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ABSTRACT

The links between large-scale turbulence and the suspension of sediment over

alluvial bedforms have generated considerable interest in the last few decades,

with past studies illustrating the origin of such turbulence and its influence on

flow resistance, sediment transport and bedform morphology. In this study of

turbulence and sediment suspension over large sand dunes in the Rı́o Paraná,

Argentina, time series of three-dimensional velocity, and at-a-point suspended

sediment concentration and particle-size, were measured with an acoustic

Doppler current profiler and laser in situ scattering transmissometer,

respectively. These time series were decomposed using wavelet analysis to

investigate the scales of covariation of flow velocity and suspended sediment.

The analysis reveals an inverse relationship between streamwise and vertical

velocities over the dune crest, where streamwise flow deceleration is linked to

the vertical flux of fluid towards the water surface in the form of large turbulent

fluid ejections. Regions of high suspended sediment concentration are found

to correlate well with such events. The frequencies of these turbulent events

have been assessed from wavelet analysis and found to concentrate in two

zones that closely match predictions from empirical equations. Such a finding

suggests that a combination and interaction of vortex shedding and wake

flapping/changing length of the lee-side separation zone are the principal

contributors to the turbulent flow field associated with such large alluvial sand

dunes. Wavelet analysis provides insight upon the temporal and spatial

evolution of these coherent flow structures, including information on the

topology of dune-related turbulent flow structures. At the flow stage

investigated, the turbulent flow events, and their associated high suspended

sediment concentrations, are seen to grow with height above the bed until a

threshold height (ca 0Æ45 flow depth) is reached, above which they begin to

decay and dissipate.
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INTRODUCTION

Turbulence is a fundamental property of river
flows and is the principal driving force behind
sediment transport (e.g. Babakaiff & Hickin, 1996;
Kostaschuk, 2000; Best, 2005b). Although early
research suggested that such turbulence was
essentially random (e.g. Matthes, 1947; Clifford
& French, 1993), it is now generally accepted that
turbulence is organized, and related in part to
coherent flow structures that are irregular, but
repetitive, spatio-temporal flow patterns (e.g.
Grass, 1971; Müller & Gyr, 1986; Roy et al.,
2004). These quasi-periodic motions are gener-
ated over both smooth and rough beds (e.g.
Jackson, 1976; Villard & Kostaschuk, 1998), can
cause orders of magnitude variations in sediment
transport rates and are thought to be responsible
for much of the vertical mixing and production of
turbulent energy in rivers (Lapointe, 1992; Kos-
taschuk & Church, 1993; Best, 1996).

Research commencing in the late 1960s and
early 1970s (Grass, 1971; Kline et al., 1967; see
reviews in Robinson, 1991 and Smith, 1996)
identified the key characteristics of boundary
layer turbulence generated over a smooth wall as
being: (i) microturbulent ‘bursts’, which are rela-
tively slow-moving packets of fluid that are
sourced near the bed and ejected toward the flow
surface (‘ejections’); and (ii) inrushes of higher
velocity fluid (‘sweeps’) from the overlying flow
that, through mass and momentum continuity,
must replace the fluid ‘ejected’ during a burst.
Additionally, several researchers have observed
that, at the river scale, the flow surface is often
disturbed by circular patches of upwelling fluid,
termed ‘boils’, that are thought to be the surface
manifestation of vortices that originate near the
bed, termed ‘kolks’ (e.g. Matthes, 1947; Jackson,
1976; Kostaschuk & Church, 1993; Bennett & Best,
1995; Kostaschuk & Villard, 1996a; Roy et al.,
2004; Best, 2005a,b). The origin of kolks and boils
in large rivers has been attributed variously to
boundary layer bursting (Jackson, 1976; Yalin,
1992) and processes related to form roughness,
such as the generation of Kelvin–Helmholtz insta-
bilities associated with shear layers (Müller & Gyr,
1986; Kostaschuk & Church, 1993; Bennett & Best,
1995; Best, 1996, 2005a; Venditti & Bennett, 2000;
Yue et al., 2005; Stoesser et al., 2008) and shear-
layer destabilization (Nezu & Nakagawa, 1993).
Regardless of the actual mechanism, the entrain-
ment and transfer of suspended sediment within
these turbulent structures is an important geo-
physical process, and yet there is still an incom-

plete understanding of both how such turbulent
structures originate, grow and dissipate and how
they are linked quantitatively with suspended
sediment concentration (SSC) and transport.

Another matter that has recently attracted sig-
nificant interest is the relationship between dune
geometry and sediment transport (e.g. Smith &
McLean, 1977; Kostaschuk & Villard, 1996a; Car-
ling et al., 2000; Kostaschuk, 2000; Best & Kostas-
chuk, 2002; Best, 2005b; Parsons et al., 2005).
Contemporary dune models assume a highly
asymmetric shape with a sharp crest and lee-side
flow separation (c.f. Kostaschuk & Villard, 1996a;
Best & Kostaschuk, 2002). Smith & McLean (1977)
attributed the asymmetric shape of dunes in their
study to the predominance of bed load transport.
When flow strengths are low, sediment is trans-
ported primarily as bed load up the stoss side of the
dune and avalanches down the lee side, maintain-
ing an ‘angle-of-repose’ slope. Wilbers (2004),
however, argues that the most common dunes in
sand bed rivers have a gentle stoss side, often of
only a few degrees, leading up to a crest that is
gently curved to a ‘brinkpoint’ where the lee-side
angle changes abruptly into the angle-of-repose
slope. Wilbers (2004) contends that the size and
shape of flow separation zones depends primarily
on the height of the separation point (brinkpoint)
and not on lee-side angle, as concluded by several
authors (e.g. Johns et al., 1993; Kostaschuk &
Villard, 1996a; Best & Kostaschuk, 2002).

Several authors (e.g. McLean & Smith, 1979;
Kostaschuk & Ilersich, 1995; Best & Kostaschuk,
2002) have demonstrated that steep-sided asym-
metrical dunes may be rare in sand bed rivers
where a higher proportion of sediment is trans-
ported in suspension. Increased suspended load
transport can lead to deposition on the lee slope
and in the trough, which results in lower lee slope
angles and a progressive loss of permanent flow
separation. The outcome is stoss-side and lee-side
lengths that are more comparable in length, lower
dune height/length ratios and lee-side slope angles
that are much less than the angle-of-repose.

The purpose of this study is to investigate
dune-related fluid turbulence by examining the
coherence between time series of three-dimen-
sional (3D) flow and sediment transport over the
crest of a single large sand dune in the Rı́o Paraná,
Argentina. The present contribution has three
objectives: (i) to quantify the 3D velocity and
sediment concentrations associated with coher-
ent flow structures generated by the dune; (ii) to
determine the relationship between the stream-
wise horizontal velocity, vertical velocity and
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SSC using phase-coherence cross-wavelet analy-
sis; and (iii) to examine the spatio-temporal
evolution of coherent flow structures using a
series of stacked wavelet power spectra derived
from the vertical profiles of suspended sediment.

METHODS AND ANALYSIS

Field study site

The present study was conducted on the Rı́o
Paraná, just upstream of its confluence with the
Rı́o Paraguay, NW Argentina (27�30¢ S, 58�50¢ W;
Fig. 1). The mean annual discharge of the Rı́o
Paraná in this reach is ca 12 000 m3 sec)1 (Orfeo &
Stevaux, 2002). In the Rı́o Paraná, summer floods
and spring low water levels are common, although
during the field season in the austral summer of
2004, the river experienced slightly lower flows
than usual, with discharge during the time of
survey being ca 11 000 m3 sec)1. At the study site,
the Rı́o Paraná is ca 2Æ5 km wide and between 5 and
12 m deep, and the flow was fully turbulent
(Re � 8 · 106) and subcritical (Fr � 0Æ11).

Data collection

Flow and sediment transport data were collected
from a small survey vessel on 9 March 2004,
while a more extensive bathymetric survey was
conducted from a second, larger, vessel. The
survey strategy involved measurement of:
(i) bathymetry using a RESONTM SeaBat� 8101
multibeam echo sounder (MBES; Reson, Slanger-
up, Denmark; see Parsons et al., 2005); (ii) 3D

flow velocity using a Teledyne RDInstruments�

(Poway, CA, USA) Rı́oGrande 600 kHz acoustic
Doppler current profiler (aDcp) with a bin spacing
of 0Æ5 m; and (iii) SSC and particle size with a
Sequoia� Scientific laser in situ scattering trans-
missometer (LISST; Sequoia Scientific, Bellevue,
WA, USA).

The MBES, which uses 101 sonar beams that
‘ping’ to acoustically illuminate a swath of the
riverbed 150� across track by 1Æ5� along track, was
tied spatially and temporally to the aDcp and
LISST data using a Leica Differential Global
Positioning System (dGPS; Leica Geosystems, St.
Gallen, Switzerland) in Real-Time Kinematic
(RTK) mode, which resulted in a relative accuracy
of ±0Æ02 m and ±0Æ03 m in the horizontal and
vertical positions, respectively. Accuracy of the
MBES is not affected by bed slope, since the
MBES works along track and, depending on the
grazing angle of the beam, both phase and ampli-
tude returns are used in bottom detection. The
aDcp was mounted to the side of the small survey
vessel by means of a pivoting bracket, which
allowed the instrument to be rotated into the
water and held vertically in place during mea-
surements. This arrangement allowed 3D velocity
and acoustic backscatter intensity to be measured
both from a stationary anchored position and
while the vessel was moving. The LISST, which
measures particle size based on principles of laser
diffraction (Agrawal & Pottsmith, 2000), was
attached to a boat-mounted winch on the small
launch by means of a steel wire and data-
transmitting cable, and was allowed to trail below
the boat while moored at-a-point. Whilst moored
at-a-point, using two anchors both fore and aft of
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Fig. 1. Location map of the study area.
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the vessel, the boat moved slowly in the cross-
stream direction by up to ca 5 m, but did not
migrate downstream. The MBES was mounted
securely to the bow of the larger vessel that
surveyed the entire dune field (see Parsons et al.,
2005 for details) and was also tied into the survey
using a second RTK dGPS receiver. Finally, a
series of bed sediment samples was collected and
later sieved in the laboratory to determine the
grain-size distribution of the bed material.

Data analysis

Sand suspension and plankton modelling
Plankton biomass in the Rı́o Paraná is generally
low relative to other parts of the World (Gomes &
Miranda, 2001; Zalocar de Domitrovic, 2005).
However, during the austral summer of 2004,
plankton blooms in the Yacyretá Dam reservoir,
ca 100 km upstream of the study site, were
exceptionally high and contaminated some of
the suspended sediment data generated by the
LISST. In order to separate the signal from the
plankton and suspended sediment, the Rouse
sediment concentration profile (see Soulsby,
1997; Kostaschuk et al., 2003) was used to
estimate suspended bed-material concentrations
throughout the water column. The model was
applied using the observed, sieved size distribu-
tions obtained from the bed material grab sam-
ples. Once this process had been performed, the
predicted relative contribution of each grain size
was compared with the results from the LISST at
each height in the vertical, in order to estimate the
contributions of sediment and plankton. The
methodology employed follows that outlined in
Kostaschuk et al. (2003, 2004) and Soulsby (1997),
and only an abridged description is given below.

Bed-material entrainment and suspension are
related to the shear stress of the flow, s0, which can
be expressed as a function of shear velocity, u*:

s0 ¼ qu2
� ð1Þ

where q is the density of water. Total shear
stress exerted by the flow is composed of the
skin stress acting on sediment particles, s0s, the
form stress produced by large bedforms, s0f,
and the sediment transport stress caused by
momentum transfer in particle entrainment, s0t

(Soulsby, 1997):

s0 ¼ s0s þ s0f þ s0t ð2Þ

Values of s0t are usually very small in natural
flows.

Kostaschuk et al. (2004) compared aDcp-based
estimates of shear stress using the ‘law-of-the-
wall’, which relies on measurements of u*, and
models based on the quadratic stress equation,
including those of Yalin (1992), Smith & McLean
(1977) and van Rijn (1984, 1993). The quadratic
stress equation is given as:

s0s ¼ qCD�u2 ð3Þ

where CD is the drag coefficient and �u is the mean
flow spatially averaged over the entire dune.
Kostaschuk et al. (2004) recommend use of the
van Rijn quadratic stress model, and thus it was
used in the present study (see van Rijn, 1984,
1993, for further details on model application).
The van Rijn model estimated total s0 = 7Æ81 Pa
and total u* = 0Æ086 m sec)1 for the study dune.

Although the entrainment of sediment is a
function of skin friction, diffusion of sediment
into the water column is controlled by turbu-
lence, which is reflected in the total stress
(Soulsby, 1997). Sand suspension in a river can
be considered to be a settling-diffusion problem
where the settling of grains to the bed is counter-
acted by upward movement of grains due to
turbulent diffusion (Soulsby, 1997; Kostaschuk
et al., 2003):

wsC ¼ �Ks
dC

dz
ð4Þ

where ws is the grain settling velocity, C is the
volume concentration of sand at height z above
the bed and Ks is the eddy diffusivity of sediment.
Several models have been proposed for solution
of Eq. 4, including the power-law profile, the
Rouse profile and the van Rijn profile (Soulsby,
1997). The power-law profile is obtained if eddy
diffusivity is assumed to vary linearly with
height, whilst if a parabolic profile is assumed,
the Rouse profile is obtained. The van Rijn
approach is recommended for use if strong den-
sity stratification caused by sediment is expected
(Soulsby, 1997). Given the relatively low flow
velocity and SSCs during the present surveys in
the Rı́o Paraná, the Rouse concentration profile is
therefore used herein. The model was set up to
predict the concentration of each grain size,
assuming an unlimited supply of perfectly uni-
modal grains of that size, and was run five times,
each for a different sieve-based grain size
(e.g. d = 62, 125, 250, 500 and 1000 lm). Each
concentration, Cz, was then multiplied by the
percentage of bed material of that size, as deter-
mined by sieve analysis of bed grab samples.
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Figure 2A compares predicted grain-size distri-
butions in suspension to grain-size distributions
measured in situ by the LISST. It is clear from the
model that for heights > 2 m above the bed, and
especially > 4 m above the bed, sediment
> 250 lm is not suspended in any great quantity.

Laser in situ scattering transmissometer rings 29
(median grain size 293 lm) through to 32 (462 lm)
are coarser than 250 lm and thus probably reflect
the contribution of plankton. Therefore, these
rings are excluded from the analysis. However,
these predictions are based on time-averaged
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values of shear stress, and they may not account
for particularly strong events that suspend sand
coarser than 250 lm, especially near the bed. A
grain-size distribution with an abrupt cut-off at
250 lm is unrealistic in nature, especially in
turbulent flows where strongly coherent flow
structures would be expected to entrain especially
large grains. Under the field conditions encoun-
tered, however, this avenue was the most unam-
biguous and most appropriate course of action for
removing the significant influence of the plankton
upon the grain-size distribution. In addition, the
contributions of the plankton to the smaller size
fractions remain undetected, but are assumed
herein to be relatively constant given their lower
density. Moreover, it is likely that much of the
plankton was > 250 lm in diameter, as they were
easily discernible in the field with the naked eye.
The adjusted sediment concentrations from the
LISST are similar to the values reported by
Bonetto & Orfeo (1984) in the Rı́o Paraná for the
same time of year. These LISST-generated, at-
a-point ‘decontaminated’ SSCs were then used to
calibrate the acoustic backscatter from the aDcp
(Fig. 2B, r2 = 0Æ84; accounting also for the acoustic
attenuation with depth, see Kostaschuk et al.,
2005). In order to estimate the full field SSCs
(see Kostaschuk et al., 2005 and Shugar, 2005 for
further details), the calibration was performed on
ca 60 sec samples from both the LISST and aDcp
records. A typical sieve-generated grain-size dis-
tribution of bed sediment in the study reach of the
Rı́o Paraná is given in Fig. 2C.

Wavelet analysis
Although coherent flow structures are somewhat
periodic, most studies of turbulent flow over
dunes have not considered the effect of non-
stationarity in the time series. As a result, this
intermittency in a time series is often extremely
difficult to analyse with traditional spectral meth-
ods such as the Fourier transform (e.g. Venditti &
Bennett, 2000). Because of this difficulty, wavelet
analysis has been used in the present study
because the time series of both velocity and
suspended sediment transport are likely to con-
tain non-stationary features and vary intermit-
tently over time (e.g. Kostaschuk & Church, 1993;
Best, 2005a; b; Venditti & Bauer, 2005).

Wavelet transforms allow a signal to be decom-
posed into both time and frequency. The analysis
is based upon wavelets that are localized in time
(Farge, 1992) and are most easily understood
when compared with the more commonly used
Fourier transform. The Fourier transform decom-

poses a signal into a series of sinusoids and
expresses the signal in terms of the frequency and
power of its constituent waves, but without refer-
ence to when the frequencies occur. This obser-
vation therefore imposes the requirement that the
underlying frequencies are constant in time, a
condition not often met in turbulent time series.
The wavelet transform decomposes a time series
into a set of scaled and translated versions of
wavelet functions, Y(g). Thus, whereas a Fourier
transform in the frequency domain yields a power
value for each frequency, and is inherently non-
local, wavelet analysis produces power values for
a set of locations in time and for a range of
frequencies, the latter being related to the scales of
the wavelet function considered. The wavelet
transform is termed ‘continuous’ where the
transform is calculated for all scales and positions
in time and ‘discrete’ where the transform oper-
ates on discrete dyadic scales and positions in
time. The continuous wavelet transform of a
discrete time series, xn, is defined as the convo-
lution of xn with a scaled (by s) and translated (by
a localized time index n) version of normalized
Y(g):

CX
n sð Þ ¼

XN�1

n0¼0

xn0W
� n0 � nð Þ

s

� �
dt ð5Þ

where the asterisk (*) indicates the complex
conjugate, N is the number of points in the data
series and dt is the time step used in the analysis.
Thus, the continuous wavelet transform describes
the fit of the wavelet function for all time periods
and all frequencies, although the values of the
wavelet power spectrum represent the magnitude
of the variance in the series at a given wavelet
scale and location in time. It is possible to
integrate the spectrum through time or scale, the
former yielding a power spectrum that is equiv-
alent to a Fourier power spectrum, but with the
added benefit of revealing scales of non-stationary
variability not identified in a conventional Fou-
rier analysis. Additionally, since Fourier analysis
assesses the global fit of a sinusoid of time-
constant scale at all scales, for numerical reasons
it may not yield the same results as the wavelet
power spectrum, which is based upon the fit of a
time-varying wavelet. However, integration
through scale within wavelet analysis produces
a power spectrum that identifies when in the
series the total power (i.e. wavelet fit) is greatest
(e.g. Bjerkås, 2006).

Various mother wavelets of different shapes and
styles can be applied in the analysis and, although
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this choice can be arbitrary, the type of mother
wavelet applied should not have a significant
bearing on the qualitative results obtained. One
criticism often made of wavelet analysis is the
seemingly arbitrary choice of the wavelet function
used. Torrence & Compo (1998) have made an
effort to standardize the choice of wavelet function
by classifying wavelets based on four factors: (i)
orthogonal or non-orthogonal; (ii) real or complex;
(iii) width; and (iv) shape. With orthogonal wave-
lets, the number of convolutions at each scale is
proportional to the width of the wavelet base at that
scale which produces a wavelet spectrum with
discrete blocks of wavelet power (Torrence &
Compo, 1998); they can only be used for discrete
wavelet transforms although they produce the
most compact representation of the signal. Non-
orthogonal wavelets are more appropriate for time
series analysis because they allow for continuous
variation in wavelet power. Complex wavelet
functions return information on both amplitude
and phase and are best suited for capturing oscil-
latory behaviour, whereas real wavelets return
only a single coefficient and are useful in isolating
single peaks. The resolution of a wavelet function
is determined by the balance between width in real
space and width in Fourier space where a narrow
(in time) function will have good time resolution
but poor frequency resolution and vice versa
(Torrence & Compo, 1998). It is often argued that
the shape of the mother wavelet should share
characteristics of the analysed signal. Tennekes &
Lumley (1972) provide a schematic diagram for a
characteristic turbulent ‘eddy’, which they argue
provides the most suitable elementary decompo-
sition of turbulent energy. Liandrat & Moret-Bailly
(1990) suggest that the shape of the eddy given by
Tennekes & Lumley (1972) is remarkably similar to
the Morlet wavelet, and this wavelet is therefore
utilized herein and, as shown below, provides a
convincing fit to the data collected.

For any time series with equal temporal incre-
ments indexed by n, a wavelet function, Y(g), that
depends on a non-dimensional ‘time’ parameter,
g, can be applied. The Morlet wavelet used herein
consists of a plane wave modulated by a Gaussian
envelope:

WðgÞ ¼ p�1=4eixoge�g2=2 ð6Þ
where x0 is the dimensionless frequency and i is
the imaginary part of a complex number (Farge,
1992; Torrence & Compo, 1998; Lafrenière &
Sharp, 2003). The Gaussian envelope ()g2/2)
localizes the wavelet in time (Maraun & Kurths,
2004). When comparing two series, X and Y, the

local wavelet cross-spectrum (or covariance) of
the two series can be determined from:

WXY
n ðsÞ ¼ Cx

nðsÞCY�

n ðsÞ ð7Þ

where CY �
n ðsÞ is the complex conjugate of CY

n ðsÞ.
The cross-wavelet power is then defined as
WXY

n ðsÞ
�� ��. The transform can then be divided into
the real part, <{Wn(s)}, and the imaginary part,
={Wn(s)}, or amplitude |Wn(s)| and phase /m

n :

/m
n ¼ tan�1 = Cm

n ðsÞ
� �
< Cm

n ðsÞ
� � ð8Þ

It thus follows that the wavelet and phase coher-
ence can also be determined (e.g. Torrence &
Compo, 1998; Lane, 2007).

Traditionally, Fourier coherency has been used
to identify frequency bands where two time series
are related. The inability of traditional Fourier
decompositions to keep locality present in the
signal, however, means that important informa-
tion can be lost in the time–frequency transfor-
mation. Torrence & Webster (1999) argue that
wavelet phase coherency provides a more useful
result as both frequency bands and time intervals
of the covariation of the series can be examined.
In qualitative terms, the wavelet cross-spectrum
identifies where in the time series, and over what
scale (frequency), the agreement is good. More
specifically, phase coherence analysis allows
examination of whether regions with a large
common power in time–frequency space have a
consistent phase relationship and therefore are
suggestive of linkages and possible causality
between the series. The phase is given in degrees
()180� to 180�), where values of )180� and 180�
indicate that the two series are completely out-
of-phase and 0� indicates that they are perfectly
in-phase. The level of coherence can be tested for
significance using standard procedures, and all
wavelet spectra shown in this study are signifi-
cant at 95% confidence limits, as tested relative to
a white noise spectrum. Torrence & Compo (1998)
and Lane (2007) provide more detailed explana-
tions of the analytical techniques utilized herein.

RESULTS AND DISCUSSION

Dune morphology and mean flow

Figure 3 shows the bathymetry of the dune field
examined in this study as revealed from the
MBES survey. The dunes generally have a 3D
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shape, with various degrees of crestline sinuosity,
including crestline discontinuities and bifurca-
tions (Parsons et al., 2005). Within the survey
area, individual dunes range from 1 to 2Æ5 m in
height with wavelengths between 45 and 85 m.
Flow depth increases in the south-west corner of
the survey area, with a corresponding increase in
dune size. The majority of dunes are asymmetric
in downstream profile, with lee slope angles
typically ca 8Æ5� to 18�, although lee slopes of
up to 22� are present (Fig. 4). Dune stoss slopes
are much shallower, typically ca 1Æ5� to 2Æ5�. The
dune chosen for detailed study herein (Fig. 4)
was asymmetric in downstream profile, with a
distinct crestal brinkpoint resulting in an upper

lee-side slope of 10Æ3� and a lower lee-side slope
of 21Æ8�. The stoss slope had an angle of ca 3�. The
dune was 45 m long and 2Æ05 m in height, with
superimposed bedforms on the study dune being
concentrated on the upper stoss slope and crestal
region. Dune heights are of the same order as
those measured by Amsler & Garcia (1997) and
Amsler et al. (2003) in the middle reach of the Rı́o
Paraná.

Flow velocities measured with the aDcp along a
streamwise transect (Figs 3 and 4) through the
dune field (Fig. 5) show some evidence for flow
reversal ()U values) in the dune troughs,
although it is difficult, due to beam spreading
and the non-uniformity of flow within the aDcp
sampling volumes near the bed, for the aDcp to
fully resolve flow velocity in the lee-side separa-
tion/deceleration zone (e.g. Kostaschuk et al.,
2004; Parsons et al., 2005). The results indicate
topographic forcing of the flow field (e.g. Nelson
et al., 1993; McLean et al., 1994; Bennett & Best,
1995; Kostaschuk & Villard, 1996b; Best et al.,
2001; Best & Kostaschuk, 2002; Kostaschuk et al.,
2004; Best, 2005b; Parsons et al., 2005) which
causes higher, positive, streamwise flow velocity
(+U) and upward vertical velocity (+W) over dune
crests and lower (+U), or reversed ()U), stream-
wise flow velocity and downward vertical veloc-
ity ()W) over the troughs (Fig. 5).

Velocity time series

Time series of streamwise velocities obtained
while the boat was anchored at-a-point over the
crest (�u = 0Æ98 m sec)1, r = 0Æ04 m sec)1) of the
dune are given in Fig. 6. The streamwise veloc-

Fig. 3. Bathymetric map of the entire dune field ob-
tained using a multibeam echo sounder. The study
dune is marked by a white ‘D’ and the detailed profile
from the streamwise transect line (solid white line) is
shown in Fig. 4 (see Parsons et al., 2005).

Fig. 4. Profile of bed morphology along the streamwise
transect line shown on Fig. 3, with the study dune
shown in detail. Location and size of bottom-most aDcp
bin, labelled ‘C’, is shown over the crest. Vertical
exaggeration is 10·.

A

B

Fig. 5. Transect showing (A) streamwise flow velocity
and (B) vertical flow velocity along the dashed profile
in Fig. 3. The study dune is at ‘D’.
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ity is plotted with 0Æ35 m sec)1 subtracted from
the velocities: the velocity field thus appears as
seen travelling at 0Æ64�u, and is used to better
educe the coherent structures present (see
Adrian et al., 2000). In several instances over
the dune crest, flow structures with relatively
low horizontal velocity alternate with faster
moving flow (Fig. 6A). These structures are
manifested by fluid with a lower streamwise
velocity being recorded first near the flow
surface before being detected closer to the bed
as the structure propagates downstream past the
anchor station over the dune crest. Four
example structures are highlighted in Fig. 6A.
Between ca 150 and 275 sec (circled and
labelled ‘I’, Fig. 6A), a body of low streamwise
velocity fluid moves past the anchor station
over the crest. Immediately following this,
higher velocity fluid occurs throughout the
water column between ca 300 and 400 sec.
Also highlighted on Fig. 6A are similar events
between 450 and 625 sec, between ca 775 and
850 sec, and again between 1040 and 1125 sec
(labelled ‘II’ to ‘IV’, respectively, Fig. 6A) that
advect over the dune crest. At ca 1175 sec, a
fifth lower-velocity structure is circled, which
continues for ca 100 sec (labelled ‘V’, Fig. 6A).

Some of the coherent flow structures detected
in this study are most probably generated by
dunes upstream of the study dune, which then
propagate downstream and past the measure-
ment profile at the dune crest. Flow vectors
superimposed on the streamwise velocities in
Fig. 6 illustrate the cyclic pattern of upwelling
and downwelling fluid over the dune crest.
Periods of downwelling alternate with periods
of upwelling (Fig. 6A), especially in the bottom
half of the flow field, where upwelling is
observed between ca 175 and 250 sec, whereas
between 250 and 400 sec the flow vectors
indicate downwelling. This alternating pattern
continues throughout the time series, with
major upwellings observed from ca 400 to 450,
525 to 550, 700 to 850 and 1100 to 1275 sec and
downwellings from 450 to 525, 825 to 900, 1125
to 1175 and between 1300 and 1350 sec.

Suspended sediment time series

Time series of SSC calibrated from the aDcp
backscatter collected over the dune crest (Fig. 6B)
reveal several pulses of sediment erupting from
the bed over the crest, although most do not
penetrate very high into the overlying flow.

A

B

Fig. 6. Time series of: (A) the streamwise component of flow velocity with flow vectors representing vertical flow
over the crest; (B) the calibrated acoustic backscatter (suspended sediment concentration) over the crest.
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Particularly strong periods of increased sus-
pended sediment are recorded from ca 150 to
275, 500 to 600, 775 to 850, 1000 to 1150 and 1175
to 1300 sec (labels ‘A’ to ‘E’, Fig. 6B).

The patterns of sediment suspension reported
here are similar to those obtained in earlier
numerical, flume and field studies (e.g. Johns
et al., 1990, 1993; Kostaschuk & Villard, 1996b,
1999; Carling et al., 2000; Kostaschuk, 2000;
Williams et al., 2003), with relatively homo-
genous, low concentrations of sand characterizing
the upper half of flow over dunes, and higher,
more variable, sand concentrations being present
in the lower half of the flow. For example,
Kostaschuk & Villard (1999) demonstrate a
10-fold decrease in time-averaged sediment
concentration, relative to near-bed conditions,
throughout the water column over dunes in the
Fraser Estuary, Canada, and Johns et al. (1990)
report a similar concentration gradient over
modelled sandwaves.

Velocity and suspended sediment interactions

Phase coherence spectra of flow velocity and
suspended sediment over the dune crest are
given in Fig. 7. The phase coherence wavelet
plots illustrate several important characteristics
of flow and sediment transport over dunes,
including inverse correlations (phase values
approaching )180� and 180�) between stream-
wise and vertical flow velocity and between
streamwise velocity and SSC, as well as a
positive correlation (phase values ca 0) between
vertical velocity and SSC.

The cross-wavelet power spectrum (Fig. 7A) of
streamwise and vertical flow velocity over the
dune crest shows a strong phase disagreement, or
inverse correlation, between medium-frequency
(defined herein as having a period between ca 50
and 100 sec) and low-frequency (period ca
> 100 sec) events. The equivalent time series
(Fig. 6A) shows regions of low streamwise veloc-
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Fig. 7. Phase coherence wavelet spectrum of: (A) streamwise and vertical velocity; (B) streamwise velocity and
calibrated suspended sediment concentration (SSC); and (C) vertical velocity and SSC, 3 m above the dune crest.
Circled in (A) is a series of out-of-phase structures (labelled ‘I’). Circled in (B) are three examples of out-of-phase
structures (labelled ‘a’ to ‘c’) and a group of in-phase structures (labelled ‘d’). Circled in (C) are two groups of in-
phase structures (labelled ‘i’ and ‘ii’), the latter being remarkably extensive. All circled regions are discussed in the
text.
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ity fluid matching well with regions of upwelling
flow and vice versa, corroborating the phase
pattern observed. For example, between 150 and
ca 250 sec in the upper half of the flow (label ‘I’,
Fig. 6A), an inrush of faster moving fluid from
above replaces the upwelling flow in the lower
half of the flow. The events from 150 to 250 sec
are clearly visible in the phase coherence plot at a
period of between 50 and 90 sec (label ‘I’,
Fig. 7A). This inverse correlation between lower
than average streamwise velocity and positive
vertical velocity is expected for situations where
the Reynolds stress is positive, as is the case here.

Figure 7B shows streamwise velocity to be
strongly out-of-phase with the SSC above the
dune crest in a pattern similar to Fig. 7A.
Medium-frequency structures (periods between
ca 50 and 100 sec), as well as low-frequency
structures (periods between ca 150 and 350 sec),
are strongly out-of-phase and common through-
out the first 1000 sec of the time series (for
example, between 100 and 250 sec, and from
750 to 950 sec, at a period ranging from 50 to
90 sec; labels ‘a’ and ‘b’, respectively, Fig. 7B).
The remainder of the time series is characterized
by strongly out-of-phase regions at periods rang-
ing from 70 to ca 280 sec (e.g. label ‘c’, Fig. 7B).
Several in-phase structures are present in the
time series between 250 and 600 sec with a
period ranging between ca 10 and 100 sec. For
example, a group of in-phase structures with a
period between 8 and 30 sec are observed
between 325 and 375 sec in the series (label ‘d’,
Fig. 7B). In addition, many of the higher
frequency structures throughout the series are
in-phase.

The phase coherence wavelet power spectrum
of vertical velocity and calibrated SSC at 3 m over
the dune crest (Fig. 7C) is similar to Fig. 7B,
although SSC is noticeably more in-phase with
vertical velocity than streamwise velocity. In-
phase structures with periods ca > 50 sec domi-
nate the time series with regions possessing phase
values either greater than 100� or less than )100�
phase being relatively rare. Higher frequency
(period <50 sec) and mostly in-phase structures
interact intermittently throughout much of the
time series and appear to occur in clusters of
events (for example, from 950 to 1025 sec at
periods ranging from 10 to 50 sec, label ‘i’,
Fig. 7C). The edges of lower frequency packets
(period ca > 100 sec) are difficult to delineate on
account of the low contrast in phase. In-phase
structures with periods ranging from 10 to ca
130 sec are typical throughout the length of the

series (for example, between 100 and 400 sec at
periods between 40 and 100 sec, label ‘ii’,
Fig. 7C).

The strongly out-of-phase coherence between
streamwise flow velocity and SSC suggests that
the two variables are inversely correlated, such
that lower streamwise velocities are coupled with
increased SSCs. This interpretation is supported
by the equivalent time series of streamwise
velocity and SSC (for example, Fig. 6A and B).
Furthermore, Nelson & Smith (1989) reason that
at low Froude numbers, boundary shear stress
tends to lag behind sediment flux, as a result of
sediment inertia effects, gravitational effects and
suspended load transport. Conversely, the
strongly in-phase coherence between vertical
velocity and SSC suggests that SSC is higher in
flows directed towards the flow surface. These
results agree with and confirm the findings of
previous work (e.g. Matthes, 1947; Jackson, 1976;
Lapointe, 1992; Kostaschuk & Church, 1993;
Babakaiff & Hickin, 1996; Kostaschuk & Villard,
1996a; Schmeeckle et al., 1999; Shimizu et al.,
1999; Best, 2005a,b) on the effect of coherent
turbulent flow structures on sand suspension.
Both the highly out-of-phase coherence between
streamwise flow velocity and SSC, and the highly
in-phase coherence between vertical velocity and
SSC, are attributed to ejections of fluid moving
from near the bed into the outer flow, which have
a lower streamwise velocity than the average and
a higher than average vertical velocity. Inrushes
of fluid back towards the bed tend to be charac-
terized by higher than average streamwise veloc-
ities, negative (i.e. downwards) vertical velocities
and lower concentrations of sand in suspension.

Separation zone lengths and turbulence
frequencies

Empirically-derived relationships for the reat-
tachment length of the flow separation zone as a
function of step height have been proposed by
numerous authors (generally, xr/h ca 4 to 8,
where xr is the reattachment length and h is the
step height (Engel, 1981; Nelson & Smith, 1989;
Bennett & Best, 1995; Best & Kostaschuk, 2002;
Wilbers, 2004; Yue et al., 2005; Coleman et al.,
2006; Schatz & Herrmann, 2006). For subaqueous
dunes, Bennett & Best (1995) suggest a reattach-
ment length of 4Æ25 h, which is in good agreement
with that proposed by Engel (1981) and Coleman
et al. (2006), and slightly lower than that sug-
gested by the modelling results of Yue et al.
(2005). Schmeeckle et al. (1999) note that the
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reattachment point is extremely difficult to pin-
point except in a time-mean sense, and Carling
et al. (2000) caution that reattached flow may
not fully recover its ‘upstream’ hydraulic and
sediment transport characteristics within the
expected length of reattachment.

There seems to be general agreement (e.g. Nezu
& Nakagawa, 1993; Kostaschuk, 2000) that eddies
generated by dunes or negative steps originate in
the separation zone/shear at two dominant fre-

quencies. The Strouhal law discussed by Levi
(1983, 1991) describes the frequency of shear-
layer generated turbulent structures, although
Itakura & Kishi (1980) proposed an empirical,
flume-based relationship for the frequency of
turbulent structures generated by dunes. Simpson
(1989) proposed scaling relations for the frequen-
cies of: (i) movement in the position of the point
of flow reattachment (‘vortex shedding’), fv; and
(ii) wake-flapping, fw, associated with flow sepa-
ration over a negative step, which offer possible
explanations for the overall turbulence signature
observed over the dune studied herein. Driver
et al. (1987) present a similar vortex shedding
relation to that of Simpson (1989). Table 1 pro-
vides a compilation of turbulence frequencies
over the current study dune as predicted by
several of these empirical relationships.

A plot of time-integrated wavelet power (Fig. 8)
from the near-bed streamwise velocity record over
the dune crest provides field evidence to test the
relationships proposed by Driver et al. (1987),
Simpson (1989), Itakura & Kishi (1980) and the
widely-cited Strouhal law. The spectrum shows a
generally increasing trend in power with increas-
ing period, as expected since the larger coherent
flow structures contain more energy. Superim-
posed on this general trend is a series of peaks
that are interpreted as representing the dominant
turbulent frequencies generated by the bedforms.
At 1 m above the dune crest, three peaks are
obvious (labelled C1, C2 and C3, Fig. 8). Peak C1
has a period of 12 sec (wavelet power
0Æ06 W m)2) and is consistent with the vortex

Table 1. Predicted turbulence periodicities* based on a range of reattachment lengths.

Schatz & Herrmann,
(2006)�
xr = (Aa + B)Da/a

Bennett &
Best (1995)
xr = 4Æ25h

Carling et al.
(2000)
xr = 8Æ3h

Wilbers
(2004)
xr = h/tan(10�) No xr

Driver et al., (1987): Pv ¼ xr=0�6�u 24 16 30 21

Simpson (1989): Pv � xr/0Æ8Uo 17 11 22 15

Simpson (1989): Pw < xr/0Æ1Uo 137 89 173 119

Strouhal Law (e.g. Kostaschuk,
2000): Ps = 2pd/Us

45

Itakura & Kishi
(1980): Pd ¼ h=0 � 14�u

16

*Where Pv is the vortex shedding periodicity, Pw is the wake flapping periodicity, Ps is the Strouhal periodicity, Pd is
the dune periodicity, A is 0Æ22/� (see Schatz & Herrmann, 2006), a is the lower brink angle (21Æ8�), B is a constant
(6Æ473, see Schatz & Herrmann, 2006), D is the lower brink height (1Æ6 m), h is the dune height (2Æ05 m), d is the flow
depth (7Æ5 m at dune crest), �u is the mean velocity over the dune (ca 0Æ93 m sec)1), Uo is the mean velocity upstream
of the step (ca 0Æ98 m sec)1) and Us is the free stream velocity (1Æ04 m sec)1).
�Schatz & Herrmann (2006) point out that their xr calculation is for an isolated dune and the separation length of the
dune in a dune field is ca 25% smaller. The values computed in Table 1 are therefore adjusted for a dune field.

Fig. 8. Time-integrated wavelet power spectra of
streamwise velocity 1 m above the dune crest. The peak
at C1, with a period of 12 sec, has a wavelet power of
0Æ06 W m)2; the peak at C2 has similar wavelet power
(0Æ09 W m)2) and lower frequency (period of 40 sec),
while the lowest frequency peak, C3, has a wavelet
power of ca 0Æ88 W m)2 and long period (307 sec).
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shedding frequencies predicted by Driver et al.
(1987) and Simpson (1989) (16, 11 and 15 sec,
respectively) using the reattachment length-scale
of Bennett & Best (1995) and Wilbers (2004). The
relationship of Itakura & Kishi (1980) also pro-
vides an excellent fit to the data (16 sec). The
Schatz & Herrmann (2006) reattachment length-
scale also provides a reasonable fit, although not
as good as the length-scale of Bennett & Best
(1995), possibly due to the former being derived
for subaerial dunes. The reattachment length-
scale proposed by Carling et al. (2000) is also a
reasonable predictor but suggests less-frequent
turbulence generation than that observed here.
Peak C2 has a period of 40 sec (0Æ09 W m)2) that
is consistent with the Strouhal law prediction of a
45 sec period. Peak C3 has a period of 307 sec
(0Æ88 W m)2), which is significantly longer than
predicted by any of the equations in Table 1. At
periods longer than ca 300 sec, wavelet power is
relatively consistent, suggesting that no single
mechanism of turbulence generation is operating
at these lower frequencies. With this in mind, it is
possible that long-term, river-width scale events
are contributing to the energy recorded over the
dune crest. Alternatively, the lowest frequency
structures may represent fragments of large coher-
ent flow structures that have been generated by
dunes much further upstream that are advecting
downstream, which then interact with flow over
the study dune. Only the largest of these flow
structures would survive propagation down-
stream and would therefore contribute to this
lower frequency portion of the spectra. This
picture of flow structure is similar to that envis-
aged by Nelson & Smith (1989), with stacked
wakes showing the presence of flow structures
originating from upstream bedforms. Another
plausible explanation is that the very low-fre-
quency wavelet power is simply an artefact of the
wavelet analysis, because wavelets as well as
their Fourier counterparts must fit low-frequency
waves to large but rare events, even when the
large events last for a much shorter time. Further
work is required at a range of sites to fully
investigate and quantify these lower frequencies.

Nezu & Nakagawa (1993) describe wake flap-
ping as resulting from the periodic entrainment
of ambient water into the separation zone. Driver
et al. (1987) note that low-frequency wake flap-
ping contributes relatively little to overall turbu-
lent energy and probably does not contribute
much to turbulence generation, with most of the
turbulent energy coming from vortex shedding.
Driver et al. (1987) suggest that, although con-

tributing little to turbulence, wake flapping may
be a significant influence on the separation
process, especially in flows where flow separa-
tion is sensitive to small disturbances. In the
present study, however, turbulence frequencies
attributed to wake flapping contribute more to
the total energy than vortex shedding. Kosta-
schuk & Church (1993) used a current meter and
acoustic profiler to quantify turbulent frequen-
cies over dunes of similar size to the present
study, and their flow records indicated a very
regular motion with a period ca 11 sec, whereas
the acoustic profiler produced a frequency
distribution with a mean of 49 sec. Kostaschuk
& Church (1993) attributed the current meter-
measured periodicities to eddy shedding from
the bed. Their ‘acoustic kolks’ represent only
events sufficiently powerful to suspend signifi-
cant quantities of sediment. Although Kosta-
schuk & Church (1993) compared their observed
turbulence frequencies with those predicted by
the Strouhal law, they suggested that free stream
velocity may not be the best parameter to use in
the calculation.

Venditti & Bauer (2005) point out that con-
fusion persists regarding the Strouhal number
because several candidates exist for use as a
characteristic length-scale, including boundary
layer thickness, dune height, flow depth and
reattachment length. Although the approach is
reasonable in simple bed configurations, Best
(1993) warns that the predictive capacity of the
Strouhal law may be premature in natural geo-
physical flows where particles may be poorly
sorted, different size eddies might be generated
from the same obstacle, and vortex pairing,
tearing and amalgamation might significantly
influence the size and frequency of eddies.
Bennett & Best (1995) reason that although
high-magnitude ejection events are capable of
transporting more and coarser sediment, their
frequency will differ from that predicted using
the Strouhal law. Thus, five factors complicate
the interpretation of the results presented
herein when using the relationships proposed
by Simpson (1989) and Driver et al. (1987).

Firstly, the frequency predictions of both Simp-
son (1989) and Driver et al. (1987) were derived
for a simple, 90�, 2D, backward-facing step, and
not dunes with a complex 3D morphology and
much lower lee-side slope angles. Parsons et al.
(2005) found that irregular crestline shapes of
dunes in the Rı́o Paraná produced smaller regions
of lee-side flow separation (lower xr) compared
with straight-crested dunes, a result also found in
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the laboratory experiments of Venditti (2003).
Smaller regions of flow separation would thus
result in lower eddy shedding frequencies than
would be expected from relationships based on
straight-crested steps. Secondly, the equations
presented by Driver et al. (1987) are based on
laboratory work that investigated a subaerial step,
not a subaqueous dune and, therefore, this may
not represent flow patterns in alluvial channels.
Thirdly, the flow over alluvial dunes may be more
3D than assumed in 2D models, with flow going
around an obstacle rather than just over it (Car-
ling et al., 2000; Maddux et al., 2003; Parsons
et al., 2005). Additionally, the influence of vari-
able asymmetric stoss-side profiles and composite
lee-side slopes on the generation of dune-related
turbulence is poorly understood. The study dune
investigated herein, and indeed most alluvial
dunes, have a composite lee-side slope with a
gently sloping upper lee slope and a downstream,
steeper lower lee slope. For example, the dune
studied herein has an upper lee slope of 10Æ3� and
a lower lee side of 21Æ8�. Both of these lee-side
slope angles exceed the value of 10� suggested by
Wilbers (2004) for the onset of flow separation,
resulting in the possibility of two separate, or
interacting, separation zones (see Fernandez
et al., 2006) that may generate coherent flow
structures at different frequencies. Similarly,
coherent flow structures from upstream dunes
probably are advecting through the aDcp sensing
volume over the study dune and are thus con-
tributing to the total energy measured.

Fourthly, the superimposed small bedforms
near the dune crest are also likely to generate
coherent flow structures, and the interaction of
bedforms may radically influence the flow struc-
ture at the crest and downstream, as recently
reported by Fernandez et al. (2006). If coherent
flow structures scale with bedform height (i.e.
through the step height and reattachment length),
then smaller superimposed bedforms would
contribute to the higher frequency portion of the
spectra.

Finally, it should be remembered that the beam
spread of the aDcp (20� along each beam) affects
the size of coherent flow structures that can be
resolved at different heights above the bed (see
Figs 9 and 10). As the measurement volume of a
surface-deployed aDcp increases with distance
below the surface, it is possible that only larger
structures may be resolved in the near-bed region.
However, there is a clear non-linear decrease in
the scale of flow structure (both spatial and
wavelet power) with increasing height above the

bed, with many near-bed structures decaying
rapidly above a threshold height of ca 0Æ45 flow
depth (see Figs 9 and 10). This effect suggests that
the observed evolution is not an artefact of aDcp
beam-spreading but represents a real physical
phenomenon. Additionally, the reasonable agree-
ment between the predicted and measured fre-
quencies discussed above suggests that most of
the packets of wavelet power may be generated by
the processes discussed by Simpson (1989).
These findings are also similar to the previous
work concerning flow over dunes by Kostaschuk
(2000), who suggested that turbulence production
associated with the separation zones of dunes in
the Fraser River was governed, in part, by the
evolution and interaction of flow structures asso-
ciated with vortex shedding and wake flapping.

Faced with local non-stationarity in long veloc-
ity time series over dunes, Venditti & Bauer
(2005) estimated the expected recurrence of tur-
bulent events by applying the frequency relation-
ships suggested by Simpson (1989) and split their
time series accordingly. The Fourier transforms
used by Venditti & Bauer (2005) demonstrated
subdued and relatively featureless velocity co-
spectra over dune crests, with much greater
variance and a dominant spectral peak in the
trough. Furthermore, Venditti & Bauer (2005)
found a shift in frequency of the vertical velocity
at the transition between the dune crest and lee,
and suggested that eddy stretching and elonga-
tion by the mean flow may be responsible,
although these authors also highlighted the pos-
sibility of the presence of two sets of oscillations
in the flow. However, Venditti & Bauer (2005)
conceded that, in their case, spectral analysis did
not allow observation of intermittent wake flap-
ping, or even observation of two independent sets
of oscillations.

Spatio-temporal evolution of coherent flow
structures

A vertical stack of wavelet plots of SSC, derived
from calibrated aDcp backscatter records at dif-
ferent heights above the dune crest for the time
series, illustrates the interaction and evolution of
the coherent flow structures as they rise away
from the bed and advect downstream (Figs 9 and
10). This stack of plots can be used to outline a
conceptual model for the morphology of these
large-scale turbulent structures that are associated
with sand dunes. Overall, the number, size,
period and power of the wavelet packets decrease
with height above the bed (as circled in Fig. 9,
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between 1 and 2 m above the bed). Longer-period
structures generated near the bed persist higher
into the flow than shorter period structures,
which are often superimposed on the larger, more
powerful lower-period structures. These high-
frequency structures dissipate more rapidly with
height above the bed than the lower frequency
structures with which they are associated. A
typical wavelet ‘packet’, or coherent flow struc-
ture, is traced through its evolution in the water
column and circled on Fig. 9. Figure 10 shows
the same evolving wavelet packet in greater
detail.

At 1 m above the bed, between 300 and 350 sec
in the time series, the circled packet (Fig. 10)
appears to be composed of energy at two period-
icities. The medium to low frequency, more
powerful, packet has a period of 40 to 200 sec,
with the wavelet power in the centre of the packet
being > 10 · 106 W m)2, whereas the higher fre-

quency ‘fingers’ have a period of 5 to 40 sec and a
peak wavelet power of 6 · 106 W m)2. Higher in
the flow, at 2 m above the bed, these structures
split into three groups, again based primarily on
period. The medium to low frequency packet
retains a similar periodicity (45 to 150 sec with
power > 10 · 106 W m)2), whereas the higher
frequency packet has split into two distinct
groups with periods ca 10 to 40 sec and 5 to
10 sec, with associated peak wavelet power of
3Æ5 · 106 and 1 · 106 W m)2, respectively. At 3 m
above the bed, the periodicity of the medium-
frequency structures begins to become more
focused, between 50 to 110 sec, with a slightly
decreased peak wavelet power of 9 · 106 W m)2.
At this height, the medium-frequency structures
appear to have separated from the higher fre-
quency packets, leaving a group with period 5 to
10 sec and a wavelet power of 1 · 106 W m)2.
Above 3 m, the structures lose power sharply,
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Fig. 9. Partial time series of calibrated suspended sediment concentration (SSC, top) collected over the dune crest
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peaking at only 4 · 106 W m)2 at 4 m above the
bed. The medium-frequency packet at 4 m above
the bed has a periodicity of 40 to 100 sec. It is
difficult to pinpoint the location of the higher

frequency packet, but it has probably advected
downstream with a periodicity of only 4Æ5 to 7 sec
and power of 1 · 106 W m)2. This rapid decay in
power appears to occur between 3 and 4 m above
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Circles highlight evolution of a wavelet packet through the water column.
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the bed, or ca 0Æ45 of the flow depth of ca 7Æ5 m.
At 5 m above the bed, the medium-frequency
packet has a periodicity of 55 to 95 sec and a peak
power of ca 3 · 106 W m)2, whereas the higher
frequency packets have all but disappeared. The
medium-frequency packet is barely visible 6 m
above the bed (observed between ca 310 and
330 sec in the series), with a period of 70 to
95 sec and a wavelet power of 1 · 106 W m)2 and
disappears completely 7 m above the bed (Fig. 9).
As these large-scale coherent flow structures
interact with the flow surface, they generate
‘boils’ and a characteristic pattern of interaction
that reflects the topology of the coherent flow
structures (Best, 2005a). The pattern of energy
and frequency dissipation observed here suggests
that, nearer the bed, where velocity gradients are
higher, large, long-period structures are generated
in association with higher frequency and much
less powerful structures. These higher-frequency
structures lose coherence much more rapidly
than the low-frequency packets as they rise
towards the surface.

In a series of numerical and laboratory inves-
tigations of flow over dunes, Shimizu et al.
(1999) and Schmeeckle et al. (1999) found a
very similar pattern of turbulence evolution to
the present study. At the shear layer down-
stream of a dune crest, Shimizu et al. (1999)
found vigorous extraction of energy from the
mean flow to transverse vortical structures. Just
downstream of reattachment, these structures
grew and became highly three-dimensional.
Once the structures advected past the midpoint
of the stoss side of the downstream dune, they
began to break up into smaller vortical motions,
with only the strongest of these vortices contin-
uing to grow past the stoss midpoint and
eventually erupting on the free surface (Best,
2005a). Shimizu et al. (1999) and Schmeeckle
et al. (1999) explained the location of vortex
breakup at the stoss midpoint as being due to
the coherent flow structures reaching the peak
of topographically induced flow acceleration.
Itakura & Kishi (1980) similarly observed that
small eddies generated at the upstream end of
separation zones grew as they advected down-
stream. The resultant ‘blob’ of intensely turbu-
lent fluid lifted from the reattachment point and
eventually erupted as a boil on the free surface.

The patterns of flow and sediment transport
observed over the study dune in the Rı́o Paraná
are consistent with other field, flume and numer-
ical investigations. Streamwise velocity over the
dune crest is inversely correlated with vertical

velocity, with streamwise flow decelerations
occurring simultaneously with vertical fluxes of
fluid towards the water surface in the form of
large fluid ejections. Regions of high SSC corre-
late well with such events. As discussed above,
wavelet analysis of these turbulent events sug-
gests that vortex shedding and wake flapping in
the lee-side separation zone are the principal
contributors to turbulence generation associated
with such large alluvial sand dunes. Furthermore,
turbulent flow structures, and their associated
high SSCs, are seen to grow with height above the
bed until a threshold height ca 0Æ45 of flow depth,
above which they tend to decay and dissipate
rapidly.

The association between vertical velocity and
SSC identified in this study (for example,
Fig. 7) echoes the findings of Schmeeckle et al.
(1999) who demonstrated that the upward
velocities present in vortical structures maintain
the suspension of sediment. Nelson et al. (1993)
argued that the acceleration of flow forced by
the upsloping dune surface dampens the larger
eddies by acceleration-induced vortex stretch-
ing, whereas McLean (2004) points out that the
steepness of the topography downstream of the
flow separation zone has a dramatic effect on
the degree of flow acceleration. As acceleration
of flow over the dune stoss is accompanied by a
reduction in the strength and coherence of the
coherent flow structure, the sediment rapidly
falls out of suspension as the structures advect
downstream and away from the bed. In the
present study, the reduction in wavelet power
and the number of wavelet packets with height
(Figs 9 and 10) lends support to the interpreta-
tions of Shimizu et al. (1999) and Schmeeckle
et al. (1999). Kadota & Nezu (1999) also discuss
what they term ‘separated vortices’, in which
parcels of fluid moving in the streamwise
direction divide into two. One vortex moves
towards the bed around the reattachment point,
and the second vortex advances parallel to the
flow direction. Additionally, some flow struc-
tures appear spontaneously above the bed and
may represent events generated upstream that
have risen towards the surface and propagated
past the sensor, or they may be fragments that
have separated from larger flow structures (e.g.
Kostaschuk & Villard, 1996a). Further work to
document fully the topology of turbulent flow
structures generated over bedforms is required
to elucidate the complex feedbacks between
these structures, sediment transport and both
dune morphology and migration.
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CONCLUSIONS

The Rı́o Paraná sand dune studied herein is
asymmetric in downstream profile with a
distinct ‘brinkpoint’ and lee-side slope. The
temporally-averaged and spatially-averaged
characteristics of flow documented herein are
consistent with earlier field-based and flume-
based research, including an increase in mean
velocity and decrease in turbulence intensity
with height above the bed, as well as a
decrease in sand concentration with height
above the bed.

Phase coherence wavelet analysis shows that
streamwise and vertical velocities are strongly
and inversely correlated over the dune crest,
where flow decelerations are linked to fluid
upwellings and vice versa. The inverse correla-
tion between streamwise velocity and suspended
sediment concentration (SSC), and the positive
correlation between vertical velocity and SSC,
indicate that fluid ejections sourced near the bed,
and associated with lee-side flow separation, are
suspending sand into the overlying flow.

Stacked series of wavelet plots indicate that
clusters of low-frequency coherent flow struc-
tures initiate close to the bed, grow with height
above the bed and then break up as they are
advected downstream, with their decay possibly
being linked to topographically-induced flow
acceleration. The frequency at which these
structures are generated is suitably predicted by
the models of Driver et al. (1987) and Simpson
(1989) for variation in separation zone size and
wake flapping, respectively. However, the
variability in the complex three-dimensional
morphology of natural dunes may complicate
these frequency relationships when compared to
data obtained over simple two-dimensional steps
derived from laboratory experiments.

The results of this study provide an example of
the great value of wavelet analyses as compared to
conventional spectral analysis based on Fourier
transforms. All velocity and SSC time series
display strongly intermittent coherent flow struc-
tures, especially near the bed. Hudgins et al.
(1993) suggest that, to resolve such structures
with Fourier techniques, it is necessary to know
their size a priori and set the length of the
window accordingly. However, as these flow
structures differ in length throughout the time
series, this cannot be accomplished simulta-
neously for all of these turbulent events. This
study clearly demonstrates that wavelet analysis
is a powerful tool for investigating such processes

and illustrates its great potential in future
research to elucidate a fuller understanding of
the interactions between flow and sediment
transport over complex topography.
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NOTATION

A constant, 0Æ22/�
a lower brink angle
* complex conjugate
B constant, 6Æ473
CD drag coefficient
C volume concentration of sand
Cn

x(s) continuous wavelet transform
d particle size
D lower brink height
d flow depth
dt time step
Fr Froude number
ƒs dune-related turbulence frequency
ƒs Strouhal frequency
ƒv vortex shedding frequency
ƒw wake-flapping frequency
h dune height
= imaginary part of a wavelet transform
Ks eddy diffusivity of sediment
N number of data points
n localized time index

Flow and suspended sediment transport over sand dunes 269

� 2009 The Authors. Journal compilation � 2009 International Association of Sedimentologists, Sedimentology, 57, 252–272



g dimensionless time
/ phase
Y(g) wavelet function
Re Reynolds number
< real part of a wavelet transform
q water density
s wavelet scale
so boundary shear stress
sof form stress
sos skin stress
sot sediment transport stress
�u spatially-averaged velocity over the dune
u* shear velocity
Uo spatially-averaged velocity upstream of

step
Us temporally-averaged free stream velocity
ws grain settling velocity
WXY

n local wavelet cross-spectrum of X and Y
xo dimensionless frequency
xr mean length of separation zone
xn time series
z height above bed
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Fernandez, R., Best, J. and López, F. (2006) Mean flow, tur-

bulence structure, and bed form superimposition across the

ripple-dune transition. Water Resour. Res., 42, W05406; doi:

10.1029/2005WR004330.

Gomes, L.C. and Miranda, L.E. (2001) Hydrologic and climatic

regimes limit phytoplankton biomass in reservoirs of the
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