we present measurements of the turbulent flow
surrounding fixed barchan dune models in various config-
urations using particle-image velocimetry in a refractive-
index-matching flume environment. The refractive-index-
matching approach enables near-surface measurements, as
well as access to the the whole flow field by rendering the
solid models invisible. While experiments using solid mod-
els are unable to directly measure sediment transport, they
allow us to focus solely on the flow physics and full reso-
lution of the turbulent flow field in ways that are otherwise

not possible in mobile bed experiments. The results pre-
sented here involve spectral analysis of flow in the wake of
an isolated barchan, as well as in the interdune region of
interacting barchans, using time-resolved cross-plane mea-
surements.

INTRODUCTION
Barchan dunes typically occur in fields with significant

heterogeneity in dune size and migration rate (Lancaster,
2009). In this context, the interaction between barchans
of different sizes produces complex processes such as col-
lisions, amalgamation and breeding. While the morphol-
ogy of barchan dunes has been widely studied, the structure
of the turbulent flow field associated with barchan dunes,
particularly in the wake region, and the role that this mod-
ified turbulence plays in barchan interactions remains in-
adequately understood. In the absence of this understand-
ing, “minimal” models, which lack an adequate simulation
of the wake flow structure induced by dunes (e.g. Parteli
et al., 2014), remain commonplace, neglecting the role of
turbulence and coherent flow structures, and thus struggle to
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accurately predict the morphodynamics of barchans when
they come in close proximity. This deficiency becomes par-
ticularly relevant for dune–dune collisions, when the prox-
imity of an upstream barchan imposes what is essentially
a new flow structure over the downstream barchan such
that the wake flow needs to be accurately characterized and
modelled.

Recent efforts (e.g., Palmer et al., 2012; Wang et al.,
2016; Bristow et al., 2018, 2019) have provided impor-
tant steps forward in this regard. In particular, Bristow
et al. (2019) suggested the existence of dynamically dis-
tinct regions in the barchan wake associated with secondary
flows, noting differences in spatial structure downstream of
the barchan horns compared with the central region of the
wake. This was achieved using analysis of two-point corre-
lations of statistically independent snapshots of the flow the
streamwise–spanwise plane.

In the present work, we study the flow field both in
the wake of an isolated barchan and in the interdune space
of interacting barchans using high frame-rate measurements
with three-component stereo PIV in the cross-plane (y− z).
Such measurements enable analysis of the temporal dynam-
ics by essentially providing a spanwise–wall-normal grid
of time-resolved velocity probes through which the spectral
content of the flow can be calculated.

EXPERIMENTAL METHODS
Experiments were conducted in the large-scale,

refractive-index-matching (LS-RIM) flow facility at the
University of Notre Dame. This facility is a scaled-up
version of the small-scale refractive-index-matching facil-
ity used by Bristow et al. (2018), with the LS-RIM cross-
section measuring 45cm×45cm×2.5m (i.e., four times
larger in both width and height than that of the SS-RIM).
The refractive-index-matching (RIM) approach allows full
optical access to the entire flow region surrounding three-
dimensional models, as they are rendered fully transpar-
ent such that the aberrations, reflections, and refraction of
light passing through the models are minimized. To achieve
RIM, an aqueous solution of Sodium Iodide (NaI) (63% by
weight) is used as the working fluid as its refractive index
(RI) is very close to that of clear acrylic models. The flow
is tripped at the inlet of the test section such that a turbu-
lent boundary layer develops with a thickness of 52.5 mm at
the measurement location, resulting in a friction Reynolds
number Reτ ≈ 1800.

The barchan models used in the experiments are the
same as those used by Bristow et al. (2018), which pos-
sessed morphologies based on the 3D topography generated
by Hersen (2004) and which fit in the range of typical di-
mensional aspect ratios found in nature. The isolated case
utilized this baseline morphology, with which an upstream
barchan was then generated having the same shape but half
the length, width and height. The first collision stage, here-
after referred to as collision A, featured no deformations
to the downstream barchan. In the following two collision
stages, hereafter referred to as collisions B and C, the horn
of the DBD that is downstream of the upstream barchan was
increasingly elongated. All four configurations, including
the isolated case and three collision cases, are shown in Fig-
ure 1.

Particle-image velocimetry (PIV) was used to measure
the flow in the cross-plane (y− z) both on the upstream
side and in the wake of the large barchan (noted as P1–

P4 in Figure 1b) for all four configurations. The flow was
seeded with silver-coated solid glass spheres, 2 µm in diam-
eter and SG = 3.5, and illuminated with a Northrop Grum-
man, dual-cavity, Nd:YLF laser. Twelve sets of 2700 im-
age pairs were collected at each measurement location us-
ing two 4MP Phantom v641 cameras, fitted with 180 mm
Sigma lenses and using Scheimpflug mounts supplied by
LaVision. Data was sampled at high frame-rates of 350 Hz
in the isolated barchan’s wake and 700 Hz in the interdune
region (i.e., in the wake of the upstream barchan). The field
of view (FOV) covered roughly 4.5H × 9.5H (where H is
the height of the large barchan) in the spanwise and wall-
normal directions, respectively, while the final PIV inter-
rogation window size of 16× 16 pixels2 and 50% window
overlap yielded a grid spacing of approximately 220 µm, or
0.023H.

RESULTS
As the stereo PIV measurements captured all three

velocity components, the full TKE spectrum (φuu, φvv,
φww) was calculated (within the limits of the sampling fre-
quency). To that end, the pre-multiplied power spectral
density (PSD) at each grid point was computed using fast
Fourier transforms (FFT) by the Welch method with 50%
overlap, where each time series from a given PIV dataset
was divided into shorter segments of 428 time steps. This
calculation also involved the use of a cosine-squared “Han-
ning” tapering window convoluted with each time-series
segment to compensate for spectral errors due to side-lobe
leakage. The reader is referred to Bendat & Piersol (2011)
for further background on these approaches.

The segment length was chosen such that five (5) pe-
riods of a time-scale based on a rough estimation of the
largest structure of interest within the flow, equal to 10H
(giving a period length of 10H/Uc, where Uc is a convec-
tion velocity), was sampled within one segment. The con-
vection velocity used in this approximate scaling argument
was 0.4U∞ (where U∞ is the free-stream velocity), which is
roughly 90% of the mean streamwise velocity at the larger
barchan’s height at its centerline. Thus, as there were 11
segments within each time series set of 2700 PIV snapshots,
and 12 such sets collected, this yielded 660 samples of a
flow structure with a time-scale of 10H/Uc. Most of the
spectral content within the flow field resides at time scales
smaller than this, and as such were sampled many more
times.

Pre-multiplied power spectral density, f φuiu j , when
plotted on a semi-logarithmic scale, allows the identifica-
tion of the temporal frequencies associated with energetic
peaks in the spectral domain. Performing this calculation
at every grid point within the FOV allowed for spatial av-
eraging within chosen spanwise domains such that spectro-
grams could be plotted showing spectral energy as a func-
tion of wall-normal position, y, and temporal frequency,
f . For the results that follow, the frequency is left un-
normalized, since this would typically be done using either
a well-defined characteristic time scale or a characteristic
convection velocity, Uc, the latter of which can be difficult
to determine, particularly for a multi-scale, high Re flow
such as this. In the previous scaling argument for flow struc-
ture sampling, the choice of a convection velocity did not
require precision, as it merely set the frequency domain,
whereas the use of one throughout the following analysis
would introduce significant subjectivity to the results and
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Figure 1. Barchan morphologies and configurations used for the isolated and collision cases. Green lines in (b) and (e) mark
the streamwise–wall-normal and streamwise–spanwise measurement plane positions which are the same for all configurations,
while in (f) the slopes of the stoss and lee sides are indicated along the dune centerline. Adapted from Bristow et al. (2018).

could be misleading.

Isolated barchan wake
Plotting the pre-multiplied TKE spectrum, f φTKE =

f (φuu+φvv+φww), from streamwise position P3 (x/H = 5,
at mean reattachment along the centerline) provides a broad
overview of the distribution of TKE across various frequen-
cies within the wake (Figure 2). The flow field is analyzed
in two distinct regions, referred to as Regimes 1 and 2.
These refer to spanwise domains for which Regime 1 cor-
responds to flow downstream of the permanently separated
shear layer (i.e., the core of the wake, |z/H| <= 1.8) and
Regime 2 corresponds to flow downstream of the barchan
horns (1.8 < |z/H| < 3.3) where the flow is not perma-
nently separated. These two regimes are expected to feature
dynamic characteristics unique from one another, based on
the results of Bristow et al. (2019). In Figure 2, the vertical
dashed lines mark a characteristic frequency of flow over
the barchan based on its height and the local mean stream-
wise velocity at its centerline, 〈U(z/H = 0,y/H = 1)〉/H ≈
46 Hz, as a reference point, while the horizontal dotted lines
roughly mark the wall-normal height corresponding to peak
pre-multiplied TKE spectra.

The most prominent distinctions between Regimes 1
and 2 in the TKE spectrum are the concentration of spectral
energy near the wall in Regime 2, and the higher magni-
tude of spectral energy in Regime 1. These characteristics
are intuitive, as the topography of the barchan upstream of
the measurement position in Regime 1 protrudes much far-
ther into the flow than the topography related to Regime 2.
Moreover, since the flow in Regime 1 features a separated
shear layer, there is a strong concentration of energy away

from the wall. Thus, the spectral content within Regime 2
features more of the near-wall flow structures, and Regime
1 features more energetic vortices shed in the shear layer.
Both regimes display a broad TKE spectrum at the wall-
normal location where their content is highest, but a signif-
icant dispersion of spectral energy into the outer flow also
exists above their peak frequencies. This demonstrates how
unsteady and multi-scale the flow is within each of these
regimes, not simply featuring a sharp peak, and a strong in-
fluence on the surrounding flow.

The frequencies associated with the peak spectral en-
ergy content in Regimes 1 and 2 can be compared by taking
a slice of f φTKE at the respective wall-normal height of the
broad spectral peak (Figure 3). These individual spectra
show more clearly how the most energetic structures in the
flow in Regime 2 are skewed towards higher frequencies,
while more energy in Regime 1 resides at lower frequen-
cies. Such a result is, in fact, expected from the discus-
sion in Bristow et al. (2019), where it was postulated that
Regimes 1 and 2 feature different types of flow structures
and therefore different associated flow scales. Regime 2, in
particular, was argued to have streamwise roller structures
that formed due to the morphology of the horns. This no-
tion is expanded upon further by plotting f φTKE from the
upstream side of the barchan at P2 (i.e., x/H =−1), where,
in the same way as for the data from P3, the calculations
here are made using data from one side of the centerline,
though distinct “regimes” are not defined here. Added to
Figure 3a is a profile of f φTKE from a chosen wall-normal
height where spectral energy was concentrated (Figure 3c),
which shows that the spectral energy peak lies roughly at
the same frequency as for Regime 2 at P3. This similarity
exists despite the fact that the wall-normal locations where
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Figure 2. Pre-multiplied TKE spectrograms, f φTKE,
spanwise-averaged in (a) Regime 1, and (b) Regime 2, with
data for both from measurement position P3 in the isolated
barchan’s wake.

the profiles were extracted are at different heights. The inset
plot in Figure 3a rescales the y-axis to more clearly delin-
eate the peak from the upstream (P2) data, which can be
more difficult to see in the full plot due to its significantly
lower maximum value of f φTKE compared to Regimes 1
and 2. From this rescaling, it is apparent that the flow struc-
tures measured downstream of the horns in the wake of the
barchan are likely formed upstream on its stoss side and
persist downstream beyond the horns.

Data from further downstream, in P4 (x/H = 6.5), pro-
vides additional information about the development of these
characteristics of the TKE spectra in the wake. Figure 3b
presents the data from Regimes 1 and 2 at P3, but now com-
pares with similarly extracted profiles from P4. While the
differences between P3 and P4 are not very large, a slight
shift in Regime 1 to higher frequencies is noted for P4,
while a slight opposite shift in Regime 2 to lower frequen-
cies is noted for P4. This qualitative observation is intu-
itively consistent with what one might expect further down-
stream in the wake, where continued mixing and interaction
between flow structures renders the characteristic peak fre-
quencies in each regime less distinctly separated. Again,
however, it must be noted that these changes are very slight,

Figure 3. (a–b) Pre-multiplied TKE spectra, f φTKE, from
wall-normal heights corresponding to peak energy content,
with (a) comparing Regimes 1 and 2 at P3 in the isolated
barchan’s wake to data at P2 over the stoss side of the iso-
lated barchan, and (b) comparing Regimes 1 and 2 between
positions P3 and P4 in the isolated barchan’s wake. (c) Con-
tours of pre-multiplied TKE spectra from the stoss side of
the isolated barchan, at P2, spanwise-averaged over a region
of negative z/H where high levels of 〈λci〉 were found.

and for the most part spectra at P4 are very similar to those
at P3.
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Figure 4. Discrepancy contours of pre-multiplied TKE
spectra, ∆( f φTKE), comparing data from collision C in
Regime 1 at P2 with data from the isolated barchan’s stoss
side also at P2.

Interdune region
In order to relate these flow structures with sediment

transport such that the morphodynamics of the barchan col-
lision process can be better understood, spectral analysis
from within the interdune region was utilized. In the con-
text of sediment transport and turbulence, recent work by
Diplas et al. (2008), Valyrakis et al. (2010), and others have
demonstrated the importance of the so-called “impulse cri-
terion”, which states that two fundamental conditions must
be simultaneously met for sediment mobilization to occur.
That is, the flow must contain significant energy and this en-
ergy must be sustained over a prolonged period. This is pre-
cisely what is being described in the spectrograms, plotting
pre-multiplied spectral energy ( f φ ) as a function of a tem-
poral scale ( f ). Therefore, to assess changes in these terms,
discrepancy plots of pre-multiplied TKE spectra were com-
puted which compare data from the isolated case to data
from collision C (where an upstream barchan is in close
proximity), both from P2 (Figure 4). For collision C, only
the spectra from Regime 1 of the upstream barchan’s wake
is used, which is closer to the downstream barchan’s sur-
face. The discrepancy between the isolated case and a given
collision case is given as

∆( f φ) = f φ |col − f φ |iso, (1)

where “iso” and “col” refer to data from the isolated and
collision cases, respectively, at the same streamwise mea-
surement location. Thus, positive values of ∆( f φTKE) indi-
cate an increase of TKE across a range of frequencies due
to the presence of the upstream barchan.

Figure 4 illustrates that significant changes in f φTKE
occur throughout frequencies spanning roughly a decade in
spectral space, between approximately 10−100 Hz. In this
range, ∆( f φTKE) has a maximum magnitude of around 7.
For context, the highest magnitude of f φTKE for the isolated
case was roughly 2 (Figure 3). The fact that this massive in-
crease in pre-multiplied spectral energy exists down to low

frequencies of roughly 10 Hz is noteworthy, as this corre-
sponds to a relatively long time-scale of τc = 1/ f = 0.1 s.
To illustrate this, consider a hypothetical flow structure
advecting downstream at a velocity of 0.5U∞. To have
a “turnover time” corresponding to τc = 0.1 s, the spatial
scale associated with this structure would be more than 5H.
In this sense, the flow in the interdune region imposed by
the upstream barchan has significant coherence and thus
significant sediment mobilization potential due to strong
enhancement of TKE at frequencies corresponding to long
time scales.

CONCLUSIONS
The spectral analysis presented herein has focused on

characterizing the differences between flow regimes in the
isolated barchan’s wake, as well as describing the modi-
fied spectral content over the barchan’s stoss side due to
the presence of an upstream barchan. The results from
the isolated barchan showed shifted pre-multiplied spec-
tral peaks depending on the region in the wake being ana-
lyzed, suggesting secondary flow structures emanating from
the barchan horns which are distinct from the flow in the
core of the wake where the flow is permanently separated
in the barchan’s lee side. Further, these secondary flow
structures downstream of the horns appear to be formed on
the barchan’s stoss side, due to spectral content similari-
ties. These results further support the notions put forward
by Bristow et al. (2019) suggesting mechanistically distinct
flow regimes in the barchan’s wake.

In consideration of sediment transport in the interdune
region, a comparison between the final collision stage in-
terdune flow and the baseline flow over stoss side of the
isolated barchan additionally showed enhancement of TKE
across a wide frequency band. This was indicated by a large
positive TKE discrepancy, ∆( f φTKE), with the lower fre-
quency end corresponding to time scales of significant co-
herence. These results further support the notion of the po-
tential for sediment transport due to the imposition of the
upstream barchan’s wake, in consideration of an impulse
criterion for mobilization.

Further work remains to fully characterize the flow as-
sociated with the horns and the separated shear layer of the
barchan. Open questions include the instantaneous three-
dimensional structure as well as the temporal coherence and
persistence of the dominant flow features associated with
these regions of the barchan wake.
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