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ABSTRACT

The processes of sediment entrainment, transport, and deposition over bedforms are highly
dynamic and temporally and spatially variable. Obtaining measurements to understand these
processes has led to ongoing developments in instrumentation for studying near-bed sediment
dynamics, with the outputs applied to the development and assessment of sediment transport
modelling. In the present study results are reported from three acoustic systems deployed to
make observations of bedforms, bedload, suspended concentration and horizontal and vertical
velocity components. To evaluate the instruments a series of near-bed boundary layer
measurements were collected in a large scale flume facility over a rippled bed of medium sand
under regular waves. The observations were conducted as part of Joint Research Activities
within the EU funded Hydralab project. The suite of acoustic instruments consisted of a
Bedform And Suspended Sediment Imager, BASSI, a three dimensional acoustic ripple
profiler, 3D-ARP, and three Acoustic Concentration and Velocity Profilers, ACVP’s. Here
results are reported from the deployment of the instruments, to illustrate the ongoing
developments in acoustics and the expanding capability of the application of acoustics to the

study of near-bed flow and sediment dynamics.
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1. Introduction

In dynamic marine environments, under the forcing of currents and waves, sediments are
readily mobilised. Through the processes of accretion, erosion and transport, sediments define
our coastal morphology, act as reservoirs for nutrients and contaminants, influence water
quality and optical clarity, thereby impacting significantly on water chemistry and on primary
production. Sediment dynamics in coastal waters therefore has relevance to a broad spectrum
of marine science ranging from the physical and chemical, to the biological and ecological. In
spite of the obvious importance of sediment transport, the predictive capability of models is
still highly uncertain, particularly in the presence of bedforms and mixed sediments, therefore
field measurements continue to be required for both site specific model tuning and validation
(Davies et al, 2002; Davies and Thorne, 2008; Amoudry and Souza, 2011; Lu et al, 2015). It is
also widely recognised that one of the components to improving large scale sediment transport
modelling, requires accurate parameterisations of small scale sediment processes (Baumert et
al, 2000; James, 2002; Ribberink et al, 2008; O’Hara Murray et al, 2012; Malarkey et al, 2015).
At present however, quantification and understanding of detailed near-bed sediment transport
processes is limited by the difficulty in obtaining co-located, non-intrusive, high spatial-
temporal resolution measurements, of the dynamic feedback interactions between the
bedforms, the hydrodynamics and the mobile sediments. The central problem is that sediment
transport dynamics show complex variability over multiple temporal-spatial scales (Hay and
Bowen, 1994; Villard and Osborne, 2002; Williams et al, 2003; Thorne et al, 2009; O’Hara
Murray et al, 2011; Nagshband et al, 2014a, 2017; Moate et al, 2016), whilst most traditional

measurement techniques provide only single point measurements.

To obtain measurements with high temporal-spatial resolution optical and acoustical
instruments have been developed. Optical backscatter (Kineke and Sternberg, 1992; Bunt et al,
1999; Puleo et al, 2006; Rai and Kumar, 2015) and LISST, Laser In Situ Scattering
Transmissometry, (Traykovski et al, 1999a; Agrawal et al, 2008; Graham et al, 2012; Agrawal
and Hanes, 2015) are the more commonly used optical devices, however, they only provide
information on suspended sediments at a single height above the bed. More recently Particle
Image Velocimetry, PIV, has become a primary instrument for laboratory boundary layer

sediment studies in the optical regime. This provides a Laser measuring techniques to obtain
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bedforms, suspended sediment concentration and velocity in two-dimensions, over a horizontal
and vertical slice, 2DHV, with typical dimensions of respectively of 20 cm x 10 cm
(Reidenbach et al, 2010; Liu and Lam, 2015; Malarkey et al, 2015; Yu and Xu, 2016). These
instruments have proved very useful in laboratory studies, however, most PIV instruments have
high energy consumption and are generally too cumbersome and intrusive for field deployment,
although developmental autonomous instruments have been deployed (Wang et al, 2012; Wang
and Liao, 2016). A further major drawback with PIV is that below or above an optimum number
of particles in suspension the performance degrades due to insufficient scatterers in the former
case and high optical attenuation in the latter case. Also imaging the bedforms during high
suspension events becomes difficult. Therefore, under the more dynamically interesting
conditions, when there are high concentrations of bedload and suspended load, the performance
of PIV can become problematic (Lee et al, 2009).

A complementary approach to the optical systems are acoustic scattering based flow
measuring techniques, which have received growing usage over the past three decades, due in
part to a robust theoretical basis, their applicability in both laboratory and field conditions, the
development of new technology, and the non-intrusive nature of the measurements (Thorne
and Hanes, 2002). Acoustic instruments for measuring boundary layer sediment transport
processes mainly fall into one of three categories: those which measure (i) bedforms (Hay,
2011; O’Hara Murray et al, 2012), (ii) profiles of suspended sediments (Thorne and Hurther,
2014) and (iii) profiles of the multi-component velocity field (Lhermitte and Lemmin, 1994;
Stanton, 1996; Zedel et al, 1996; , Lemmin and Rolland, 1997; Hurther and Lemmin, 1998;
Zedel and Hay, 1999; Hurther and Lemmin, 2000, 2001; Zedel and Hay, 2002; Hurther and
Lemmin 2003; Hurther et al, 2007; Hurther and Lemmin, 2008; Hay et al, 2012). Here we look
at developments and recent advances in these acoustic instruments in the context of a large
flume facility deployment, which provided controlled laboratory conditions at natural flow
scaling (Thorne and Hurther, 2017).

The acoustic measurements of small scale bed features have typically been obtained using
sector scanning sonar technology, SSS, adapted for high resolution images of bedform
morphology, or specifically developed acoustic ripple profilers, ARP, that provide a profile of
the bed height along a transect. The high resolution SSS’s normally have a frequency of around
1-2 MHz, with beam widths of about 1° in the azimuth and 30° in elevation, rotate through

360° in the horizontal and are mounted 1-2 m above the bed. As an acoustic pulse is
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backscattered from the bed, the envelope of the signal is measured and usually displayed as
image intensity. These bedform images are mainly used to categorise bed features, though
quantitative estimates of bedform wavelength can obtained, and limited information on ripple
height extracted (Hay and Wilson, 1994; Traykovski et al, 1999b; Williams et al, 2000; Hay,
2011). ARP’s usually use a downward pointing narrow pencil beam pulse of sound around 1-
2 MHz, mounted 1-2 m above the bed and radially rotates vertically through about 150° to
provide a digitised profile of the bed along a transect of around 3-5 m. Both bedform height
and wavelength can be obtained quantitatively (Bell and Thorne, 19973, b; Bell et al, 1998;
Thorne et al, 2003; William et al, 2005; O’Hara Murray et al, 2012; Larsen et al, 2015; Davies
and Thorne, 2016). More recently combining the aerial coverage of the SSS with the
quantitative measurements of the ARP the development of 3D-ARP’s has taken place
(Traykovski, 2007; Bell and Thorne, 2007; Thorne et al, 2013; Kramer and Winter, 2016;
Moate et al, 2016). The 3D-ARP utilises ARP technology and collects transects as the pencil
beam rotates horizontally through 180° to provide high resolution quantitative three
dimensional measurements of the bed micro-topography, which can be analysed for bedform
dimensions and direction of mobility. It is the application of this latter, more recently developed

instrument, which is the concern of the present study.

In the marine environment, most inorganic sand sized sediments have material densities and
compressional sound velocities that are substantially greater than that of seawater, and
therefore suspended sands are strong scatterers of underwater sound at MHz frequencies (Hay,
1991; Schaafsma and Hay, 1997; Thorne and Meral, 2008; Moate and Thorne, 2012). To
exploit this principle, a number of monostatic multi-frequency Acoustic Backscatter Systems,
ABS, have been developed to observe suspended sediments in the bottom 1-2 m above the
seabed (Hess and Bedford, 1985; Crawford and Hay, 1993; Thorne and Hardcastle, 1997;
Thorne et al, 2002; Dolphin and Vincent, 2009; Wilson and Hay, 2015a). Since their
development, ABS have gained broad utility within sediment transport studies with a variety
of observations, from coastal zone applications (Vincent et al, 1991; Hay and Bowden, 1994;
Lee et al, 2004; Malarkey et al, 2015), and the dependence of sediment diffusivity on bedforms
(Thorne et al, 2009), to sediment entrainment processes under irregular waves (O’Hara-Murray
et al, 2011, 2012). Conventional ABS provide one dimensional in the vertical, 1DV,
measurements of the bed location and suspended sediment profiles, however, it is difficult
(Moate et al, 2011) using such ABS to simultaneously investigate the suspended sediment

dynamics over a transect and assess, for example, intra-wave intra-rippled sediment dynamics.
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An array of closely spaced acoustic transducers would be able to provide observations of
bedforms and suspended sediments over a horizontal transect in the vertical providing two
dimensional horizontal and vertical, 2DHV, measurements of suspended sediment structures.
A multi-frequency array of 45 transducers, covering a 1.5 m transect has been developed
(Moate et al 2016) for collecting 2DHV data and has the acronym BASSI, the Bedform And
Suspended Sediment Imager. Here observations of near-bed suspended sediments collected

using the BASSI are presented.

Advances in flow driven sediment transport physics and modelling still suffer from a lack of
high resolution flow measurement technologies providing process oriented data of turbulent
flow-particle interactions in the near-bed boundary layer. This is particularly the case in high
Reynolds number geophysical flows driven by energetic gravity currents in rivers or by surface
gravity waves in the coastal marine environment. Referring to Heathershaw and Thorne (1985)
over more than 30 years ago, Dyer and Soulsby (1988) recognized early the capabilities of
acoustic instrumentation in process oriented studies of sediment transport because of their, at
the time potential, ability to measure both flow velocity and sediment concentration at rates
resolving the relevant turbulent flow scales. Since then, only few attempts were tested out in
combining into a single instrument, the multi-frequency Acoustic Backscattering System,
ABS, technology with the Acoustic Doppler Velocity Profiler, ADVP, technology. Shen and
Lemmin (1999) designed a first version of an Acoustic Sediment Flux Profiler using
simultaneously backscatter and forward scattering measurements for concentration
measurements and co-located multi-bistatic pulse coherent velocity measurements. The system
gave accurate results in terms of concentration, velocity and sediment flux profiling over a
moveable sand layer of about 10cm thick in highly turbulent open-channel flows (Cellino and
Graf, 1999; Hurther and Lemmin, 2003). Nevertheless, the system required the vertical
alignment of two emitting / receiving transducers mounted face-to-face. This induced local
near-bed flow perturbation induced by the transducer placed into the sediment bed.
Furthermore, the spatial and temporal resolutions were limited to 6 mm and 100 ms,
respectively, whereas for small scale turbulent flow, resolution closer to 1 mm and 10 ms are
preferable. Zedel and Hay (1999) and Smyth et al (2002) also demonstrated the possibility of
co-located velocity and concentration profiling with their acoustic Coherent Doppler Profiler.
In this case, the system only allowed one component vertical velocity profiling which is of

limited utility in the presence of two and three component wave and turbulent flow processes.
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Over recent years a novel acoustic measurement tool, the Acoustic Concentration and Velocity
Profiler, ACVP, (Hurther et al, 2011; Thorne et al, 2011; Thorne and Hurther, 2014; Wilson
and Hay, 2016) has been under development. Compared to previous sediment flux profilers,
the ACVP technology is not restricted to suspended particle flux profiling, but extends the
sediment flux profiling at turbulent flow scales into the dense bedload layer (Hurther and
Thorne, 2011; Nagshband et al, 2014b; Revil-Baudard et al, 2015, 2016; Fromant et al, 2017,
2018). In the present study, it is shown show how these nearbed ACVP measurement, are used
complementary with the BASSI and 3D-ARP data, to investigate wave-driven sand transport

processes over a rippled sand-bed.

The results in the present study formed part of the Joint Research Activities projects within the
European Hydralab IV programme, Water Interface Sediment Experiment, WISE, and ongoing
Hydralab+, http://hydralab.eu/ , Cross disciplinary Observations of Morphodynamics and

Protective structures Linked to Ecology and eXtreme events, COMPLEX.
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2. Flume facility and instrumentation.

The measurements were collected in the large-scale wave channel at UPC, Universitat

Politecnica de Catalunya, in Barcelona, Spain, http://ciemlab.upc.edu/en/facilities/ciem-1. The
dimensions of the flume are 100 m long, 3 m wide and 5 m deep and the wave paddle
characteristics at the deep water end of the channel were designed to establish nearly full-scale
gravity wave conditions. The measurement section was located between 55-58 m from the
wave paddle with a still water depth at 55 m equal to h=1.6 m above the sand-bed. The mean
bed slope was initially levelled to a value of 1/15, equivalent to 3.8°. The distance between the
measurement section and the onshore located wave breaking region exceeded 10 m in order to
limit the effect of breaking induced sediment transport in the measurement section. The bed
consisted of well-sorted medium size quartz sand of median diameter, dsp=243um and with a
thickness of 0.9 m at the measurement location. Twelve acoustic and resistive wave gauges
were distributed along the flume to track the time evolution of the surface elevation and to
extract the water level statistics and the corresponding wave properties in the different
nearshore regions. Runs of regular waves were generated over 20 minute long sequences
containing 260 waves. The wave period, T, heights, H and water depth, ho, at the wave paddle
were respectively set to T=4.5s, H=0.3-0.5 m and ho=2.5m, respectively. The set of acoustic
instrumentation consisted of a three dimensional Acoustic Ripple Profiler, 3D-ARP, a novel
Bedform And Suspended Sediment Imager, BASSI, and three Acoustic Concentration and
Velocity Profilers, ACVP. The 3D-ARP and BASSI were made to order following
collaborative discussions on the design specifications by Marine Electronics, Guernsey, UK

(http://www.marine-electronics.co.uk/) and the ACVP is a development instrument by LEGI,

CNRS, France. The instruments were mounted on a metal pole frame which was constructed
to be open in structure to minimise interference with the hydrodynamics and the bed, and yet
sufficiently rigid to allow measurements to be made which were not impacted by induced
vibrations due to the flow. Figure 1 provides a photograph of the arrangement and figures 2a

and 2b the configuration of the instruments relative to one another.

The 3D-ARP system is a self-contained battery powered autonomous dual axis mechanically
scanning sonar underwater unit. The sonar has an oil-filled hemi-spherical plastic housing
providing protection for its internally rotating transducer which operates at 1.1 MHz with a

narrow conical beam pattern. Typically, the sonar is mounted vertically, looking down at the
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bed, and captures a sequence of transects of the bed over a pre-programmed sector and range.
The sonar gathers a single swath of data in the horizontal plane and then rotates the transducer
through a pre-programmed angle around the vertical axis and repeats the process until a circular
area underneath the sonar has been scanned in a sequence of radial transects. The stored raw
binary data represents the amplitude of the envelope of the backscattered signal with
logarithmic compression to achieve an overall dynamic range of greater than 90dB. The
maximum resolution for the angular scanning and digitisation sampling of the backscattered
envelope are respectively 0.9° and 1.0 us. The system is quite flexible and operates under
software control which allows operating range, pulse length, sampling interval, swath arc and
rotation angles to be operator selected. The 3D-ARP also has a collection of sensors to measure
conductivity, temperature, depth, pitch and roll which are monitored for each dataset and stored
in the data files. The profiles of the backscatter signal envelope are stored internally and post
processed to extract the bed location to form transects along the bed which are combined to

render a three dimension surface relief of the bed micro-topography.

The BASSI is a field deployable autonomous system consisting of three transducer line arrays,
SN:001, SN:002 and SN:003, each of which was connected to a common electronic scheduling
unit that controlled the sampling parameters. Each array contained 15 individual narrow beam
disc transducers, consisting of five triple frequency groups 2.5, 1.25, and 0.75 MHz evenly
spaced along the array. The transducer arrays were designed to be compact, being 0.5 m long,
0.14 m wide and 0.07 m in depth, so as to minimise interference with the measured sediment
processes. Each array was self-contained, housing the transmit/receive electronics and data
storage capacity. In the present study the three transducer arrays were connected inline, and the
complete system consisted of 45 transducers spaced regularly at 3.3 cm intervals over a 1.5 m
range in the horizontal. To control the operation of the arrays the scheduling unit was employed
to provided flexibility in the instrument setup. This allowed a selection of options for the
sampling range, the sampling interval, the pulse length, the number of profiles averaged over
and the pulse repetition frequency.

When deploying the BASSI, only one group of three frequency adjacent transducers were
operational at once in a given line array, with sequential advancement along the array to the
next group of three frequencies. Hence, five transmit/receive cycles were required to sample
across the whole array. Following data capture, the data were converted to 16 bit, averaged

over a selected number of successive transmissions, and written to internal USB flash drives.
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When multiple transducer arrays were connected to the scheduling unit, as was the case here,

the arrays electronically operated in parallel.

Three ACVP systems each composed of one emitter and two bistatic receivers were deployed
in the measurement section. Shown in figure 1b is the detailed configuration of the three
ACVP’s. ACVPI and ACVP2 were respectively located at distances of 22 cm and 28 cm above
the bed to perform velocity and sediment transport measurements above the water-bed
interface. However, due to their limitations of 3 mm vertical resolution with a temporal
resolution of 30 ms, a third ACVP3 had a specific geometric configuration and electronic
hardware for profiling across the near-bed flow layers and into the bedload layer. ACVP3 was
located at 10 cm above the sand-bed and had a vertical and temporal resolution respectively of
1.5 mm and 30 ms. In order to compare measurements obtained with the BASSI system, the
three ACVPs were positioned in the 1.5 m long measuring transect of the BASSI. Nevertheless,
the ACVPs were separated laterally from the BASSI by a distance of at least 20 cm to avoid

acoustic interferences between the ACVP and the BASSI transmissions.

All three ACVP systems combined ADVP and ABS technologies as previously described in
Hurther et al (2011) and Thorne et al (2011). They provided one dimensional in the vertical
1DV, sediment concentration and two component, horizontal and vertical, velocity profiling at
a high spatial-temporal resolution allowing intra-wave and turbulence flow scales to be
measured. In addition to these profiling abilities, the Acoustic Bed Interface Tracking, ABIT,
method of Hurther and Thorne (2011) was used here to evaluate the vertical position of the
undisturbed bed level. The lower suspension layer (equivalent to upper bedload interface) was
defined as the height where the intra-wave concentration reached a value of 8% in volumetric
sand concentration (Ribberink et al, 2008).

It was considered the combination of the 3D-ARP, BASSI and ACVP’s would provide
complementary and overlapping capabilities, thereby allowing some degree of intercomparison

between instruments and also allowing a range of scales to be studied.

10



o 01 AW -

\l

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

3. Results

In the present section the bedforms and the suspension dynamics are first examined on the basis
of the bed morphology measurements provided by the 3D-ARP and the time-resolved 2DHV
suspension load obtained using the novel BASSI technology. Secondly the complementary
time-resolved profiling of sand fluxes across the near-bed boundary layer are considered on the
basis of data collected by the ACVP.

3.1 Bedform and suspension layer dynamics.

3.1.1 The three dimensional Acoustic Ripple Profiler, 3D-ARP, measurements.

To examine the measurements from the acoustic instruments deployed in the large scale flume,
the aim was to generate two dimensional steep ripples with heights of a few centimetres and
wavelengths of a couple of decimetres. To obtain such ripples a number of predictors were
used to calculate the wave conditions required to obtain the desired dimensions. Different
predictors gave somewhat different dimensions, however, they were typically in the regime
required, as illustrated by the predictor of Soulsby et al (2012) which for H=0.4 m, T=4.5 s,
h=1.6 m and dso=243 um yields a ripple height, n, wavelength, A, and slope respectively of
N=3.6 cm, A=24 cm and n/A=0.15.

The 3D-ARP was mounted 1.0 m above the bed and operated by collecting a series of transects
of the bed as the instrument rotated horizontally through 180° in 0.9° step intervals to build up
high spatial resolution three dimensional measurements of the bedform morphology.
Digitisation of the backscattered signal envelope was 1us thereby providing a radial range
resolution of 0.75 mm. Previous studies with a precursor 2D-ARP (single transect) from the
same manufacture (Bell and Thorne 1997a, b; Bell et al, 1998) compared direct transect
measurements of a plaster caste replica of beach ripples with 2D-ARP measurements. The
direct transects measurements yielded n=1.7+0.2 cm and A=27+2.2 cm for the plaster caste
surface, while the 2D-ARP measurements gave n=1.5+0.2 cm and A=2843.0 cm. The ripple
dimensions for the surface show very comparable results and indicate millimetric resolution
and accuracy for the 2D and 3D ARP’s. To illustrate the operation of the 3D-ARP, single
transects from the instrument are shown in figure 3. In figure 3a a transect is shown when

waves had been propagating over the bed for 20 minutes and the wave generator switched off,

11
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the 3D-ARP was therefore operating in effectively clear water. It can be seen in the figure that
the interface between the bed and the water has been clearly identified as indicated by the white
line and a representative transect of the bed obtained. The underlying slope was due to the 1/15
gradient of the bed and not due to the instrument. Two hundred such transects were obtained
for each measurement. Using data from another experiment, the more difficult, though
obviously necessary task, of identifying the interface under conditions when waves were
propagating and instantaneous concentration reached values of the order of 10 kgm?=, is
presented in figure 3b. As shown in the image, although significant suspension was present,
identification of the sediment-water interface was still successfully obtained. To assess the
measurement for the case shown in figure 3b all 200 transects were analysed yielding
N=3.54+0.3 cm, A=49.8+11 cm. This compares well with the mean values from all other H=0.5
m clear water cases which gave averaged values of =3.9+0.5 cm, 1=46+4 cm. Therefore there
was no significant difference between the case with suspended sediments present and the clear
water cases. This supports the veracity of the 3D-ARP to obtain accurate bedform

measurements under dynamic conditions of high suspended load.

As mentioned above the expectation had been that two dimension steep ripples orthogonal to
the direction of wave propagation, would be generated in the large scale flume. In figure 4a the
bedform morphology constructed from the 200 profile transects is shown for the case of H=0.5
m. The vertical structure to the right hand side of the figure is a reflection from the side wall
of the flume, due to the mounting of the instrumentation not being centred in the flume. This
image is typical of all the bedform measurements collected with the 3D-ARP and clearly shows
that the bedforms were not as anticipate, two dimension ripples, but much more irregular and
three dimensional in form. Figure 4b shows an analysis of the bedform dimensions for the
individual transects over the 180° rotation for H=0.4 m. For the analysis the ripple height was
calculated using 1=2v2 {,;,s Where ..,s Was the root-mean-square height of the transect
profile and the ripple wavelength was obtained using A=2¢ where & was the mean zero crossing
distance over the profile. The mean bed slope was removed prior to analysis. The analysis
shows comparable ripple dimensions throughout the 180" rotation, thereby identifying the three
dimensionality of the bed morphology. Such images as those shown in figure 4a and the
analysis in figure 4b illustrate the advantage of the 3D-ARP over a 2D-ARP, where it would
not have been as straightforward to assess that the cross-flume variation in morphology was

closer to three dimensional in structure, rather than two dimensional. As an independent check

12
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on the acoustic measurements, plan and side view photographs of the bed were collected and
are shown in figure 4c. These observations are consistent with the scale and morphology of the

bedforms measured acoustically.

To assess the consistency of the measured ripple dimensions with the 3D-ARP a number of
repeat experiments were carried out at different wave heights. The results are shown in figure
5 for H=0.3 m, 0.4 m and 0.5 m. The results are seen to be consistent, with the average ripple
dimensions for H=0.3 m having values of n=1.8+0.1 cm, A=22+1.8 cm, 11/A=0.079+0.008, for
H=0.4 m of n=2.4+£0.2 cm, A=29+1.8 cm, n/A=0.08+0.008 and for H=0.5 m of n=3.9+0.5 cm,
A=46+3.7 cm, 1/A=0.084+0.012. The ratio of the standard deviation to the mean for the whole
data set for o(n)/ 1, o(A)/ A, and o(n/A)/(m/A) respectively had values of 0.09+0.04, 0.08+0.01
and 0.11+0.03. Given that there will be some reconfiguration of the bed during the repeat
experiments these result provide evidence for the repeatability of the 3D-ARP to accurately
measure ripple dimensions. Another approach to looking at consistency was to compare
adjacent transects 0.9° apart. Given the decimetric horizontal scale of the bedforms the
expectation was that adjacent profiles would be very comparable. To carry out the analyse the

parameter 8/71 was calculated, where 8= [ty; — ty,| , th Was the profile heights along a transect,
subscripts i, j were adjacent transects and the over bar represents an average over all the
transects for an experimental run. The results are shown in 5d. The mean values for 6/T1 over

all experimental runs for H=0.3 m, 0.4 m and 0.5 m was respectively 0.13, 0.07 and 0.07, which
using the mean ripple heights for the three wave conditions yields a value for =2 mm. Given
that adjacent transect profiles are not identical this estimate is considered a reasonable estimate
of repeatability and accuracy which is consistent with previous estimates (Bell and Thorne,
1997a, b; Bell et al, 1998) noted earlier in this section.

Although it was not the purpose of the present study to assess the accuracy of ripple predictors
under waves, the aim was to look at the performance of the 3D-ARP, it was still considered of
interest to see how the observations compared with the predictions used to design the
experimental study. To this end Soulsby et al (2012) and Goldstein et al (2013), both of which
are based on large complied data sets, have been used as representative predictors. The Soulsby
et al (2012) formulation is given by

A

A 1.5
= [1+ 000187 (1 - e~(00002) ) (1)

> >
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Goldstein et al 2013 can be expressed as,
A 2
L (2a)
A ( 112+ 2180ds,)
n_ 626ds, (2b)
A 1.12 + 2180ds,
n 3.42
n_ : (20)
A 22+ (2A/(1.12 + 2180d50))
1000d5,

A is the orbital wave amplitude at the bed and dso is the median diameter of the bed sediments.
A comparison of the predictors with the 3D-ARP measurements are presented in figure 6.
Soulsby et al 2012 tends to overestimate ripple height and underestimate ripple wavelength,
while Goldstein et al 2013 is in somewhat closer agreement with the observations, with an
invariant value for both ripple dimensions as A is varied for fixed dso. Both predictors estimate
a ripple slope of about 0.15, while the observed slope was closer to 0.1, the lower observed

slope may be associated with the three dimensional nature of the bedforms.

Although no detailed analysis of the flume was carried out to try and ascertain why three
dimensional bedforms were formed, the bed had a gradient of 1/15 and there were wave
reflection from the beach which added to the complexity of the surface waveforms in the
measurement area. Further the medium sized sand may have become mobile by small, low

energy, three-dimensional turbulent flow eddies as observed by O’Donoghue et al (2006). All
14
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of which coupled with the influence of the side walls of the flume, may have led to the three

dimensionality of the bedforms.

3.1.2 The Bedform And Suspended Sediment Imager, BASSI, measurements.

The BASSI consisted of three line arrays, SN:001, SN:002 and SN:003, with each array
consisting of five sets of three frequency transducers, 0.75, 1.25 and 2.5 MHz. The instrument
was mounted at a nominal height of 0.75 m above the bed, with a vertical resolution of 0.5 cm
and covering a transect of 1.5 m and provided profiles averaged over 8 transmissions and
resulted in 6 Hz measurements of the suspended sediments and bedforms over a transect. To
obtained the suspended sediment concentration, C, the following expression was used (Thorne
and Hurther, 2014)

C= (FT‘.I;%)Z Vr%l e4(raw+0(s) (3)
where
f(Xo) _ 3x(x,)
j T
with
f(x,) = [fom an(a)di f0°° a*f;()*n(a)da 2 (4a)
J, a®n(a)da
_ fooo an(a)da fooo a%y;(x)n(a)da
X(Xo) = fooo 2*n(a)da (4b)
o= d 4
a j;) an(a)da (40)
and
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(1 — 0_35e—((X—1-5)/0-35)2)(1 + 0_5e—((x—1.8)/2.2)2)xz
1+ 0.9x?

fi(x) = (52)

0.29x*
0.95 + 1.28x2 + 0.25x*

Xi(x) = (5b)

V2 is the mean square recorded backscatter signal, r is the range from the transceiver,
accounts for the departure from spherical spreading within the transducer nearfield (Downing
et al, 1995) and R is the system constant (Betteridge et al, 2008). The value for R was
calculated for each transducer by comparing the output from the BASSI with a calibrated ABS
in a combined field deployment. Details of this calibration and its outcome are presented in
Moate et al (2016). K represents the sediment backscattering properties, p is the sediment grain
density and a, is the suspension mean particle radius. The term o, is the sound attenuation due
to water absorption and as is the attenuation due to suspended sediment scattering. fi(x) and
xi(X) are respectively the intrinsic form function and intrinsic normalised total scattering cross-
section for the particles in suspension (Thorne and Meral, 2008) and x=ka, where k is the
wavenumber of the sound and a is the radii of the particles in suspension. f(Xo) and y(Xo)
represent the ensemble mean scattering values obtained by integrating the intrinsic scattering
characteristics over the particle size probability density function, n(a), of the particles in
suspension and X.=kao. To obtain values for ao, f(Xo) and y(xo0) the size probability density
function for the bed sediments, np(a), was measured and this was translated to n(a) following
Davies and Thorne (2016). f(Xo) and y(xo) were evaluated at the three BASSI frequencies and
used in an inversion (Thorne and Hurther, 2014) to calculate the suspended sediment

concentration.

The main objective for developing the BASSI was to be able to image suspended sediment
structures over bedforms and thereby contribute to a better understanding of boundary layer
sediment dynamics. In the first instance an internal check was carried out to ascertain if the
different frequencies yielded comparable concentrations. Figure 7 shows the near-bed time
varying suspended concentration field measured at the three different frequency under regular
waves of amplitude H=0.5 m and period T=4.5 s for array SN:001. As can be seen the temporal
variations of the concentration are comparable both in magnitude and structure and the
signature of a repeatable pattern due to the presence of regular waves as the main driving force

16
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is observed. Following on from the comparison between individual transducers, the temporal
variation in concentration was obtained by averaging over the 15 transducers in each array. The
results for the three arrays are shown in figure 8 where again it can be seen that the magnitude,
structures and repeatable pattern is observed. There are detailed differences in the suspended
sediments between the arrays and these are likely associated with the three dimensionality of
the bedforms and the location of the arrays relative to the bedforms. To provide direct
quantitative comparison of the measured suspended sediments, concentrations profiles
averaged over an experiment, which typically had a duration of 20 minutes, was calculated for
each frequency for each array. The results are shown in figure 9 and it can be clearly seen that
the near-bed concentration profiles are comparable for the three frequencies in each array and
the magnitude and form of the suspended sediment profiles are consistent across the three
arrays. The results presented in figures 7-9 are indicative of the concentrations measured by
the BASSI and support the capability of the instrument to obtain consistent concentrations over

the three frequencies and across the 45 transducers that compose the BASSI.

Given the internal consistency of the BASSI analysis above, an example is presented in figure
10 of a two dimensional vertical and horizontal, 2DHV, suspended sediment image generated
by the BASSI. This shows a quasi-instantaneous (each recorded frame is a hardware average
of 8 frames to reduce backscatter statistical configuration noise, Thorne and Hurther, 2014)
image of the bed and suspended sediments. Collection of an image over the length of the array
required 80 ms. The structure of the suspension is relatively complex due to the interactions of
the wave hydrodynamics with the three dimensional bedforms. The image is also somewhat
noisy due to backscatter statistical noise. To obtain some context for the image presented in
figure 10 a series of images 0.5 s apart are shown in figure 11. It can be clearly seen in images
11a-11d that the main structures are moving from right to left in the figure, while in 11e-11h
following flow reversal the structures in the image move from left to right. The images in figure
11 show the capability of the BASSI to measure the time varying complex suspension field
over a transect and therefore provides new opportunities for studying boundary layer sediment

dynamics.

Using the BASSI as a more conventional ABS system, the concentration profiles from the 45
transducers were averaged to provide ensemble wave and ripple averaged profiles over a period

of 20 minutes for three wave conditions, H=0.3 m, 0.4 m and 0.5 m. The results with standard
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error bars are shown in figure 12. In the figures it can be seen that in the near-bed regime,
within approximately 0.1 m of the bed, the logarithmic concentration above the bed is linear
with height, while above 0.1 m the logarithmic concentration reduces at a slower rate than
linear. This observation is consistent for the three wave heights. The deviation in the general
trend in the profiles just below z=0.4 m, which is most prominent in figure 12a, was considered
to be due to an echo from the mounting arrangement for the instruments As with the bedforms,
it was considered of use to compare the present data with commonly used expressions for
predicting suspended concentration profile above bedforms. Two predictors were used those
of Nielsen (1992) and a power law based on the Rouse parameter (Rouse, 1937). The Nielsen

expression is

C(z -
@ _ A, ©)
(o]
where
Aw Aw
Ly = 0.075—n for — < 18
Wy Wy
Aw
Ly = 147 for o <18

Co is the reference concentration at z=0 which is at the crest of the bedforms, Ls is the vertical
mixing length, o is the surface wave angular frequency, ws is the settling velocity based as
normally on dsp of the bed and 1) is the averaged ripple height measured using the 3D-ARP and
shown in figure 5. The power law is given as (Hardisty, 1990; Soulsby, 1997)

()

where

—0.52

A
L= [SAe Ry =139
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Ca is the reference concentration at reference height za, z==0.5 cm,  was set to 0.8, u~is the
form drag friction velocity, fw the wave friction factor and 1 and A the averaged ripple height

and wavelength respectively obtained from the 3D-ARP data shown in figure 5.

It can be seen that in the near-bed region, below z=0.1 m, Nielsen’s exponential formulation
and the exponential fitted line are consistent with the form of the observations, with somewhat
improving correspondence between Nielsen’s formulation and the data as the wave height
increased. Alternatively above z=0.1 m the Nielsen’s expression departs significantly from the
data and the Rouse power law provides a form for the concentration profile which is more
consistent with the observations. The exponential and power law profiles are associated
respectively with constant and linearly increasing sediment diffusivity profiles with height
above the bed. These diffusivity profiles have been interpreted by Thorne et al (2009) as
respectively due to convective near-bed entrainment, linked to intermittent formation of
sediment laden vortices, which advect away from the bed, break up, leading to turbulent
diffusion processes becoming more dominant further away from the bed. The suspended
sediments profiles above the complex three dimensional ripples in the large scale flume, are
therefore considered to arise from convective and diffusive process, with the former prevailing

below z =0.1 m and with diffusion becoming increasingly dominant above this height.

The BASSI was designed to obtain suspended sediments and bedforms over a transect.
Therefore, over the 1.5 m cross-shore length of the BASSI the bed location was identified for
each of the 45 transducers with a resolution of 0.005 m in the vertical and 0.033 m in the
horizontal. As noted above, the BASSI provided averaged profiles at 6 Hz and 40 of these 6
Hz profiles were averaged over to yield 0.15 Hz bedform transect measurements. Averaging
over the 40 profiles improved the robustness of the bed detection algorithm. A typical result is
presented in figure 13a, which shows an intensity plot of the backscattered signal from the 45
transducers with a white line identifying the location of the bed. For this particular case H=0.4
m. In figure 13b the evolution of the bedform transects over 1000 s is shown and the transects
are seen to be coherent over time. In figure 13c the ripple dimensions over the 1000 s are
presented and these are observed to be relatively uniform over the period.

In figure 14 BASSI ripple dimensions from experiments repeated with the same wave height
and period are presented, with the results being analogous to those in figure 5 from the 3D-
ARP. Inspection of figures 5 and 14 show comparable ripple dimensions measured by both
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instruments. The average ripple dimensions from the BASSI for H=0.3 m had values of
n=2.4+£0.1 cm, A=24£2 cm, n/A=0.1+£0.009, for H=0.4 m of n=2.9+0.14 cm, A=27+3 cm,
N/A=0.11£0.006 and for H=0.5 m of n=2.8+0.2 cm, A=40+6 cm, n/A=0.07+0.01. These results
are very comparable with those from the 3D-ARP, though with the ripple heights showing
some diverge. Given that the 3D-ARP measurements were of a 3 m diameter area of the bed
normally collected at the end of an experiment with the waves switched off, suspended
sediment levels very low and the bed immobile, while the BASSI measurements were of a
single cross-shore transect collected throughout an experiment with high levels of suspended
sediment, it is not unexpected that the ripple dimensions from both instruments would not be
identical, particularly with regard to the sensitive measurement of ripple height. It is therefore
considered that the results from both instruments are consistent within their different
methodologies of data collection.

3.2 Near-bed boundary layer measurements using the Acoustic Concentration and
Velocity Profiler, ACVP.

As shown in figure 12 the BASSI can provide profiles of the suspended sediment concentration
with a vertical resolution of 0.5 cm. However, to study the near-bed interface flow and sediment
transport processes, higher spatial and temporal resolutions are required. To illustrate the
advantages of bring complementary instrumentation together, in figure 15 comparative profiles
of the time-averaged sand concentration from the BASSI and the ACVP are presented. This
figure and all the following figures were collected for H=0.5 m. As can be seen in figure 15 the
BASSI provides the broad structure of the suspension profile up to 0.5 m above the rippled
bed, while the ACVP provides much greater detail over the first 5cm above the bed with a
vertical resolution of 1.5mm. Combining the observations provides the full 2DHV outer
suspension and the near-bed 1DV flow and sediment details for studying the dynamics of near-

bed sediment processes.

The time-resolved 1DV profiling ability of the ACVP technology is applied to investigate the
near-bed interface flow and sand transport processes in the present wave-driven ripple regime.
In the following, the flow and sand transport are first examined in terms of mean wave and
current velocity, sand concentration and sand flux measurements. In the second subsection, the
intra-wave profile dynamics spatially averaged over one entire ripple profile (in the cross-shore

direction), is considered for both suspension and bedload layers. In the third subsection, the
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spatial flow dynamics along a ripple profile is used to identify the presence of ripple vortices
on either sides of the ripple crest defined as the offshore stoss and onshore lee sides. How the
velocity, the concentration and the sand transport rate are spatially affected by the presence of
ripple vortices is examined. Making full use of the ACVP time-resolved profiling ability at
turbulent flow scales, the mean and intra-wave dynamics of sand transport rate are decomposed
into their wave, current and turbulence driven components. These decomposed measurements
permit the direct estimation of the suspended sand erosion and sand settling processes. Finally,
a direct estimation of convective and turbulent sediment diffusivity profiles are derived, which
are compared with the total sand diffusivity obtained from the mean sand settling flux and

mean suspended concentration profiles.

Figure 16 shows the ACVP2 measured wave velocity, uw at the free-stream height defined at
10 cm above the ripple crest. uw=<u(t/T)>-u(t), where u(t) is the cross-shore velocity, T is the
wave period and < > and the overbar respectively represents ensemble wave phase averaged
cross-shore velocity and the temporal mean velocity over 144 consecutive wave cycles. The
free-stream height is located well above the top of the near-bed boundary layer which is taken
as the elevation of the maximum overshoot velocity in the profile, presented in figure 17a, of
the root-mean-square wave velocity, ums. As can be seen in figure 16 the free-stream wave
shape reveals a strong positive velocity skewness with a value Sk= < u3, >/ud s = 0.6,
where Uy, = \/T‘ZN> due to the higher velocity amplitude during the wave crest, 0.64 ms
1 compared to the lower value during the wave trough, 0.4 ms™. Furthermore, a weak positive
acceleration skewness Asy = —H < u,,> >/ud,c =0.25 is observed due to the stronger wave
acceleration phase at 0.82<T<0.17 than the deceleration phase for 0.17<t/T<0.82. Here H
refers to the Hilbert transform of the wave velocity component. These values are representative
of surface-gravity waves propagating in the shallow coastal shoaling zone before the wave
breaking zone.

3.2.1 Mean flow and sand transport characteristics

Also shown in Figure 17b, 17c and 17d are the profiles of mean current, u(t), mean normalised
sand concentration, C(t)/C(t),, where C(t), is the concentration at the ripple crest, and mean
sand transport rate in the cross-shore direction calculated as the time-averaged product of the

time-resolved velocity, u(t) and concentration, C(t), that is u(t)C(t). Because both quantities
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of transport were measured at rates resolving the small turbulent flow scales, simultaneously
and in the same measurement volume, this time-averaged quantity represents the total sand

transport rate (i.e. the sum of all contributing terms which are analysed later in the text).

The vertical axis in the profiles of all the following figures presented are represented as a
function of the distance from the ripple crest taken as the origin of the vertical axis and
generally normalized by the bed roughness height ks. The latter is approximated using the
formulation of Nielsen (1992) modified by Thorne et al (2002) as kg = 2512 /A in order to
take into account convective sand diffusion processes in the ripple regime. The values of ripple
height ) and length A were obtained from the 3D-ARP measurements in figure 5 for the case
of a wave height H=0.5 m. Figure 17b shows a weak offshore oriented current of about -7 cms”
1 this compares with the maximum undertow current of -25cms™ reached in the onshore
located outer surfzone (not shown here), thereby indicating that the present measurements are
taken offshore of the wave breaking zone. The mean sand concentration profile in Figure 17c
is normalized by the Co value measured at the ripple crest. The profile shows a strong increase
in mean concentration for z/ks<0.1 (z < ~ 8 mm) above the ripple crest associated with the bed-
load layer. Above this layer the profile follows an exponential decay in the suspension layer.
The total cross-shore sand flux profile shows a net onshore directed bed-load transport followed

by a fully offshore directed flux in the suspension layer.

3.2.2 Intra-wave dynamics

Unlike the time-averaged measurements shown in figure 17, the intra-wave dynamics in figure
18 are analysed on the basis of an ensemble phase average over 144 consecutive waves versus
t/T. This represents a total duration of more than ten minutes which was needed for an entire
ripple to migrate beneath the ACVP sample volume in the onshore direction. The ripple
migration direction was determined from the BASSI bed shape evolution measurements. As a
consequence, both the time-averaged and intra-wave measurements represented in figures 17

and 18, respectively, are spatially averaged over an entire ripple length.

Figure 18 presents the intra-wave dynamics of a) the cross-shore free-stream wave velocity, b)
the cross-shore wave velocity profiles, c) the relative sand concentration profiles and d) the

cross-shore sand flux profiles. The thick solid black line in figures 18b and 18d shows the
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interface separating the lower bedload region from the upper suspension layer (taken as the
height of volumetric sand concentration equal to 8% as commonly proposed in Ribberink et al.
2008). The dashed white lines in figure 18c refer to the fixed heights of the intra-wave
concentrations represented in figures 18e and 18f in the bedload and suspension layers,
respectively. Inside the bedload layer figure 18e shows that under the wave crest as the
undisturbed bed is approached, that is from the lowest to highest relative concentration, there
IS a progressive increase in the phase lead. As seen in figure 17a, this region is associated with
a strong vertical gradient in wave velocity magnitude induced by the local bed friction inside

the bedload layer.

In figure 18f the relative suspended concentration with height above the bedload layer is shown,
with the highest concentration being closest to the bedload layer. In contrast to the intra-wave
dynamics inside the bedload layer, the concentration time-series present a much stronger intra-
wave variability. In particular during the wave trough, two local maxima are detected over an
extended vertical region up to nominally z/ks=1 (z ~ 8cm), above the ripple crest. This might
be the signature of a ripple vortex in the suspension layer involving a phase coherent intra-
wave velocity variation at a temporal scale smaller than the wave period. Figure 18d reveals
that this signature can also be identified in the suspended sand flux field. In contrast to the
bedload layer, there is negligible phase shift between the relative concentration time series in
the suspension layer which suggests a depth homogeneous flow structures present during the

wave trough half-cycle.

3.2.3 Spatial dynamics along a ripple profile

Figures 19a-19e respectively presents the time-averaged cross-shore velocity, u, the magnitude
of the cross-shore velocity, |u|, the magnitude of the vertical wave velocity, |w]|, the
logarithmic concentration and the cross-shore sand flux. Each measurement was averaged over
four consecutive wave periods for each location above the bed along a ripple profile. This was
measured with the ACVP2 over a vertical profiling range of -1 < z/n < 3 (or -0.5 < z/ks < 1.5)
and a total duration of 144 wave periods. The x-axis in figures 19 was obtained by assuming a
constant ripple migration speed during the onshore migration of an entire ripple profile beneath
the vertical ultrasound beam of ACVP2. Also represented in all figures 19, are line profiles of

the corresponding quantity at equally spaced locations along the ripple profile. The undisturbed
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bed level represented by the thick solid black line in all the panels in figure 19 was obtained
with the ABIT method proposed by Hurther and Thorne (2011). This reveals the presence of
an asymmetrical ripple shape typical of sand ripples under velocity skewed oscillatory flows
(van der Werf et al, 2007) or waves (Hurther and Thorne, 2011), composed of a milder bed

slope along the large ripple stoss face relative to the steeper and shorter lee face of the ripple.

Figure 19a corresponds to a colour plot of the time-averaged velocity as the streaming velocity
component above the onshore migrating sand ripple. Inside the near-bed boundary layer, for
zIms<0.3 (or z/ks < 0.15), the red zone along the ripple profile shows an onshore velocity
streaming spatially homogeneous along the stoss face of the ripple and with a local maximum
on the lee face at x/A=0.75. Above the near-bed boundary layer the mean velocity u is offshore
oriented all along the ripple profile and with a maximum value of about -0.1 ms™ above the
stoss face of the ripple at x/A=0.4. The most noticeable evidence of a ripple vortex is seen in
the strong spatial inhomogeneity of all velocity data (figures 19a, 19b,19c) on the lee face of
the ripple above the near-bed boundary layer, for -0.5 < z/n < 2. In particular the mean u-
velocity, figure 19a and the vertical wave velocity magnitude, figure 19c, reveal strong spatial
variability whereas the cross-shore wave velocity amplitude, figure 19b is less affected in both
x- and z-directions. The more spatially homogeneous velocity field along the stoss face of the
ripple suggests a much less established flow detachment induced ripple vortex generation.
Figures 19d and 19e represent colour plots of the time-averaged sand concentration and cross-
shore sand flux, respectively, along the ripple profile. In these figures, the white solid line
represents the position of the lower suspension layer as the height of 8% volume concentration.
It appears clearly that on the lee face of the sand ripple where the velocity field is less
homogeneous in the previous figures, the suspension interface reaches higher levels as a
consequence of intense local particle entrainment into suspension. Finally, the colour plot in
figure 19e, reveals that the strong blue offshore oriented sand flux in the suspension layer
appears to originate from the region of strong velocity variability on the lee face of the ripple.
This spatial organisation of the mean cross-shore sand flux is in good agreement with the
detailed ripple vortex study of Hurther and Thorne (2011).

3.2.4 Cross-shore sand transport dynamics
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In Figures 20a and 20b the intra-wave free-stream wave velocity and the cross-shore vertically
integrated transport rates are shown respectively. The total sand transport rate is separated into
the bedload and suspended load contributions by vertically integrating the total flux shown in
Figure 18d over the corresponding vertical region at each relative time t/T. It can be seen in
Figure 20b that the bedload transport is smaller in magnitude than the suspended transport rate
with a strongly onshore skewed intra-wave dynamics in close agreement with the onshore
skewed free-stream velocity. This supports the dominance of the wave-driven component for
the bedload transport with negligible sand transport phase lagging effects (Ribberink et al,
2008). The residual net bedload transport is onshore directed with a small value of 0.03 kgm"
sl compared to the total net offshore directed transport of -0.15 kgm™s?. The intra-wave
suspended transport rate is larger in magnitude during both half-cycles with the presence of a
strong temporally coherent variation, previously noted during the wave trough, which may be
induced by the ejection into the suspension layer of the phase coherent ripple vortex, generated
during the wave crest half-cycle on the lee face of the ripple. Offshore transport during the
wave trough is seen to dominate leading to a much larger net suspension transport of -0.18
kgmst compared to the small net onshore bedload transport. The intra-wave dynamics of the
suspension transport does not appear to coincide with the free-stream wave velocity in terms
of skewness suggesting the presence of sand transport phase lag effects. The coherent structures
in the offshore transport may be an indicator of vortex processes and entrainment as described
in Hurther and Thorne (2011). The combine suspended load and bedload yield a net total

offshore transport of -0.15 kgms,

Using the co-located and simultaneous high-resolution measurement performance of the ACVP
technology, the total net sand transport rate profile can be decomposed into the net current,
wave and turbulence driven components. This unique measurement ability allows
identification of the relative importance of the different transport processes within the near-bed
boundary layer composed of the dense bedload and the dilute suspension layers. The following
decomposition of the cross-shore sand flux is applied:

uC (z/ks) = U C (z/ks) + uuCy, (z/ks) + U'c” (z/ks) 8
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where uw=<u(t/T)>-u(t), Cw=<C(t/T)>-C(t), u’ = u(t/T)-uw -u(t) and ¢’ =C(t/T)-Cw -C(t). u(t)
is the cross-shore velocity, C(t) sediment concentration and < > and the overbar respectively
represents ensemble wave phased averaged and the temporal mean parameters over 144 wave
cycles, respectively. In equation 8 the terms on the right hand side corresponds to current,
wave and turbulent components respectively. Figure 21 represents the vertical profiles of all

the terms in Equation 8.

It can be seen that the net onshore bedload transport for z/ks <0.18, results from the marginally
stronger onshore wave-driven component compared to the net offshore directed current-driven
component. The net turbulence-driven flux remains negligibly low compared to the two other
components except in the lower bedload layer where it contributes to the net onshore bedload
transport in the direction of the leading wave-driven component. In the suspension layer, for
z/ks >0.18, both the current- and wave-driven components are offshore directed with a
negligible turbulence-driven transport. As previously seen in Figure 20, the fact that the wave-
driven sand flux does not follow the net onshore directed wave momentum flux (imposed by
the positively skewed wave velocity) strongly suggests the existence of suspended ripple vortex
entrainment under the form of a phase-coherent convective sand transport phase-lagging effect
as previously observed by van der Werf et al (2007) and described in Ribberink et al (2008).
The total flux, given by the sum of the three components in equation (8), is seen to be
predominantly offshore in the suspended component of the flux but onshore in the near-bed
layer, thereby clearly showing the opposite direction of sediment transport for the suspended

and nearbed layers.

3.2.5 Suspended sand transport processes

The local suspended sand transport processes are discussed in the present section on the basis
of the direct measurement of the vertical sand flux dynamics as previously addressed by Smyth
et al (2002) in field conditions. Consequently, the vertical sand diffusivity profile is separated
into its turbulent and convective components and is analysed in regard to the shape of the mean

suspended sediment concentration profile.

Following previous approaches (Nielsen, 1979; Sheng and Hay, 1995; Thorne et al, 2009), in
figure 22a the different terms of the time-averaged vertical sand flux were separated into the
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wave-driven particle flux, gw, the turbulent particle flux, qv, and the mean depositional settling

flux, qud, measured as:

Qvw = WWCW 9a
gyt = wW'c’ 9b
Qva = _VVST 9c

Here the same variable decomposition as used in Equation 8 for u, has been applied to w in
equation 9. The mean settling velocity of the sand grains is ws and was obtained from Soulsby
(1997). In Figure 22a, it can be seen that the wave and turbulent components of the vertical
flux are both of opposite signs compared to the depositional flux with a wave component being
generally larger than the turbulent flux in the upper part of the suspension layer (z/ks>0.4).
Smyth et al (2002) observed similar partition of the vertical sand flux components in field
measurements above their so-called “linear” ripple case. Here, in the lower suspension layer
for 0.18 < z/ks< 0.4, both the erosive turbulent and wave-driven components become important.

Furthermore, the measured sum of the three fluxes is close to zero in the suspension layer, as

—ws C(t) + WyCy + W ~0 10

The mass balance equation naturally emerges from the measured vertical fluxes which strongly
supports the validity of the measured vertical sand fluxes. In figure 22b the relative time-
averaged concentration is compared with an exponential fit. Very good agreement between the
exponential fit and the measured concentration is seen all across the suspension layer. Such
profile shape has previously been observed above rippled sandy beds (van der Werf et al, 2006).
In figure 22c the independently measured turbulent, &, and wave, ew, sediment diffusivities and
their combination, &w, are compared with the total sediment diffusivity profile derived from

the settling flux, &s, as

g = wc /(dC(t)/dz) 11a
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ew = WCy/ (dC(D)/dz) 11b

ew = — (W + wy,Cy)/ (dC(t)/dz) 11c

€& = _Wsm /(d@/dz) 11d

In Figure 22c the x-axis for the diffusivities have been expressed as a normalised parameter,

¢/(Uo ks), following Thorne et. al., 20009. Uo:m is the free-stream wave orbital velocity
amplitude. It is seen in figure 22c that the magnitude of the normalised wave diffusivity is
greater by about a factor of three than the turbulent diffusivity. Further the magnitude of the
combined turbulent and wave diffusivity is very comparable to the sediment diffusivity derived
for the depositional diffusivity and both are nominally constant with height above the bed in
the suspension layer (z/ks>0.18). The results in figure 22c clearly shows the balance between
the deposition of particles towards the bed due to gravitational forces and the erosion of
particles away from the bed due to turbulent and phase coherent flow motions due to the wave-
to-wave repeatability of the wave and ripple vortex velocity fields. The exponential form for
the concentration profile in figure 22b can theoretically be explained by the nominally constant
diffusivity with height above the bed, which for the erosive components is dominated by the
convective wave diffusivity rather then turbulent diffusivity. The dashed line in figure 22c is
from Van Rijn (1993) and compares favourably with the present observations and further
supports the ability of the novel ACVP technology to measure directly the convective and
turbulent diffusivity components. For the results presented in figures 17 to 22 normalised
parameters were used which required bedform measurements, these were provided by the 3D-
ARP, although they could also have been obtained from the BASSI observations. This again
reflects on the complementarity of the acoustic instrument setup used in the Hydralab wave

flume studies at Universitat Politécnica de Catalunya (UPC).
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4. Discussion and conclusions

There is an ongoing requirement for instrument development to study near-bed boundary layer
sediment transport processes. The complexity of the dynamics requires measurements over a
wide range of temporal and spatial scales. Conventional instrumentation has typically made
observations at a single height above the bed, frequently without knowledge of the bed
morphology. Over the past three decades acoustic systems have been increasingly developed
to study boundary layer processes. The principle advantage of acoustics is that profiles of the
bedforms, velocity and sediment mobility can be collected with systems which themselves can
be mounted unobtrusively away from the near-bed processes under study, yet probe them
downwards into the bed itself. Further, it is possible to obtain simultaneous collocated
measurement of bedforms, flow and sediment mobility, allowing the dynamic interactions
between these three components to be directly analysed. Owing to these capabilities, acoustic
developments are ongoing and the purpose of the present work has been to report on the
performance of three contemporary research instruments deployed in a complementary way in

a large-scale wave flume Hydralab facility.

To measure the micro-topography of the bedforms in the Barcelona wave flume a 3D-ARP was
deployed, this provides a series of horizontal transects over a selected swath and radially
covering 180°, thereby allowing three dimensional time varying measurements of the surface
relief to be obtained. Measurements were collected under clear water and heavy suspended
loads, of the order of several kgm and transects of the bed morphology were readily obtained.
Unexpectedly the bedforms were not two dimensional as anticipated, but strongly three
dimensional, this was clearly evident with the 3D-ARP; however, this would not have been
readily identified with a 2D-ARP which provides only a single transect view. Experiments were
repeated a number of times at three different wave heights and these have been used to assess
the consistency of the measured bedforms. As shown in figures 5a-5d, repeatable values for
ripple height, wavelength and slope were obtained with an indicative accuracy at the millimetre
scale. Comparison of the ripple dimensions with two contemporary predictors showed 1 and A
comparable with the observations, though with ripple slopes approximately half that calculated,
which possibly may have been due to the three dimensional nature of the bedforms associated
with the use of a medium sized sand rather than coarse sand. As previously observed by
O’Donoghue et al (2006) and Hurther and Thorne (2011) such lower inertia particles might

even be put into motion by small, low energy, three-dimensional turbulent flow eddies.
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The BASSI was developed to study the interactions between the hydrodynamic, bedforms and
sediment mobility, with a particular focus on bed features with decimetric wavelengths and
centimetric heights, formed under the action of surface waves and/or currents. To assess the
internal consistency of the suspended sediment concentrations obtained with the system, time
series and averaged vertical profiles were analysed at different frequencies and over the three
arrays which composed the BASSI. The results shown in figures 7-9 illustrate the consistency
of the results and support the veracity of the BASSI to measure a consistent suspension field
across the transect measured by the arrays. To illustrate the time varying 2DHV capability of
the BASSI a series of images of the bed and suspended field were presented in figure 11, where
it can be clearly seen that suspended sediment structures could be tracked across adjacent
images as a wave passed over the arrays. Using the BASSI in a more conventional ABS time
averaged mode, measured suspended concentration profiles were compared with two co™only
used formulations and reasonable agreement was obtained. Utilising the bed echo from each of
the BASSI’s 45 transducers a transect of the bed profile was constructed. This yielded bedforms
which were consistent over time as shown in figure 13b and 13c. The ripple dimension were
consistent over different experimental runs for three different wave heights and had comparable

dimensions to those obtained from the 3D-ARP.

The ACVP near-bed profiling of 1DV two component velocity, sand concentration, sand flux
and bed level tracking was applied to look into detailed near-bed boundary layer dynamics, in
the presence of onshore migrating sand ripples, driven by the strongly skewed surface waves
in the shoaling zone. As previously observed by Hurther and Thorne (2011), the onshore
directed bedload sand transport was in agreement with the onshore ripple migration estimated
from the BASSI. The total net sand transport appears to be dominated by the net offshore
directed suspended sand transport. Spatial inhomogeneity of the velocity field along a ripple
profile suggests that this net offshore suspension transport resulted from the sand entrainment
into suspension by the ripple vortex, generated on the lee onshore face of the ripple, after the
wave crest-to-trough flow reversal. As shown in figures 21 and 22, the direct measurement of
the vertical sand flux and its partition into settling, wave, and turbulent components allowed
for direct estimates of the total sand diffusivity decomposed into turbulent and convective
contributions. It was found that a vertically constant total sand diffusivity profile prevailed over
the entire suspension layer, with a dominant convective diffusivity and a weaker turbulent sand

diffusivity. The validity of the constant sand diffusivity in the suspension layer was strongly
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supported by the independent measurement of an exponentially decaying mean suspended sand
concentration profile. These advanced acoustic measurement performances, recently validated
under sheet flow regimes (Fromant et al, 2018), have recently offered new perspectives on
near-bed boundary layer sediment transport physics (Nagshband et al, 2014b, 2017; Revil-
Baudard et al, 2015, 2016; van der Zanden 2016, 2017), in particular for the validation of novel
high-resolution simulations obtained with process based two-phase flow-particle models
(Cheng et al, 2018).

As mentioned previously the development of instruments to measure sediment transport
processes is ongoing and a look at further analysis and advancement of the acoustics
instruments reported in the present study is considered. The 3D-ARP measurements described
here were generally collected at the end of an experimental run to obtain ripple dimensions,
however, with more regular updates of the bedform morphology, it should be possible to
estimate bedform migration rates and bedload transport (Lichtman et. al. 2016). Further, the
suspended component of the backscattered signal may prove a useful area of investigation. The
3D-ARP used in the present study required around 12 minutes to obtain a maximum resolution
scan, however, as systems develop the scan time will almost certainly reduce and using phased
array split beam technology could be the next significant step. For the BASSI the focus has
been on assessing its capability to obtain internally consistent suspended sediment
concentrations across the array and measure bedforms. Given the multi-frequency capability
of the BASSI the next step would to obtain 2DHV measurements of the suspended particle size
as has been done with ABS in 1DV. Further, given the 2DHV ability, it may be possible to use
cross-correlation of the backscattered signal between transducers and PIV type approaches on
consecutive images of the suspended sediments to provide information on the flow field, (van
Unen et al 1998, Best et al 2010).

Future ACVP perspectives in high-resolution acoustic measurements lie in multi-frequency
two-phase acoustic measurements for simultaneous time-resolved measurement of both the
fluid flow and particle velocity profiles. A first successful attempt was recently tested by
Wilson and Hay (2015b) in dilute particle suspension mixtures using a statistical regularized
inversion method. Combined with the present ACVP measurement ability of particle
concentration profiling both in the dense bedload and dilute suspension layers, this novel two-
phase acoustic measurement method would represent a breakthrough for sediment transport

research.
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7. Figure Caption

Figure 1. a) Photograph of the instrumentation in the UPC wave flume showing the 3-
Dimensional Acoustic Ripple Profiler, 3D-ARP, the Bedform And Suspended Sediment
Imager, BASSI and the high resolution Acoustic Concentration and Velocity Profilers,
ACVP’s, with an expanded image in b) of the ACVP’s locations.

Figure 2. a) and b) respectively provide plan view and cross-shore schematics of the
instrumentation layout. The still water level in the flume was at 1.6m above the sand-bed at the

location of the instruments.

Figure 3. A single transect swath image of the relative backscattered signal from the 3D-ARP
and identification of the bed echo indicated by the white line for; a) at the end of an experiment
in clear water and b) during an experiment with sediment in suspension. The colour scale

represents the relative backscattered signal level.

Figure 4 a) An image of the bed in the flume from the 3D-ARP for H=0.5 m, the vertical
structure on the right hand side of the image is a reflection from a side wall. b) Measurements
for H=0.4 m of the ripple height, n, and wavelength, A, for transect rotation angles between
6=0° — 180°. ¢) Photographs of the bed taken at the time of the experiment, the dimensions

labelled are approximate.

Figure 5. Measurements from repeated experimental runs at wave heights H=0.3 m (0), 0.4 m
(x) and 0.5 m (o) for ripple; a) height, b) wavelength, c¢) slope and d) the difference in heights
between adjacent transects normalised by the mean ripple height for the experimental run. The

lines represent a mean value for each value of H.

Figure 6. Comparison of two ripple predictors, Soulsby et al 2012, equation (1) and Goldstein
et al 2013, equation (2), with normalised ripple dimensions. A is the wave orbital amplitude at
the bed and dso the median diameter of the bed sediments. The symbols refer to the same values

of H as in figure 5.
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Figure 7. Time series of the suspended sediment concentration with height above the bed for
array SN:001 measured at the three frequencies; a) 0.75 MHz, b) 1.25 MHz and c) 2.5 MHz.
For figures 7-11 H=0.5 m.

Figure 8. Time series of the suspended sediment concentration with height above the bed

averaged across each array for; a) array SN:001, b) array SN:002 and c) array SN:003.

Figure 9. Mean suspended sediment concentration profiles averaged across an array and over
the period of the experiment for; a) array SN:001, b) array SN:002 and c) array SN:003. The

solid line with error bars is the average of the three frequencies.

Figure 10. Spatial measurement of the quasi-instantaneous suspended sediment field across the
1.5 m BASSI.

Figure 11. Sequential spatial measurements of the suspended sediment field at 2 Hz over the
1.5 m transect during the passage of a wave over the BASSI. The arrows at the top of the panels
indicate the direction of flow and the colour bar in figure 10 represents the concentrations in

the present figure.

Figure 12. Comparison of an empirical exponential fit, Nielsen 1992, equation (6) and Rouse
power law equation (7) with the BASSI spatial and temporal averaged normalised suspended

concentration profiles for; a) H=0.3 m, b) H=0.4 m and c¢) H=0.5 m.

Figure 13. Measurements of bedforms from the BASSI during an experiment with H=0.4 m.
a) A single transect image of the backscattered signal and identification of the bed echo
indicated by the white line, b) evolution of a transect over time and c) variation of ripple height

and wavelength with time and mean values given by the solid lines.
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Figure 14. BASSI measurements from repeated experimental runs at wave heights H=0.3 m
(0), 0.4 m (x) and 0.5 m (D) for ripple; a) height, b) wavelength and c¢) slope. The lines represent

a mean value for each value of H.

Figure 15. Comparison of the BASSI and ACVP3 suspended concentrations with height above
the bed for H=0.5m

Figure 16. Intra-wave free stream velocity measured at a height above the ripple crest of z=0.1

m for a wave height of H=0.5 m.

Figure 17. Profiles of; a) root-mean-square velocity, b) mean current, c) mean normalised sand
concentration and d) total sand transport rate in the cross-shore direction. All data correspond
to measurements with a wave height H=0.5 m.

Figure 18. Intra-wave measurements of; a) free-steam wave velocity, b) wave velocity profiles,
c) relative concentration profiles d) sand flux profiles in cross-shore direction, €) relative
concentration inside the bedload layer and f) relative concentration in the suspension layers.
The black solid line in figures b) and d) represent the interface separating the lower bedload
from the upper suspension layer (following the height of the 8% by volume concentration
contour). The white horizontal dashed lines in figure c) represent the selected heights presented
in figures e) and f).

Figure 19. ACVP measurements along one ripple profile of (a) time-averaged cross-shore
velocity u, (b) cross-shore wave-velocity magnitude |u|, (c) vertical wave-velocity magnitude
|w/, (d) base ten logarithm of concentration, C and (e) cross-shore sand flux uC. The x-axis is
calculated assuming a constant ripple migration speed measured by the BASSI for a wave
height of 0.5 m.

Figure 20. a) Wave free-stream velocity, b) intra-wave sand vertically integrated transport rates
measured by ACVP3 for the bedload and suspended load.
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Figure 21. Total cross-shore sand transport profile and its decomposition into turbulent, current
and wave components as give in Equation 8. The data was measured with ACVP3 for a wave
height 0.5 m.

Figure 22. ACVP3 measured; a) profiles of vertical sand fluxes decomposed into turbulent,
wave-driven and depositional particle fluxes, b) time-averaged concentration profile and its
exponential fit in the suspension layer (z/ks>0.18) and c) profiles of normalized sand
diffusivities decomposed into turbulent, convective, their (negative) combination and total
diffusivity obtained from the depositional flux. The dash line in c) is the model of Van Rijn
(1993).
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