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Example of vector direction plot at one measurement position of the RDI 0.6 MHz: (a) only water velocity
(U, red symbols), (b) the accepted apparent bedload velocity (va, blue symbols) and discarded apparent
bedload velocity (grey-faint symbols). Note that the blue and the faint-grey symbols give the raw apparent
velocity measured by the BT mode of the ADCP. The red arrow represents the mean direction of the water
velocity.
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Riverbed deformation influence on the ADCP bedload measurements. Note that this is simplified 2D scheme,
the beams can be rotated differently with respect to the mean flow direction
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Filtered apparent velocities and the mean transport rate from the physical samples. All configurations given
in Table 2 are shown in this figure : (a) 0.6 MHz RDI Rio Grande , blue squares, (b) 1.2 MHz RDI Rio
Grande, red circle, (c) 3 MHz M9 Sontek, RS, black triangles (d) 1 MHz Sontek, IC, grey stars, (e) 1 MHz
Sontek, PC, faint-grey stars, (f) 1 MHz Sontek, def, black stars, (g) 3 MHz Sontek, IC, grey triangles (h) 3
MHz Sontek, PC, faint-grey triangles, (i) 3 MHz Sontek, def, black triangles. The correlation coefficient r is
given on each sub-figure together with linear fitting regression model.
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22 PCA analyses of the ADCP parameters given in Table 3. (a) explains the importance of the principal
23 components in the analysis and the total captured variance, (b) shows how the observations (instruments
and configurations) are describing the components and it demonstrates the correlation between the
analysed parameters.
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23 The acoustic parameters and the apparent bedload velocity: (a) gives the correlation between the beam
24 focusing zc, given also in Table 3 and the averaged apparent bedload velocity for each instrument and
25 configuration measured trough all three campaigns, (b) the combined acoustic indicator M is plotted versus
26 the apparent bedload velocity.
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A possible scenario of a simplified beam scattering pattern, given at three consecutive instances: (a) the
pulse emitted in the water column consisting of two sub-pulses or codded elements, (b) the front of the
pulse penetrate through the active layer and reaches the immobile riverbed , where the first sub-pulse (red)

starts the reflection, (c) the first sub-pulse is fully reflected of the immobile bed, the second sub-pulse
(blue) starts the reflection at the top of the active layer.

139x59mm (300 x 300 DPI)

URL: http://mc.manuscriptcentral.com/jhr



178 PaperII




Paper Il

Evaluation of an acoustic Doppler technique for bed-load transport
measurements in sand-bed Rivers

Slaven Conevski, Axel Winterscheid, Massimo Guererro, Colin D. Rennie, Nils
Ruther

River Flow 2018, Lyon

179






180 Paper 111

Evaluation of an acoustic Doppler technique for
bed-load transport measurements in sand-bed
Rivers

S.Conevski' 2, A. Winterscheid®, N. Ruther' , M. Guerrero?, C. Rennie*

'Department of Civil and Environmental Engineering, Norwegian University of Science and
Technology, Trondheim, Norway. slaven.conevski@ntnu.no; nils.ruther@ntnu.no

2 Department of Civil, Chemical, Environmental, and Materials Engineering, University of Bologna,
Italy. massimo.guerrero@unibo.it; slaven.conevski2@unibo.it

3Federal Institute of Hydrology, Department Groundwater, Geology, River Morphology, Koblenz,
Germany winterscheid@bafg.de

“Department of Civil Engineering, University of Ottawa, Ottawa, Canada. crennie(@genie.uOttawa.ca

Abstract. The bottom tracking (BT) feature of the acoustic Doppler current
profilers (ADCP) has emerged as a promising technique in evaluating the
bed load. Strong statistical correlations are reported between the ADCP BT
velocity and the transport rate obtained by physical sampling or dune
tracking; however, these relations are strictly site-specific, and a local
calibration is necessary. The direct physical sampling is very labor intensive,
and it is prone to high instrument uncertainty. This work aims to develop a
methodology for evaluating the bed load transport using commercial ADCPs
without calibration with physical samples. Relatively long stationary
measurements were performed in a sand-bed and sand gravel rivers, using
three different ADCPs working at 3MHz, 1.2MHz and 0.6MHz.
Simultaneously, bedload samples were collected with physical samplers,
and the riverbed was closely observed with digital cameras mounted on the
samplers. It is demonstrated that the kinematic transport model can yield a
relatively good estimate of the transport rate by directly using filtered
apparent velocity, the knowledge of the hydraulic conditions and
instrument-related calibration coefficients. Additionally, the ADCP data can
help in the qualitative assessment of the physical sampling. Future
investigation of the backscattering echo and further confirmation of the BT
apparent velocity should be performed in laboratory-controlled conditions.

1. Introduction

The quantification of the bedload transport in fluvial environments is a notoriously labor-
intensive and challenging task. The temporal and spatial variability of the bed load together
with the instrument disturbance can induce stochastic and systematic uncertainties. These
data are usually considered as unreliable, which complicates the further elaboration of the
sediment transport behavior. Statistically valid measurements are crucial for the evaluation
of the sediment transport masses, especially in large navigable or heavily exploited rivers.
Recently, many studies showed that the measurements with the bottom tracking (BT) feature
of the acoustic Doppler current profilers (ADCP) have emerged as a promising technique in
evaluating the bed load [1, 2, 3, 4]. The use of these non-intrusive techniques could
significantly reduce uncertainty. Firstly, they do not disturb the riverbed and facilitate
continuous measurements of the bed load. Secondly, they are easy to deploy and more
frequent measurements can be expected. Widespread implementation of the ADCP BT
bedload technique would reduce the scarcity and statistical uncertainty of bed load data.

Strong statistical correlations are reported between the ADCP BT velocity and the transport
rate obtained by direct physical sampling or dune tracking [5]; however, these relations are
strictly site-specific and a local calibration is necessary. Previous laboratory research has
demonstrated that with a rather simple filtering and smoothing of the ADCP BT velocity
(denoted as the apparent velocity. v,), one can obtain relatively correct spatially averaged
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velocity of the bed surface [6]. Deviation in the results is assigned to the coupling between
acoustic waves at the given instrumental frequency, the size distribution of mobile particles
(i.e., PSD) and the riverbed morphology.

This work aims to develop a methodology for evaluating the bed load transport using
commercial ADCPs without specific calibration to the physical samples. However, it is
necessary to know the hydraulic conditions and the particle size distribution (PSD) of the
riverbed material that could be taken from some previous studies. The necessary hydraulic
conditions can be obtained from the ADCPs water velocity column and used for further
analysis of the bedload transport. The primary goal of this study is to assess the capability of
the ADCP measurements to overcome the already existing problems with the bedload
samplers and help the final estimation of the bedload masses.

1.1. Study sites

The measurement campaign in Germany took place in two cross-sections of the lower Oder
River along the German-Polish border (52.8743° N, 14.1419° E). Seven positions were
chosen in the one cross section and eight positions in the other cross section. The positions
were chosen to try to avoid the groynes influence. The average discharge was 800m?/s, with
a maximum average velocity in the middle of the river of 1 m/s. The total width of the cross-
section was 200-300m including the groynes. The water depth varied from 2.5m near the
banks to 5.2m in the thalweg. The annual mean discharge is around 500m?*/s, and the mean
annual maximum discharge is around 1200 m*'s (http://geoportal.bafg.de ); thus the measured
flow had elevated discharge but was not a flood event. From the morphological perspective,
the Oder River is a typically sandy river with well-characterized slow dune migration. The
D50 (median diameter) of the bedload in the measurement reach was 0.75 mm with standard
deviation (std=D84/D16) of 1.5 mm. The particle size distribution is relatively homogeneous
through the entire cross-section.

The measurements in Albania were performed in the sand-gravel reach of the small river
Tomorrica (40.8271° N, 20.18639 ° E) where the average velocity in the sampling area of
the ADCP reached 1.1 m/s. The Tomorrica is a tributary of the Devoll River flowing from
the Tomorri peak to the 1-km-wide alluvial valley of the Devoll with typical braid
morphology. In total 25 measurement positions are included in this study from two
campaigns obtained in December 2016 and March 2017. The discharge varied between 2.5-
3.5 m’/s, and the measuring cross section width around 9m with variable depths at a
maximum of 0.6m. The sand-gravel bed has D50 that varied between 0.5-4mm with
considerably higher std of 4-6 mm. The catchment is characterized with a high coefficient of
variation of the discharge; thus the sediment transport occurs very randomly, consisting of
rocks, cobbles, and gravel during the floods and sand during the annual flow discharges.
There were fully armored parts of the river with some sand passing over and sand-gravel
mixed areas. The measurements were conducted in the sandy parts with 0.45-0.7m average
depth of the measurement area.

It has to be mentioned that the PSD distribution analyses were done only on the captured bed
material that was sampled during the measurements; therefore the general riverbed
characteristics should not be identified with these PSDs. The purpose is to estimate their
acoustical footprint of the particles that are forming the active bedload layer.

1.2. ADCP operation

In total four different ADCPs were used in the campaigns. Two Teledyne RDI ADCPs
(RioGrande 1.2MHz and 0.6MHz, four beam configuration) and one SonTek(M9 3MHz -
working with four slanted-beam Janus configuration and one vertical beam of 0.5MHz) were
used in Germany. In Albania, only one RDI (RiverPro 1.2MHz, with four slanted-beam
configuration plus additional vertical beam) was used. The ADCP-type instruments are
designed to measure the water velocities at several ranges to determine discharge and to give
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information about the flow field. These monostatic sonars have usually four beams, i.e., four
transducers that emit acoustic pulses and receive back the backscattered echoes intensities
(BsEI). The signal is scattered from the particles that enter the acoustic beams and from the
impermeable acoustical boundary, namely the immobile riverbed. The returned echoes
contain information from the acoustical properties of each object they are reflected from and
a shift of frequency (e.g. Doppler shift) to the object velocity, thus the object velocity in the
direction of the beam can be easily calculated and then transformed in the coordinate system
of interest, which is well explained by Rennie et. al [1]. The ADCPs have a separate signal
called the bottom tracking (BT) mode to identify the bottom and its position. It uses a longer
pulse and in case of mobile riverbed, it is significantly biased. The bias(e.g., va=Vgps-vsr) can
be exploited to calculate the average velocity of the river bed surface, denoted as the apparent
velocity. The apparent velocity in case of fixed stationary measurements is equal to the BT
velocity (va= var), since the GPS velocity (vgps) is zero.

Nevertheless, the received echo is not only scattered from the mobile bedload, but it may be
also influenced by the suspended particles close to the riverbed, the immobile particles
(immobile rough surface) and the riverbed morphology. Considering the complicated
transmission of the signal in the active layer of the bedload and the scattering from the highly
porous immobile and deformed riverbed the returned signal is noisy and contains erroneous
data [7]. Furthermore, the erroneous data in the bedload velocity is more common for the
areas with scarce transport. It is also an instrument-related problem related to the
interpretation of the multiple two-phase scattering in the riverbed. For example, the working
frequency (f), the pulse length, the grazing angle, and the instrument specific coefficients can
significantly change the results. The returned signal contains backscattered information of
the immobile particles (rough surface scattering) and the mobile particles (volume
scattering). For the acoustic simplicity, only the particles in motion are considered as the
active layer of the riverbed, the vibrating and potentially mobile are considered as the part of
the rough surface scattering, thus the immobile particles.

Fig. 1. Acoustic footprint of the riverbed from one ADCP beam and the sonar equation

BsEI = SL+ SV +K - 2TS - 20logR , )

where the SL is the emitted source level, SVis the backscattering strength, X is the instrument
related coefficient, 7 is the transmission loss in the water column and in the active layer of
the riverbed. The last component is related to the spreading of the signal at different water
depth (R). The SV and T are varying in different conditions of bedload transport, different
PSD and different instrument frequency (f) and other instrument related parameters. SV and
TS are depending differently from the two types of scattering mentioned above. The
variability of the Doppler velocity calculation is strongly related to the variability of the BsET,
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hence it is used into the calcu ation of the Doppler velomty The correct interpretation of the
components of the returned signal from the riverbed (e.g., SV and TS) would lead to a better
understanding of the velocity information, and it will yield additional information about the
thickness of the active layer.

A possible high concentration of suspended sand above the bed can bias the results showing
the velocity of the suspended particles moving in the water layer above the bed and not the
bedload. It is called the water bias [1] and has to be checked before the analysis. In both
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campaigns the velocity of the last cell of the water velocity profile is significantly higher than
the apparent velocity, thus the water bias is not an issue in this study. It is worth noting that
the scattering from the riverbed material is expected to have significantly higher BS strength
than the fine suspended sand or silt that would eventually induce the bias.

1.3. Physical Sampling

Three physical samplers were collected on each position at almost the same time interval
with the ADCPs. In Tommorice river, small Helley-Smith (H-S) sampler (width of the inlet
b=7.65cm) was used and in Germany two custom-made samplers were used [8]. The width
of each was b=16cm but they had different mesh sizes (0.5mm and 1.4mm) of the collecting
bag resulting with slightly different collection efficiency. Physical samplers are disturbing
the original hydraulic conditions once they enter the river, and require hard manual labor and
organization effort. There is a wide range of uncertainty. First of all the human operation and
experience, but the pulsating behavior of the bedload transport that can be caused by the
instantaneous variations in movement [9].

Additionally, the uncertainty can be induced by some systematic problems, such as improper
sampler design, that may cause clogging of the collecting bag and prevents the entry of bed-
load, or the loss of material when lifting up the sampler after each finish of the measurement.
The custom-made bedload samplers demonstrate constant uncertainty during sampling in the
sandy rivers. Due to the specific design, the typically underestimated the transport rates. The
most sensitive part was the mash size of the sampler’s bag, where the coarser one loses
material while the other one is prone to clogging. The mounted cameras on the samplers (only
in Germany) frame also helped to identify the problems of clogging, losing material, debris
obstacles, blocking the nozzle and similar. The standard H-S sampler used in Albania is very
sensitive to correct positioning in the river. The samplers were not at the same position as
the ADCPs; therefore some deviation is expected due to the spatial and temporal natural
variability of the river morphology and the transport processes.

2. Methodology

2.1. ADCP data analysis
The collected data from the acoustic instruments cannot be used directly, and there is non-
commercial software that acquires instant and accurate estimation of the BT velocity. The
ADCP data has to be filtered and the average velocity has to be calculated in a reasonable
sampling period. In Germany, the averaging occurred on the entire sampling period where
15-20min were collected from all the three ADCPs with the sampling frequency of 1Hz. In
Albania, the samples were shorter, but yet above 3min. If the opposite flow direction is
denoted as a negative velocity, then the apparent velocity filtering follows the following
simple conditions:
VY, = NaN if v, <0

LY - @
v ~ 15
where the v, is the raw apparent velocity, and varis the filtered apparent velocity. 7 stands for
the number of the ADCP sample. N, is the total number of raw data. The application of
this simple filtering is mostly due to the known acoustic artifacts like aliasing, roughness
frequency change, grazing angle variation, and high natural variability of the sediment
transport causing decorrelation in the Doppler velocity calculation. Finally, to diminish the
white noise, simple averaging of the filtered data is applied, considering only the filtered
data. This filtering procedure is expected to deliver corrected magnitude and direction of the
spatially averaged velocity of the bed. The spatially averaged velocity assumes not only the
beam homogeneity but also the fact that each beam is highly influenced by the immobile
river rough surface that can change from position to position. The highly dilute active layer

Vog =NaN if v, >v, +3
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(with porosity of 0.8-0.95) allows the signal to penetrate to the immobile surface for any
frequency.

2.2. Physical samples data analysis

The physical samples were analyzed and the transport rates were calculated together with the
PSD specific for each sample. No correction of the transport rates ( Fig.2 plot b.) was applied,
even though the study and the report of the BfG (German Institute of Hydrology, responsible
for all measurements in Germany) s that the average samples have to be corrected [8]. The
potential loss of sandy part of the bed load was analyzed and tested under laboratory
conditions in a flume resulting with 1.5-3.5 times less collecting mass than the real transport,
due to the issues mentioned above [8]. This order of magnitude was also confirmed by other
investigations [10] . The transport rates were compared with the apparent velocities and the
ADCPs calculated transport rate (e.g. using the kinematic transport model). All three samples
per position are directly included in the analysis, without averaging. The data from Albania
was selectively chosen, where some unreasonable samples were discarded and the average
of the available samples per position was correlated with the ADCPs.

2.3. Kinematic Transport Model

The riverbed surface explicitly incorporates the footprint of the immobile and mobile
particles. Where the apparent velocity (va) is assumed to be spatially averaged, equal to:

Ai
vy =T 3

where v is the average particle velocity and A is the total sampling area. 4; is the insonified
area of the mobile particles. Rennie et al. [1] pointed out that the transport rate is equal to the
product of the average particle velocity and the mass of the particle per unit area. Later, they
extend the concept to the kinematic transport model:

A
q.=2, [5(1 - i)jpj} , “

where ¢ is the transport rate,  and A are the thickness and the porosity of the active layer
and py is the density of the sediment (usually quartz 2.65 g/cm?). It remains unclear how
exactly the frequency and the sampling area/volume are influencing the A4;, but it is clear that
each frequency penetrates differently through the active layer and that bottom roughness
significantly influences the instantaneous values of the apparent velocity. The filtering
method is reducing this uncertainty, and it makes the apparent velocity directly applicable in
the transport model. However, there is considerable uncertainty of the highly dynamic active
layer thickness and porosity. In this study, the variation of active layer thickness is considered
as the main model uncertainty varying between two and eight times the median particle
diameter (D50). The porosity is calculated according to the VanRijn equations [11] for
bedload concentration, where ¢,=(1-4). The shear velocity used in the VanRijn equations
was calculated by using the assumption for log law profile in the lower part of the water
velocities column obtained from the ADCPs (typically). It is also known that the log profile
tends to fail if the data is not close enough to the boundary layer. It also may not perform
well if the ADCP velocities are not processed correctly or if the cell resolution does not fit
the assumptions for the log-law region. In these cases, the shear velocity is calculated using
the Kalugelan formula for shear velocity for rough boundaries that uses the depth-averaged
velocity as an input. The active layer is expected to be much more diluted than the dune and
riverbed porosity usually reported in the literature (e.g., higher than 0.35-0.4) [11].
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3. Results and discussion

3.1. The filtered apparent velocity

The filtering of the BT velocity or the apparent velocity increased the values from all the
frequencies (Fig. 2, (a.)) and produced a vector direction that is more reasonable. The
direction improvement is more obvious especially if you deal with shorter time series and the
temporal averaging is not sufficient to smooth the data, such as the case of Albania (Fig.2.
rhombs, markers). The filtering also deals with the fudge effect of the reattachment dune
region where the high turbulent flow confuses the ADCP signal and produces unreasonable
data (e.g. Oder River Germany).

The 3Mhz could be partially sensitive to the “water bias” if some highly concentrated
suspended clouds of sediments pass through the sample volume and produce some spikes of
very high velocities. These outliers were also discarded with the filtering procedure.

The variation of the bedload velocities is mostly because the PSD changed from position to
position, especially in the data from Albania (Fig 2. (a.), thomb markers) and due to the
different sampling positions associated with different water depth and velocity. Therefore,
the filtering is much heavier in the Albania data where D50 varies from 0.7mm to 13.5mm.
Additionally, the weaker transport rates are due to the improper positioning of the sampler,
clogging, blocked nozzle or human error, that is hard to be noted during the sampling but
could be discarded later after the results from the ADCPs are processed and demonstrate
some bedload velocity.
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Fig. 2. (a.) Filtered (filled markers) and unfiltered (empty markers) apparent ADCP velocity
demonstrating correlation with the physical transport rates; (b.) Transport rates from the physical
sampling on the x-axis and the ADCP kinematic model on the y-axis

Even after filtering and post-processing the data, there is a difference between the velocities
measured by ADCPs with different frequencies. Namely, the lowest frequency demonstrates
the lowest values especially in the area of higher transport rates (Fig. 2 (a.)). M9 SonTek
delivered the highest apparent velocities working with 3MHz. There are several factors that
cause this effect but the most obvious one is that the lower frequency penetrates the active
layer or deeper in the loose immobile bed and the received echo contains more data from the
immobile surface than the active layer. The lower velocity is related to the Doppler shift
calculation, thus with the echo identification in the range of the lowest part of the active layer
where the immobile surface echoes may dominate. This is also related to the internal
algorithm of the instrument that identifies the echoes used for calculating the BT velocity.
Usually, the algorithm considers the maximum echo of the small searching range.
Considering that, the 0.6MHz have longer pulses and less acoustic sensitivity towards sand
(as it is the dominant material in both campaigns), it is logical that the signal from the lower
frequency would have more considerable input of the immobile surface bottom.
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On the other hand, the higher frequency waves contain more information from the mobile
particle; hence they are dissipated in the active layer. It has to be noted that the mobile bed
load layer has high porosity compared to the immobile riverbed below, therefore any plane
acoustic wave will partially contact the immobile surface. The more abounded transport, the
less the signal is biased by the immobile particles or surface, meaning less filtered data. The
percentage of filtered data is increasing as the transport rate decreases. Finally, it has to be
mentioned that the grazing angle of the emitted wave or the slanting angle of the beams in
combination with the riverbed inclination and the inundations may contribute to different
echo intensity and inaccurate echo identification by the internal algorithm.

3.2. The transport rates

The transport rates are calculated using the different frequencies, filtered apparent velocities
and the kinematic model from eq. (3).The ADCP calculated transport rates are directly
correlated with the transport rates obtained from direct physical measurements. Assuming
that the filtering procedure filtered most of the uncertainty in the data the variation of the
transport rates is associated with the thickness of the active layer (J'in eq. 4. The data from
Albania results with higher uncertainty due to the wider PSD and larger D50 of the samples
and, thus the sensitivity of the active layer assumption. The values of the ADCP calculated
transport rates vary with the ADCP frequency and the Van Rijn calculated concentration of
the bedload (c,=1-4) and the thickness is 5D50 for Oder data and 3D50 for Tommorice data.
The thickness of the active layer is intentionally chosen with smaller variation due to the
larger D50 and higher sorting coefficient of the PSDs in Albania. As it was mentioned before,
the highest frequency with its filtered apparent velocity offers the highest transport rates
boundaries. The non-corrected transport rates directly measured by the custom-made
samplers are expected to underestimate the average bedload transport for sand in accordance
with Hillebrand, et al and McLean at al [8, 12].

However, this makes more reasonable the values from the ADCPs, especially the ones with
1.2MHz and 3MHz, complying with the assumptions. Fig 2 (b.) shows the uncertainty of th
physical sample given by the horizontal bars. It should be noted that the std is out of the mean
values, without excluding eventual erroneous data such as zero values or bad positioning
recorded on the videos. The videos from the mounted camera also showed that it could dig
inside the dune and collect only that material instead of real transport occurring while the
dune is migrating. They were also analyzed using velocity estimation algorithms (e.g.,
Optical Flow). This image analysis suggests that the bedload material was not correctly
entering the sampler due to the disturbed hydraulic conditions induced by the clogging of the
smaller mesh (0.5mm) in Germany.

The kinematic model data overestimates some of the results, but in general, there is a good
matching of the data. The deviation of the physical samplers is not presented because the
number of samples per position was not consistent. The too low transport rates in some
measurements by the sampler are part of the high physical sampling uncertainty. These data
can be excluded from the total estimation of the transport rates and the ADCPs could easily
identify these outliers and later to exclude them from the final average of the physical sample
rates. One of the drawbacks of this model is the arbitrary chosen constant thickness of the
active layer that in reality can vary in the mentioned constraints.

Nevertheless, using two frequencies gives the opportunity of estimating the BsEI from the
two frequencies and analyze the dependence of the S¥ and 7S and the active layer thickness;
hence the penetration changes as the thickness increases or a change of the PSD is present. It
is an ongoing laboratory study and will be presented in the future work of the authors.
Currently, the chosen mean values of the thickness are related to the intensity of the transport
and variation of the BsEl In the supplementary material, the deviation of each position is
presented as a possible range(2D50-8D50) of the ADCP measured transport rate.

In the end, one can quickly draw a conclusion that even with the considered uncertainty of
the ADCP values the transport rates are slightly higher than physical transport rates. This
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leads to the fact that the physical sampling has its disadvantages (seen on the recorded videos
and laboratory tests) and a correction factor has to be chosen for a proper presentation.

3.3. Conclusions

The limited number of measurements demonstrated that the ADCPs BT velocity could be
used for relatively accurate estimation of the bedload transport rate. The filtering procedure
decreased the uncertainty of the kinematic model and delivered its application without
explicitly fitting parameters. Besides, they could help for a qualitative validation of the
physical samples or support the determination of a correction factor if they are conducted
together. Excluding the outliers improves the statistical validity of the physical sampling.
The ADCP data gives a more comprehensive description of the erosion-deposition process
in the rivers and can be reported in shorter periods (longer than 3min averages).
Additionally, with apriori defined PSD of the bed load the kinematic model reported
relatively good estimation of the bedload transport rates not just in comparison with the
physical samples but also in compliance with the uncertainty of the bedload measurements.
Attention should be paid on the frequency used and the predefined hydraulic conditions for
estimating the active layer porosity and thickness. These two parameters contribute to the
highest uncertainty of the kinematic model. The ADCP parameters settings are also essential
in order to have a reasonable resolution of the water velocity data. It remains unknown how
the internal processing of the signal and the identification of the echoes influence the Doppler
velocity calculation. The future work focuses on identifying the different types of bottom
scattering and associating the active layer properties with the acoustic parameters.
Additionally, all the sources of Doppler uncertainty should be identified and the procedure
of filtering has to be improved and eventual in situ software should be developed for direct
evaluation.
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ABSTRACT

This study aims to develop a surrogate methodology for quantification of the bedload transport in riverine
environments by using acoustic devices. Bedload transport experiments were performed in laboratory
conditions to test the capabilities of the acoustic current Doppler profilers (ADCP) to quantify the bedload
velocity, concentration, and active layer thickness. Two ADCPs working at four frequencies (0.5MHz, 1MHz,
3MHz M9, by Sontek, and 2MHz StreamPro, by RDI) were deployed at the same time. Simultaneously, the
bedload transport was monitored by high-speed cameras, and continuous bedload transport rate
measurements were conducted at the end of the measurement section. The apparent bedload velocity was
analyzed and compared with the velocity from the imagery data and the transport rates measured by the
bedload trap. Besides the apparent bedload velocity, the ADCPs also registered the backscattered (BS) signal
from the sediment bed, which appeared to be sensitive to the change of the bedload transport conditions and
the type of the sediment particles. The results confirmed the capability of these acoustic instruments to
measure the bedload velocity by demonstrating a strong correlation with the physical transport measurements
and the velocities from the imagery data. The apparent velocities measured by the 3 MHz and 1 MHz
demonstrated similar results; the 2 MHz measurements led to lower values with 2-4.5 times magnitude
difference comparing with the spatially normalized image velocity. The corrected BS signal documented a
clear correlation with the apparent bedload velocity, more precisely with the change of the bedload transport
condition. The variation between the results from the two instruments is assigned to the different acoustic
geometry of the instruments, internal processing, and availability of the instrument related parameters needed
for correction of the backscattered signal. Future tests should aim towards a better understanding of the
internal processing of the signal and extensive analysis of BS strength sensitivity towards a wide range of
sediment types and hydraulic conditions.

Keywords: ADCP; bedload velocity; sediment transport; acoustic backscattering

1 INTRODUCTION

Accurate estimation of bedload transport has been an engineering challenge since the previous century. The
traditional measurements are highly uncertain and often statistically invalid. Several studies have investigated
the use of the bottom tracking (BT) mode of acoustic current Doppler profilers (ADCPs) for evaluating bedload
transport. Measuring the bedload transport rate, using direct traditional methods (i.e., pressure difference
samplers) is a notoriously labor-intensive and challenging procedure. The temporal and spatial variability of the
bedload together with the instrument disturbance, can induce stochastic and systematic uncertainties, which
complicates the further elaboration of the sediment transport behavior. Statistically accurate measurements are
crucial for correct estimation of sediment transport masses, which is especially important in large navigable or
heavily exploited rivers.

Several studies have shown that the measurements with the bottom tracking (BT) feature of the acoustic
Doppler current profilers (ADCP) have emerged as a promising technique in evaluating the apparent velocity of
the bedload (Rennie, et al., 2002; Rennie & Villard, 2004; Jamieson, et al., 2008). This technique utilizes the
BT bias, defined as va = vgps — v, the difference between the actual GPS boat velocity and the BT velocity
delivered by the acoustic pulse backscattered from the riverbed. Another field study presented a complete
interpretation of the analytical relation between apparent velocities, particle velocities, and the bedload
concentrations (Gaeuman & Jacobson, 2006). Some other tests found that shorter pulses give better correlation
with the bedload transport rate due to less bias by high close-to-bed suspended load concentrations, and that
lower frequency instruments consistently were giving lower apparent bedload velocity both in laboratory and
field investigations (Ramooz & Rennie, 2008; Latosinski, et al., 2017).
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Most recently, Conevski et al. (2019) conducted a laboratory campaign to compare the surface velocities
measured by high-speed cameras to the apparent velocities measured by two different ADCPs (M9 by Sontek,
StreamPro by RDI). The instruments were deployed separately in two different laboratories for bed sediments
ranging from medium sand to fine gravel. The same study suggests that there is a necessity of stream-wise
filtering of the apparent velocity for more accurate estimation of the average apparent velocity. The degree of
required filtering increased with the bed transport. Moreover, the lower frequency instrument underestimated
the surface bedload velocities in order of magnitude of 2-4 times (Conevski, et al., 2019).

This study aims to confirm the hypothesis and methodologies reported in Conevski et al. (2019), by deploying
the two ADCPs simultaneously in the same flume to examine the filtered apparent bedload velocity correlation
with the physically measured transport rate. In addition, the sensitivity of the backscattering (BS) strength of
both ADCPs (four frequencies) was tested towards different bedload transport conditions. Hence, this work is a
further step towards the primary goal of determining the capability of ADCPs to register different characteristics
of the bedload transport (velocity, median sediment size, the active layer, etc.) in riverine environments through
a detailed and complete investigation of acoustic parameters and identification of the instrument limitations.

2 METHODOLOGY

2.1 Experimental Setup and Instrumentation

The experiments were performed in a 12.5 m long and 0.6 m wide tilting flume at the Hydraulic Laboratory at
the Norwegian Institute of Science and Technology. The flume’s bottom inclined at 0.1% and it was filled with a
sediment layer gradually changing in depth from 13 cm upstream to 10 cm downstream. Additional sediment
feeding was not necessary due to the relatively short experiment duration. Attempting to have developed
sediment motion the measurement section was located in the last two meters of the flume. Well-sorted fine sand
was used having a median diameter (D50) of 0.31 mm and Reynolds particle number (Re,) of 16.8. The two
ADCPs were mounted at the same height (~ 0.35 m) above the sediment bed, but separated longitudinally by
0.7 m, which ensured 0.1-0.2 m distance between the closest beam footprints (see, Fig. 1). A high-speed
camera (1980x1350 pixels, 139 frames per second) in an underwater protection box was installed between the
ADCPs. It had a planar view towards the sediment bed recording an area of 20x15 cm. On the side of the
transparent plastic walls of the flume, a GoPro Hero Blacké camera (2.7K resolution and 60fps) was set to
record the bedload formation and the bedload active layer. To obtain efficient velocimetry from images, intense
and equalized lightning conditions are necessary, which was arranged by installing four LED lights aiming in the
sampling area from outside of the glass walls. At the end of the flume, a weight sensitive box was used to
measure at 50Hz the deposited sediment falling into the box. Furthermore, two acoustic Doppler velocimeters
(ADV) were mounted upstream to measure the water velocity (U) in two points in the middle of the flume.

M9 Sontek RDISPro

Camera

Lights

EWeight Box:l T"'ci/zi

Figure 1. Experimental set-up (Note: The sketch is scaled for better visualization)

Three hydraulic conditions were chosen not to induce suspension of the bed sediments, starting from very weak
transport at 80 I/s as the first condition (EXP1) to very abundant transport with developed bed forms at 150 I/s,
as the third condition (EXP3). The shear velocity was carefully chosen not to exceed the suspension criterion
suggested in the Shields diagram (see Table 1). The critical shear velocity (u*er) was calculated using the
formulation suggested by Dietrich (1982) and the actual shear velocity (u*) using the semi-empirical log-law
equation suggested by Van Rijn (1984). Three repetitions per experiment type were conducted with an average
time duration of 20 min each. After each experiment, the sediment bed was distributed back from the sediment
box to the flume and the entire surface was flattened again to the initial state of the sediment layer.
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Table 1. Basic Hydraulic parameters and experiment characteristics

nom @ H Re U Ut u*, D50 D90
Name rep ls m / m/is  m/s m/s  mm__mm
EXP1 3| 80|04 |16.8|0.323 | 0.016 | 0.0145 | 0.31 | 0.52
EXP2 3112004 | 16.8 | 0.363 | 0.018 | 0.0145 | 0.31 | 0.52
EXP3 3115004 |16.8]|0.412 | 0.021 | 0.0145 | 0.31 | 0.52

2.2 ADCP working principle

ADCPs are monostatic sonar systems that are typically used for measuring the water velocity, which is
calculated internally. Commercial software is available to yield data of the water velocities and discharges over
a cross-section. They are deployed in moving or stationary conditions. They are configured with four or more
transducers at 90° azimuth intervals, which project diverging beams (Janus configuration). In this study the RDI
StreamPro has four transducers (2MHz carrying frequency) in Janus configuration, forming four beams with a
slant angle of 62=20°. On the other hand, the Sontek M9, has two groups of transducers (four plus four) in Janus
configuration with a slant angle of 81=25° (1 MHz and 3 MHz carrying frequency), as well as one vertical beam
with 0.5 MHz carrying- frequency. The tilted beams permit measurements of the three velocity components
under the layer homogeneity assumption, i.e., the velocity field is homogeneous for all beam sampling areas.
Besides the water velocity profiling, these instruments have the BT feature, which is used for identifying the
water depth and estimating the instrument speed referenced to a fixed bottom. The BT mode involves emitting
longer pulses than the water profiling mode but assumes similar signal processing techniques (RDInstruments,
2011). The water depth, pulse length, transducer width, beam opening angle, and the riverbed roughness
determine the sampling area. It is a sampling volume with maximum height occurring at about half pulse length,
as explained in detail by Rennie (2002). If the riverbed is mobile, then this feature is biased. If the instrument is
stationary, this bias is assigned directly to the apparent bedload velocity (va=vasr). This bias is considered as a
measure of the spatially — averaged bedload velocity (Rennie, et al., 2002). However, it is strongly dependent
on the instrument frequency, the acoustic geometry and the internal signal processing (Conevski et al. 2019).
The emitted BT pulse by each beam insonifies four independent areas of the riverbed at different positions and
elevations, which can challenge the homogeneity assumption.

The bedload exhibits a complex two-phase scattering process. The mobile particles that determine the bedload
velocity are responsible for the volume scattering, but the signal may also penetrate through the active layer of
mobile bedload and be scattered from the rough immobile bed sediment surface (Conevski 2019). Furthermore,
mobile and immobile particles can also be sampled at the bed surface, especially in the case of incipient bedload
transport. The details of the internal signal processing and Doppler data modulations are not known for the
users; thus, some deviations in the results are expected.

The two ADCPs worked simultaneously during the experiments and registered BT and water profile data. A
collaboration with Sontek Xylem enabled the M9 to work and register BT data from all nine beams. Some general
parameters related to the acoustic properties of the two instruments are given in Table 2.
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Table 2. ADCP acoustic parameters

. 12 m

Instrument Freq. JekeleRoibigCrazing cﬁp:rﬁ ﬁg T_ra nsducers IZﬁlg?ti

Type (r) angle (0) angle (o) diameter (Dy) (PI)
MHz mm ° ° cm cm

StreamPro| 2.0 0.73 20 1.4 1.5 7.0
M9 3.0 0.48 25 0.6 2.5 5.0
M9 1.0 1.45 25 1.7 3.5 5.0
M9 0.5 2.90 90 3.4 4.5 5.0

2.2.1  Backscattering Strength Correction

The ADCP BT tracking feature also provides information of the echo intensity (El), which depends on the
sediment concentration, the amount of air in the voids, and the geometric non-uniformity of the river bed (the
bed roughness). All these qualities are related to the particle size distribution (PSD) of the bed sediments and
the transport conditions.

It could be assumed that the volume scattering (Sv) is related to the mobile bed and the surface scattering (Ss)
with immobile bed grains. It is not clear if this categorization is possible or desirable, but it explains the vital
processes of the scattering phenomena. Because it is impossible to distinguish between these scattering
processes in this study it is assumed that the backscattering strength derived from the sonar equation is
superimposed (BS=Sv+Ss), as explained in detail by Conevski et. al (2019).

To analyze the backscattering strength separately, El was corrected following the sonar equation:

BS=-SL—P,, +kc(El-EI )— Af +2TL, [1]

where the SL is the source level of the transmitted power given in dB, it can be calculated as 10log(P/Po), if the
pressure at the transducer (P) is available and Po is the reference pressure, or it is given as the C constant in
Mullison (2017). Pasw is the battery voltage given in dB ( 20log(V/Vo), where V is the voltage in volts). Aris the
correction due to the transmission loss of the acoustic footprint calculated as Plg/cos(8, where Pl and ¢ are
given in Table 2. k.is the conversion coefficient from counts to dB (0.45 for StreamPro and 0.1 for M9) and Elr
is the ambient noise level. The noise level may vary and it was available only in the M9 output; for the StreamPro
it was tentatively assumed as constant ~ 40 dB (RDInstruments, 2015). TL is the transmission losses that
include beam spreading (40logRcos(6)) and the attenuation in the water column, R is the slant distance to the
sediment bed. Note that some of the parameters are explained in Table 2.

It should be mentioned that most of these variables are constant due to the known geometry and controlled
laboratory conditions. The EI-El, and the Pasw, are the variables that significantly change in time during the
measurement procedure. The eventual influence of the high SSC in the region close to the bedload, inducing
the so-called water bias to the signal was avoided by adjusting the hydraulic parameters to have very low SSC.
Nevertheless, during the extreme conditions (i.e. EXP3), occasional bursts of particles above the crests of the
dunes were noticed; thus, in this case, a small influence in the ADCP results is expected.

2.3 Image Processing

The image velocimetry technique involves pre-processing of the images, application of the 2-frames change
algorithm, followed by PIV techniques to calculate the velocities detected by the two-frames change method
(Radice, et al., 2006; Conevski, et al., 2019). This technique is fully adopted from Conevski at. al (2019) and
the same variables are considered in this study:

i. K, the percentage of the mobile particles or the surface bedload concentration calculated as the ratio
of the number of pixels of detected image changes and the total number of pixels in the region of
interest.

ii. ve, the image velocimetry, representing the mean velocity of the bedload particles at the top of the
active layer (i.e., the layer of mobile particles).

The images recorded by the side-looking camera were used to obtain a qualitative value of the thickness of the
active layer formed by the particles moving at the crest of the dune. The intense lights coming from the opposite
walls made the sediment particles relatively distinguishable in the water column. Then a simple image
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processing technique was applied using threshold binarization to obtain the mean active layer thickness out of
several images.
The conversion from pixels to meters was obtained by taking checkerboard calibration images before and after
each repetition.

2.4 Physical bedload transport rates

The weight box at the end of the flume was constructed to act as a bedload trap, immediately after the measuring
section. After the box, the water recirculation cycle starts, and no sediment transport occurred after this section.
It measures the weight changes in N/s at a sampling frequency of 50Hz. The data were converted from N/s to
g/s using the submerged density of quartz sediments ps/p= 1.65 and the gravitational constant 9.81 m/s2.

2.5 Data post-processing

The ADCP data post-processing permitted calculation of the apparent bedload velocity in the stream-wise
direction which filtered false direction vectors (i.e., the angle between the water direction vector and the BT did
not exceed 90 degrees) and all values higher than three times the standard deviation of the raw apparent
velocity. The percentage of the data that were filtered (FD) was also calculated for each ADCP frequency. The
data were averaged in time obtaining one value per repetition. The procedure followed the methodology given
in Conevski at. al (2019), without deleting measurements from dune troughs, where the recirculation
phenomena occur. It was assumed that the filtering procedure discards these values automatically thus some
higher percentage of the filtering is expected in these regions.

A similar procedure was performed for the imagery data that resulted in a much lower percentage of filtering.
The velocity data was also time averaged. Simple threshold de-spiking was applied on backscattering data
because some outliers appeared in the time series.

3 RESULTS AND DISCUSSION
3.1 Filtered apparent bedload velocity and the imagery data

Figure 2 gives an overview of the apparent bedload velocity from the two ADCPs obtained after the filtering
procedure, the normalized image velocity (v. * K) and the filtered data. The image velocity (v¢) is calculated from
the recorded images by applying an image processing methodology that detects only the mobile particles. To
obtain a spatially averaged velocity (i.e., including immobile particles), that is comparable with the apparent
velocity; the image velocity is multiplied by the percentage of the bedload surface concentration (i.e., the mobile

surface, K).
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Figure 2. a) The filtered apparent velocity (va) and the normalized image velocity (vc * K); b) The percentage
of total filtered data vs the apparent bedload velocity
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The Stream Pro (Figure 2a, red circles, 2MHz) data gave lower values of the apparent velocity and
underestimated the spatially normalized image velocity data (v¢*K) by a factor of (1.7-4.5) times. This is in
agreement with Conevski et al. (2019) where the same underestimation was reported concerning camera and
the lower frequency ADCP, although the 2 and 3 MHz instruments were deployed in different flumes. On the
other hand, after filtering the highest frequency (3MHz M9) apparent velocity values almost match the v¢*K,
corroborating the assumption that the higher frequency instrument measures the spatially averaged surface
velocity of the mobile bedload. Surprisingly, the lowest frequency measured by the M9 delivered almost the
same values as the 3MHz. It leads to a conclusion that acoustic geometry and the internal signal processing
play a crucial role in the Doppler velocity estimation (Conevski, et al., 2018) rather than the carrying frequency.
The ADCP-filtered data (FD) gives a negative correlation with the surface bedload concentration from the
imagery data (see, Figure 2b), similarly as in Conevski et al. (2019). FD is decreasing as the transport rate
increases (see, Figure 2b), but it seems that saturated at 30 % for the 3MHz and 50% for 2MHz and 1MHz. The
filtering percentage has relatively high values because the bedload material is fine sand, acoustically scattering
in the Rayleigh regime for all three frequencies. For Rayleigh scattering the wavelength of the acoustic signal
is longer than the mean particle size defined from the number probability distribution, resulting with less influence
of the mobile particles and more scattering from the immobile surface (Thorne, et al., 1991). The FD percentage
for the EXP1 is reasonably very high because the thin bedload active layer and the dilute concentration are
challenging the measurements of the monostatic slant transducers. Besides, the relatively small acoustic
footprints could mostly cover a recirculation region at the dune trough; in this case, the resulting negative velocity
is also discarded and included in the filtering percentage.

3.2 Bedload transport and the apparent velocity

To further examine the validity of the apparent velocity measurements, the apparent velocities are correlated
with the mass bedload transport rates measured at the end of the flume (Figure 3a) and the surface bedload
concentration measured by the cameras (Figure 3a). Figure 3 presents only the data from EXP2 and EXP3
where mass changes were registered in the weight box. In the first condition (EXP1), the transport was very
weak such that the box was unable to register any mass changes, but the bedload surface concentration (K) in
Figure 3b clearly shows that there was some movement of the particles.
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Figure 3. Mass transport rates, the filtered apparent velocity (va) and the surface concentration (K) (Note: the
data from the first experiment is not plotted because the measured transport rate was negligible)

The results in Figure 3a clearly show a strong correlation for both ADCPs with correlation coefficients above
0.8. This indicates that the BT tracking bias is a direct measurement of the bedload velocity and the improved
correlation after the filtering procedure of ADCP data confirmed the validity of this method (correlation
coefficients changed from 0.6 to 0.8). Figure 3 also bears out that the StreamPro underestimates the spatially
averaged bedload velocity and presents a slightly steeper slope than the other two frequencies.



196  Paper 1V

E-proceedings of the 38! TAHR World Congress
September 1-6, 2019, Panama City, Panama

3.3 The apparent bedload velocities and the backscattering strength

The observed values of the BS strength from all four frequencies demonstrated a sensitivity towards different
bedload transport conditions, which corroborates the idea that change of the bedload concentration introduces
changes in the backscattering strength due to the increase or decrease of the volume scattering. In general, the
BS values decreased while the transport rate was intensifying.
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Figure 4. Bedload apparent velocity and the corrected BS strength for 2 MHz StreamPro (a) and the M9
transducers, working at different frequencies (b). Note that the observed backscattering strength, BS, at 0.5
MHz vertical beam is paired with apparent velocity, va, from 3 MHz slant beams). The dotted lines show the
passage from one to another experiment condition and d: gives the range of the active layer thickness
measured by the side-looking camera.

The absolute differences between the values of BS for each frequency are related to the Source level (SL) and
the power intensity distributed to each transducer. Note that the manufacturer does not equalize the El output
leading to an offset among the values from different transducers. However, this does not influence the relative
sensitivity of each El towards the bedload characteristics.

There is a strong correlation of the BS data from the slanted beams (stars and triangles in Figure 4b and circles
in Figure 4a, or 1 MH, 3 MHz and 2 MHz, respectively) and a weak correlation with the data from the vertical
beam (crosses in Figure 3b). This is due to a higher sensitivity of the inclined beams towards volume scattering
(Urick, 1983). The volume scattering increases with the rise of the active layer thickness and the bedload
concentration. The surface bedload concentration (K) is also increasing with the thickness of the active layer
and the decay of the BS strength (see also, Figure 3b). This decline of the values is more evident for the M9
data (Figure 4b) where the SonTek software delivered more corrected values for El that account for ambient
noise and the beam offset. The availability of these variables resulted in more significant differences between
the tested conditions.

On the other hand, the StreamPro data (see Figure3a) showed a worse correlation which is a small change in
dB among different experiments. The StreamPro data also emerged with higher deviations and unstable El
values among the experiments with the same hydraulic conditions. It can be explained with the unclear noise
level variations and the uneven power distribution to the transducers after each change of the batteries.
Nevertheless, all frequencies proved the hypothesis that changes in the active layer thickness (see d; in Figure
4) and bedload concertation leads to decay of the BS strength for all frequencies. This decay or attenuation of
the BS strength is assigned to the increase of the volume scattering that typically scatters less than the surface
scattering. The surface scattering of the immobile particles has less influence on the signal because the signal
is exposed to more significant energy losses while penetrating through the increased volume layer of the mobile
bedload particles. It should be also noted that gradient of declination among the BS values in different bedload
transport conditions may change significantly for different bed materials.
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4 CONCLUSIONS

The results in this paper confirmed the validity of the filtering procedure to correct the raw apparent velocity
measured by the BT feature of the ADCPs. Apparent velocity measured with the M9 was shown to correspond
closely to the spatially normalized surface velocity of the bed. The bed material influences the percentage of
the filtered data; for the fine sand used in the present experiments, due to lower sensitivity of the used ADCP
frequencies to fine materials, this percentage was greater than for previous experiments with coarse particles
(Conevski et al. 2019) . The validity of the apparent velocity was also tested towards physical measurements of
the mass transport rate and the high correlation coefficient proved the fact that after the filtering both instruments
deliver velocities that correlate with the transport rates.

The assessed backscattering strength at the bed surface bore out the possibility of extracting additional
information from the ADCPs about the bedload concentration and the active layer thickness. The inverse
correlation (i.e., decline) for the corrected backscatter versus apparent velocity cumulated to around 10dB for
3MHz, 3dB for 1MHz and 0.5 dB for 2MHz, presumably due to decreased surface scattering as volume
scattering increased with greater bedload layer thickness. The lower correlation and higher oscillations of
corrected backscatter from the vertical beam at 0.5 MHz should not be discouraging since it could be used for
identification of the bed sediment type, as the beams with 90 grazing angle are typically more sensitive to the
rough surface scattering (Medwin & Clay, 1998).

In further research, it is crucial to correlate the apparent velocity and BS strength and observe their variations.
These variations may explain the correlation between the transport rate intensity, bedload concentration, and
bedload velocity to eventually approach to a surrogate, non-intrusive measurement of bedload transport rates
in riverine environments.

Acknowledgments

This laboratory test was funded by the Norwegian Research Council and Statkraft as part of the
multidisciplinary project SEDIPASS. The authors also acknowledge the collaboration with Daniel Waagnar and
other people from Sontek Xylem, who made available the software ADPviewer permitting full control of the M9
ADCP.

REFERENCES

Conevski, S., Guerrero, M., Ruther, N., & Rennie, C. (2019). Laboratory investigation of the apparent bedload velocity
measured by ADCPs. Journal of Hydraulic Engineering. doi:10.1061/(ASCE)HY.1943-7900.0001632

Conevski, S., Winterscheid, A., Ruther, N., Guerrero, M., & Rennie, C. (2018). Evaluation of an acoustic Doppler
technique for bed-load transport measurements in sand-bed rivers. River Flow 2018. Lyon.

Gaeuman, D., & Jacobson, R. B. (2006). Acoustic bed velocity and bed load dynamics in a large sand bed river. J
Geophys Res Earth Surf, 111(F2)(F02005).

Jamieson, E. C., Rennie, C. D., & Ramooz, R. (2008). Validation of aDcp bedload transport measurements. Proc. 2008
River Flow Conf., (pp. 2343-2351). KUBABA Congress Dept. and Travel Services Cesme, Turkey.

Latosinski, F. G., Szupiany, R. N., Guerrero, M., Amsler, M. L., & Vionnet, C. (2017). The ADCP's bottom track
capability for bedload prediction: Evidence on method reliability from sandy river applications. Flow
Measurement and Instrumentation, 54, 124-135. doi:https://doi.org/10.1016/j.flowmeasinst.2017.01.005

Medwin, H., & Clay, C. S. (1998). Fundamentals of Acoustical Oceanography. Academic Press, San Diego, CA.

Mullison, J. (2017). Backscattering Estimation Using Broadband Acoustic Doppler Current Profilers-Updated. HMEM.
Durham, USA.

Radice, A., Malavasi, S., & Ballio, F. (2006, 11 01). Solid transport measurements through image processing.
Experiments in Fluids, 41, 721-734. doi:10.1007/s00348-006-0195-9

Ramooz, R., & Rennie, C. D. (2008). Laboratory measurement of bedload with an ADCP. In Bedload-surrogate
monitoring technologies: United States Geological Survey Scientific Investigations Rep. 2010-5091, USGS,
Reston. Retrieved from http://pubs.usgs.gov/sir/2010/5091/papers/

RDInstruments. (2011). Acoustic Doppler Current Profiler Principles of Operation A Practical Primer. Practical Primer,
Teledyne RD Instruments, 14020 Stowe Drive Poway, California 92064. Retrieved from
http://www.teledynemarine.com

RDInstruments, T. (2015, 9). StreamPro ADCP Guide. Teledyne RDInstruments. Retrieved from
http://www.teledynemarine.com/Documents/Brand%20Support/RD%20INSTRUMENTS/Technical%20Resour
ces/Manuals%20and%20Guides/StreamPro/StreamPro_ ADCP_Guide_Sep15.pdf

Rennie, C. D., Millar, R. G., & Church, M. A. (2002). Measurement of bed load velocity using an acoustic doppler
current profiler. Journal of Hydraulic Engineering, 5(128), 473-483.

Rennie, C., & Villard, P. V. (2004). Site specificity of bed load measurement using an acoustic Doppler current profiler.
J. Geophys. Res., 109(F03003).

Rennie, C., Millar, R. G., & Church, M. A. (2002). Measurement of bed load velocity using an acoustic Doppler current
profile. Journal of Hydraulic Engineering, 128(5), 473-483.



198  Paper 1V

E-proceedings of the 38t IAHR World Congress
September 1-6, 2019, Panama City, Panama

Thorne, P. D., Vincent, C. E., Hardcastle, P. J., Rehman, S., & Pearson, N. (1991). Measuring suspended sediment
concentrations using acoustic backscatter devices. Marine Geology, 98, 7-16. doi:https://doi.org/10.1016/0025-
3227(91)90031-X

Urick, R. J. (1983). Principles of Underwater Sound. Peninsula Publishing. Retrieved from
https://books.google.no/books?id=MBBgQgAACAAJ



Paper V

Towards evaluation of bedload transport characteristics by using Doppler and
backscatter outputs from ADCPs

Slaven Conevski, Massimo Guererro, Colin D. Rennie, Nils Ruther

Journal of Hydraulic Research, under review

199






200  PaperV

Journal of Hydraulic Research

Journal

of Hydraulic Research

TOWARDS AN EVALUATION OF BEDLOAD TRANSPORT
CHARACTERISTICS BY USING DOPPLER AND BACKSCATTER

OUTPUTS FROM ADCPS

Journal:

Journal of Hydraulic Research

Manuscript ID

Draft

Manuscript Type:

Research paper

Date Submitted by the
Author:

n/a

Complete List of Authors:

Conevski, Slaven; Norwegian University of Science and Technology,
Department of Civil and Environmental Engineering ; University of
Bologna, Department of Civil, Chemical, Environmental, and Materials
Engineering

Guerrero, Massimo; University of Bologna School of Engineering and
Architecture, Department of Civil, Chemical, Environmental, and
Materials Engineering - DICAM

Rennie, Colin; University of Ottawa, Civil Engineering

Ruther , Nils; Norwegian University of Science and Technology,
Department of Civil and Environmental Engineering

Keywords:

Bedload transport, Backscattering strength, Bedload apparent velocity,
Sediments, ADCP

JHR Keywords:

Laboratory studies < Instrumentation, measurements and experimental
methods, Velocity measurements < Instrumentation, measurements and
experimental methods, Bedload < Sediment transport, Bed roughness <
Environmental Fluid Mechanics, Experimental facilities <
Instrumentation, measurements and experimental methods

SCHOLARONE™
Manuscripts

URL: http://mc.manuscriptcentral.com/jhr




Page 1 0of 39

VoONOU D WN =

201

Journal of Hydraulic Research

Towards an evaluation of bedload transport characteristics by using

Doppler and backscatter outputs from ADCPs

SLAVEN CONEVSKI, PhD candidate, Department of Civil and Environmental Engineering,

Norwegian University of Science and Technology, Trondheim, Norway

Email: slaven.conevski@ntnu.no; slaven.conevski2@unibo.it (author for correspondence)

MASSIMO GUERRERO, Assistant Professor, Department of Civil, Chemical,

Environmental, and Materials Engineering, University of Bologna, Italy

Email:_massimo.guerrero@unibo.it

COLIN D RENNIE, Professor, Department of Civil Engineering, University of Ottawa,

Ottawa, Canada.

Email: crennie@genie.uOttawa.ca

NILS RUTHER, Professor, Department of Civil and Environmental Engineering, Norwegian

University of Science and Technology, Trondheim, Norway

Email: nils.ruther@ntnu.no

URL: http://mc.manuscriptcentral.com/jhr



202

Paper V

VoONOUV D WN =

Journal of Hydraulic Research Page 2 of 39

TOWARDS AN EVALUATION OF BEDLOAD TRANSPORT CHARACTERISTICS BY
USING DOPPLER AND BACKSCATTER OUTPUTS FROM ADCPS

ABSTRACT

Two acoustic Doppler current profilers working at three frequencies (3 MHz and IMHz by Sontek M9
run at three different configurations and 2 MHz by StreamPro RDI) were deployed simultaneously to
measure bedload characteristics in a laboratory flume. Seven different transport conditions were
simulated using fine gravel and medium sand as sediment bed materials. The bedload transport was
monitored by two high-speed cameras and a bedload trap installed at the end of the flume. The 3 MHz
delivered spatially averaged apparent velocity, as well as the 1 MHz for the sand experiments only. The
apparent velocity for the IMHz gravel corresponded to the true mean particle velocities. The 2 MHz
severely underestimated the true particle velocities. The backscattering strength measured by the M9
decreased as the bedload concentration increased, independently of the particle's velocities and size; the
backscattering strength registered by the StreamPro resulted in almost constant values. An extensive
examination of the internal processing algorithms is necessary to clarify the best processing

configuration.

Keywords: Bedload transport, Acoustic Doppler Current Profiler, Backscattering strength

Bedload apparent velocity, Sediment measurements instrumentation.

1 Introduction

Sediment transport measurements are essential for understanding the river morphology,
design of a hydraulic structure, environmental assessment, and flood hazard mapping. The
sediment flux in streamflow can be characterized as suspended sediment load and bedload,
depending on the advection of the particles occurs as a suspension in the water column or
close to the bed (Parker, 2004). The lack of frequent and continuous measurements of these
sediment fluxes complicates the accurate prediction of river morphology changes, as well as
the development, calibration, and validation of numerical models and analytical formulas.
For reliable bedload measurements, it is crucial to understand and characterize the sediment
transport mechanisms. The suspended load refers to sediment particles that are transported by
the turbulent eddies of the flow and thus are suspended into the water column by following
the water velocity streamlines. On the contrary, the bedload transport involves larger particles
with high particle Reynolds number (Re,) that slide, roll, or saltate on the riverbed. They tend
to stay close to the riverbed, and the transport mechanism involves collisions and friction of
moving particles with the immobile sediment bed that significantly reduces their velocity. The
bedload transport mechanism is extremely complicated and therefore, it is challenging to
perform accurate and precise measurements of its characteristics and dynamics.

Traditionally the bedload transport is measured using traps and boxes (e.g., pit-traps, basket-

type) or pressure-difference samplers (e.g., Helly — Smith). All these conventional techniques
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are limited in spatial-temporal resolution, labour-intensive, and when physically placed on the
riverbed may disturb the flow and rate of the bedload movement (Hubbell, 1964). Other
typical problems of these samplers are related to the instrument design and operation, such as
the nozzle height, mash basket size, correct alignment with the flow, sampling time, etc
(Gaweesh & Van Rijn, 1994). To overcome the problems of the physical samplers and reduce
the uncertainty in measurements, the sampling efficiencies need to be calibrated and often are
dependent on the particle size distribution (PSD) of the bed material.

In the last few decades, various videography techniques have been developed to investigate
the behaviour of the bedload particles in well-controlled laboratory conditions. Some of those
involve particle tracking velocimetry techniques where the moving particles can be easily
identified and their movement can be analysed by deploying different particle image
recognition algorithms (Drake, et al., 1988; Nifio & Garcia, 1994; Hu & Hiu, 1996;
Papanicolaou, et al., 1999; Lajeunesse, et al., 2010). The image processing techniques such
as optical flow and image differencing have been successfully applied to calculate the mobile
bed velocity and the surface concentration of mobile particles (Keshavarzy & Ball J.E., 1999;
Radice, et al., 2006; Blanckaert K., et al., 2017; Conevski, et al., 2019). Nevertheless, these
techniques are particularly difficult to deploy in the field, and their usage is limited to
laboratory experiments.

On the other hand, the acoustic instruments have shown the potential to be the most attractive
surrogate non-invasive technique for measuring the bedload in the field, even during high
flow conditions when intense transport occurs. The geophones or hydrophones are known as
passive acoustic methods. These techniques involve recording and analysing the acoustic
reverberation generated by collisions of the bedload particles (Rickenmann, et al., 2012;
Geay, et al., 2017). The required calibration is demanding and is usually performed by
trapping bedload sediment during a significant hydrological event to attribute recognized
signals to collected sediments. Passive methods are practically limited to small streams where
the geophones can be installed on the riverbed during dry periods and the sediment trapping
designed at existing or specifically made check dam. The active acoustic systems emit a
signal by operating close to the water surface and process the echoes reflected from the
riverbed. These acoustic systems can be monostatic, which have a transducer that emits and
receives the signal, or bistatic where the transmitter and the receivers are reasonably
separated. The bistatic sonars are limited to laboratory use of small streams because the
distance between the transducer and receiver should be comparable with the water depth.
Several studies have demonstrated the capability of these devices (i.e., acoustic Doppler
velocity profilers) to measure near-bed load sediment transport processes, the thickness of
the active bedload layer and the flow velocities in the near-bed region (Hurther & Thorne,
2011; Blanckaert K., et al., 2017).
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The acoustic Doppler current profilers (ADCP) are monostatic sonars that use four
transducers to measure spatial averages of three principal water velocity components in
individual beams (RDInstruments, 2011). Although these systems were initially developed
for discharge and water velocity measurements (Brumley, et al., 1991), lately they are
increasingly used for suspended load estimation, using correlation with the acoustic
backscattering strength (Bs) and attenuation (Sassi, et al., 2011; Moore, et al., 2013;
Guerrero, et al., 2015; Guerrero, et al., 2017; Szupiany, et al., 2019). The bedload
measurements involve the bottom tracking (BT) feature of the ADCP to estimate the apparent
bedload velocity (Rennie, et al., 2002). The BT feature is a separate signal emitted along each
beam initially designed to estimate the speed of the boat (vgr). The BT velocity is limited to
immobile bed conditions and if the bed is mobile, the apparent bedload velocity (v,) can be
determined by subtracting the actual velocity of the boat (i.e., using DGPS). If the
measurements are conducted in a fixed stationary position, then it can be assumed that vz=
v,. Rennie (2002; 2004; 2017) reported a good correlation between the apparent bedload
velocity and the physically measured transport rate, focusing on calibration towards the
samples for different PSD. The primary assumption in these studies is that the apparent
velocity is the spatial average of the mobile and immobile bed covered by the acoustic
footprint. Besides, an analytical approach towards understanding the relationship between the
true particle velocity and the apparent velocity was suggested by Gaeuman (2006). In the
same study, it was demonstrated that the BT signal does not scatter equally the mobile
bedload particles and the immobile bedload beneath, and it was associated with different
acoustic backscattering properties (Gaecuman & Jacobson, 2006). Other studies found out that
utilization of shorter pulses yielded a better correlation with transport rate and that lower
frequency ADCPs result in apparent velocities of lower magnitudes (Ramooz & Rennie,
2008; Latosinski, et al., 2017). Better correspondence with the true bedload velocity was
achieved by filtering the outliers of the apparent bedload velocity signal measured in
laboratory conditions (Conevski et al., 2019). The percentage of the filtered data were
negatively correlated with transport intensity and the bedload velocity. Moreover, in the same
laboratory investigations, it was demonstrated that only the highest frequency ADCPs (e.g.,
3MHz) comply with the spatial averaging assumption, whereas the lowest frequency
underestimated the true bedload velocity obtained from imagery data (Conevski, et al., 2019).
The underestimation of the bedload velocity by some of the ADCPs cannot be associated only
to wavelength of the signal and its ability to penetrate deeper in the bedload active layer, but
also to the acoustic sampling, the acoustic geometry and the internal signal modulation
specific for each ADCP and configuration (Conevski, et al., under review).

Oceanographers have widely used the seabed mapping and analysis using various acoustic

systems for many years (Medwin, 2005). Similarly, the riverbed materials scatter differently
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depending on the particle’s sizes, the intensity of the bedload and the disturbances of the bed
surface. Shields (2010) showed that the corrected acoustic backscattering (BS) strength
obtained from the BT signal of ADCPs correlates well to different PSD of the riverbed. In
addition, the characteristics of the acoustic BS strength measured by a multi-beam sonar were
successfully utilized to classify the riverbed sediments (Amiri-Simkooei, et al., 2009).

The main objective of the present paper is an interpretation of the BT signal for different
bedload transport conditions. Two ADCPs (Sontek M9 and RDI StreamPro) measured
simultaneously at four different frequencies (3 MHz, 1 MHz, 0.5MHz for the M9 and 2MHz
for StreamPro) and using different signal processing configurations (incoherent, coherent and
broadband). This study analyses the acoustic BS strength and the BT velocity for a set of
frequencies and processing configurations tested over different transport conditions and two
different PSD (medium sand and fine gravel). The overall aim of our work is to exploit the
information embedded in the received BS. This will, in turn, improve the reliability of BT
velocity to be used as bedload predictor in the field. The presented work builds upon previous
studies, which mostly have relied on the spatial averaging assumption. The specific objective
of the laboratory tests, herein presented, is to demonstrate that this hypothesis does not hold
for all the configurations. Certainly, the received BS strength reflects different particle sizes
and transport intensities, which result in different weights for the averaging of mobile and
immobile particles. This is a shortcoming of the previously proposed methods, based on the
equal acoustic return from mobile and immobile particles. To this objective, matching
techniques were used to monitor the bedload transport. High-speed cameras with a planar
view were used to calculate the surface bedload concentration of the mobile particles and the
surface bed velocity; together with a side-looking camera for estimation of the active layer
thickness; and a bedload trap was installed to measure the transport rate at the end of the
flume. Different bedload transport conditions were performed with material characterized by

different scattering properties (Medwin & Clay, 1998; Moate & Thorne, 2009).

2 Methodology

2.1 Experimental set-up and procedure

These experiments were conducted in a glass-sided tilting flume channel with a rectangular
cross-section and closed hydraulic circuit at the Hydraulic Laboratory of the Norwegian
University of Science and Technology (NTNU), Trondheim. The flume is long 12.5 m in
total, and the mobile bed section was 10 m long and 0.6 m wide. The bottom was levelled up

for 20 cm in order to place the bedload trap at the end of the flume. After the flow distributor,
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large stones and coarse gravel were placed to ensure quasi-uniform entrance flow (see, Fig 1).
The nominal sediment depths ranged between 10-12 cm with 12 cm at the entrance and 10 cm
before the bedload trap. No sediment was fed to the flume or recirculated during the tests.
Two types of well-sorted sediments were used: medium sand (D50 = 0.39 mm) and fine
gravel (D50 = 7.55 mm). The sediment PSD characteristics and the critical shear velocity
(u*,,) and the particle Reynolds number (Re,) calculated for to the D50 are given in Table 1,
where u*,, was calculated following the Shields criterion (Parker, 2004).

Three test series with different bedload transport conditions were run for each material
separately, attempting to have minimum suspension in the water column. Each series
consisted of five repetitions. The sand experiments were run at a slope of 0.1 %, maintaining
a constant water level of 42 cm above the sand bed. Due to limitations of the pump capacity
and the flume geometry, the gravel tests were conducted at a steeper slope, 0.8% with a water
level that varied between 44-46 cm above the gravel bed.

The sand experiments (sandEXP1, sandEXP2, sandEXP3 in Table 1) were conducted with
relatively calm hydraulic conditions with mean water velocities ranging within the interval
0.3-0.57 m s! and Froude numbers between 0.15-0.28. Much larger velocities were required
to entrain the gravel particles; thus, the gravel experiments (gravelEXP1, gravelEXP2,
gravelEXP31 in Table 1) ranged between 1.2-1.43 m s, but still in subcritical flow: Fr =
0.58-0.67. Note that the discharge was kept steady during each repetition, and all three series
of experiments: sand, gravel, sand over immobile gravel (i.e., sandOver in Table 1), were
conducted with the hydraulic conditions given in Table 1.

The first series of tests (sandEXP1 and gravelEXP1) resulted in an isolated motion of
particles, mostly rolling over the immobile particles. During the second and the third test of
sand bed (sandEXP2 and sandEXP3) ripples and later dunes were fully developed. The
second and the third gravel test (gravelEXP2 and gravelEXP3) showed more intensive
transport, and the gravel particles were saltating higher than D50, but no sheet flow was
formed. In the end, to examine the scattering of the immobile gravel surface influence on the
ADCP bedload measurement, three repetitions were conducted with the sand material
randomly distributed over the immobile gravel bed (i.e., sandOver) with hydraulic conditions
similar to sandEXP2 and sandEXP3. These resulted in patches of sand moving on the top of
the gravel particles, but no formation of bedforms was noticed.

The two ADCPs and the camera with a planar view over the sediment bed were placed 1.5 m
before the bedload trap, as shown in Fig. 1. The distance between the ADCPs was 70 cm, and
the high-speed camera was partially covering the acoustic footprint of one beam of each
ADCP. Four lights were installed outside the glass walls focusing at the field of view of the
planar camera. They were mounted below the water surface; thus, no shadows of the free

surface affected the measurement area. Another camera was mounted outside of the glass
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wall, which continuously recorded the changes in the active layer thickness. To measure the
water velocity, two acoustic Doppler velocimeters (ADV — Vectrino) were installed upstream
of the ADCPs. One measured as close as possible to the sediment bed (5-10 cm), and the
other was mounted right below the water surface (V1 and V2, Fig. 1). Four acoustic surface
sensors (S1 - S4, see Fig. 1) were placed over the measurement section of the flume to
register the change of the water surface. The bedload trap was placed at the end of the flume,
which continuously weighed the collected sediment at 50 Hz during each repetition. The
trapped sediment was mostly supplied from the entrance reach, where the erosion was
visually most intensive at the beginning of each test.

Each repetition lasted 25-30 minutes, enabling to run three processing configurations of the
M9 Sontek ADCP that will be explained further in this paper. No perfect synchronization of
the measurements was planned, considering that the transport conditions did not change

significantly during one repetition.

2.2 ADCP working principle and acoustic properties

Both ADCPs (M9 and StreamPro) are active sonar systems with four monostatic transducers
arranged at 90° azimuth intervals. The transducers form acoustic beams at 20° for StreamPro
(SPro) and 25° for M9 (see 6, Table 2). The tilted beams permit estimation of the velocity
along with three directions under the assumption that the velocity is homogeneous in all four
acoustic footprints (RDInstruments, 2011). The M9 has two pairs of four transducers working
at 3 MHz and 1MHz, respectively, and another vertical beam in the centre working at 0.5
MHz frequency (Sontek, 2017). The SPro has only four transducers working at 2MHz, but
with double smaller diameters (D,) than the M9. The BT feature of the ADCPs works at the
same carrying frequency as the water mode of any ADCP, and it is characterized with longer
pulses emitted along these beams. These high energy pulses typically travel the entire water
column and might finally penetrate the mobile bedload. However, the longer the pulses, most
likely, larger is the resolution that may be thicker than the active layer. The BT pulse is
reflected at the bed superposing two different types of scattering:
- Volume scattering (S,) by mobile bed material and responsible for determination of
the bedload velocity
- Surface scattering (S;) from the surface formed by the immobile particles beneath the
active layer that is usually far stronger (Gaeuman & Jacobson, 2006; Conevski, et al.,
2018).
Figure 2 shows a typical beam pattern from an ADCP emitted from a transducer with

diameter D, forming a beam declined from the vertical by angle 6. The half beam width ¢
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(i.e., opening angle) defines the central lobe of the acoustic beam, where the sound intensity is
highest in the centre and decreases towards the sides. This opening angle depends on the type
of the transducer and the working frequency f(Urick, 1983). At larger angles, the intensity of
the returned signal diminishes, and at 6-14% of R from the sediment bed the first side-lobe
appears. This intensity could mask the central lobe signal and induce an error in further
processing. The distance z, is related to the central lobe geometry and it is denoted as the
beam focusing distance (Conevski et al., under review).

Similarly, z; determines the so-called blank zone for water velocity profiling or the side lobe
contaminated area. These parameters values are given in Table 2 for the ADCPs used in this
study. The bedload is typically transported as a moving layer with a thickness of a few D50;
thus, most of these measurements are conducted in the contaminated area.

Moreover, the acoustic sampling of the bed is not equally distributed at the outer and inner
boundaries of the central-lobe, because portions of the emitted pulse reach the bottom first at
the inner boundary. It may lead to uneven scattering at different portions of the BT pulse,
especially when the bedload motion is highly sporadic.

Summarizing, the sampled volume depends on the pulse length (P/), ADCP distance to the
bed, transducer diameter (D,) and the opening angle (), all of these are integrated in the
focusing distance z... The calculation of sampling volume is explained in Rennie (2002), and
more details about the scattering pattern are provided in Conevski (under review).
Nevertheless, the exact penetration and extension of the acoustic sampling are unknown,
which introduces uncertainty in the estimation of the Doppler velocity registered at the

riverbed.

The signal processing configurations

The default signal-processing configuration for the most advanced ADCPs, both RDI and
Sontek, usually refer to Broadband (BB) technology. The standard configuration (RS) by
Sontek involves a feature denoted as SmartHD Pulse that changes the processing according to
the hydraulic conditions based on some internal parameters. Besides the BB technology, the
M09 can automatically switch to an incoherent (IC) Doppler sonar and pulse-to-pulse coherent
(PC) Doppler sonar. A collaboration with Xylem Sontek enabled the M9 to work with all nine
beams at the same time and to run all three signal processing configurations separately (IC,
PC, RS). The data from all these configurations was collected for each repetition using the

Sontek non-commercial software ADPviewer.

Apparent velocity post-processing

The raw apparent velocities obtained from each ADCP and configuration was filtered by
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eliminating all the velocities opposite of the streamflow and all the extreme values (Conevski
et al.,2019). The final values were averaged, and the magnitudes of the apparent velocities
were calculated (v,) using all four beams under the assumption of homogeneity. Some
configurations during the gravel series of experiments showed 30-40 % empty or bad samples
(N/A) before filtering the data, most likely due to more turbulent conditions and relatively
high-water velocities that restricted the system from acquiring continuous measurements. The
filtered data (FD), the N/A and the zero velocities resulted in the total number of not good
data (ND = N/A + FD + ZEROs).

Acoustic backscatter correction and post-processing

The ADPviewer, a software developed by SonTek, beside the configuration change, allowed
examining more variables form the ADCP that are not typically available from commercial
software, such as the BT echo intensity (£7), noise level (E,), pulse length, acoustic pressure
at the transducer and supplied electrical current which determine the power of the emitted
signal. This enabled the backscattering strength assessment. Most of these variables are freely
available for the SPro in the PDO binary file and explained in the technical documentation

given by RDI (RDInstruments, 2015).

The backscattering strength was derived from the sonar equation (Urick, 1983) and followed
the guidelines provided by Deines, (1999), later adapted for the BT signal by Conevski et al.
(2019). The corrected backscattering strength (from surface and volume scattering) is given in

the logarithmic form:

Bs=10log(Ss + S,) = — SL + kqp(EI — Er) — Af +2aR + 20log(R) — P, 1)
where SL=10log(P/P,) is the source level calculated using the transmit voltage and currents
present in the RDI output files or the pressure at the transducer, P, in the Sontek output file, as
suggested by Shields (2010) and RDI (RDInstruments, 2015). E/ is the echo strength
converted from “counts” to dB using a factor k.5, which is typically ~0.45 for the SPro , and
~0.1 for M9 (personal communication with Sontek). The noise level, E,, may vary for each
ping and it was available only in the M9 output; for the SPro it was tentatively assumed as
constant ~40dB (RDInstruments, 2015). The transmission losses in two directions include
beam spreading (20logR) and the attenuation in the water column (2« R) that accounts for the
absorption due to water viscosity while suspended sediment attenuation in the water column
was negligible because of absent or very low concentration of suspended particles. R is the
slant distance to the sediment bed. P is the transmit voltage, that depends on the power
supply (12 V for SPro and M9), and it was adapted from the tables given in Mullison (2017).
The battery voltage changed over the deployment and it was approximately corrected using

the formula 20log(V} /12), where V}, is the voltage of the battery given at each ping for both
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ADCPs. Finally, the 4;is the area of the surface scattering at flume bed, which is usually
applied to normalize the surface backscatter for the unit area. This area corresponds to the
acoustic sampling area as defined by Rennie (2002) for an ADCP beam footprint on a
perfectly flat floor and then corrected for the local slopes of the surface. Simplified estimation

of the A, can be given as follows (Amiri-Simkooei, et al., 2009):

RNG-Pl-¢p

A, =20log———————,
’ cos(@—a,)-cos(a,)

@

where RNG is the perpendicular distance from the transducers to the riverbed and a, o, are
the angles of the local slopes of the bed in x and y-direction of the instrument coordinate
system, repetitively calculated using the registered distances from each transducer to the bed
(RNG) and the beam geometry information (Fig. 2). Note that the positive x-direction for M9

and SPro are defined as beam1-beam3, and beam1-beam?2, respectively.

The corrected BS strength (Bs) was assessed by considering all the presented parameters
although most of them (e.g., 4; @, R) were constant under controlled conditions and with
negligible suspended sediment in the water column. The attenuation within the active
bedload layer was implicitly included in the total BS; in other words, Bs in Equation 1
represents the result of surface and volume scattering and attenuation processes at flume bed

as detected from ADCP transducers.

De-spiking and low-pass filters were applied to the raw E7 data from ADCPs that eliminated
possible outliers. The corrected Bs values for each repetition were averaged over the testing
time and among the transducers characterized with the same frequency and configuration.
Nevertheless, detailed specifications for some parameters such as the power distributed to
each transducer, their efficiency and offset were not supplied by the manufacturers.
Therefore, the values calculated in this study in some manner are relative to the actual BS
strength related to the material and the acoustic frequency. Considering that the transducer
properties do not change during the experiments, the values presented in this study are an

average of all four transducers per instrument and configuration.
2.3 Videography and image data processing

Planar view camera

High-speed camera AOS1000 with HD (1984x1264 pixels) and 139 frames per second, fps,
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was used to register the surface velocities of the mobile particles at flume bed. The camera
(C1, Fig. 1) was submerged in a water-resistant plastic box. At least three 2-4 minutes,
videos were recorded during each repetition. The camera field of view, FOV, covered part of
one beam sampling area for each ADCP.

The image data processing followed the same procedure as explained in Conevski et al.
(2019), and it involves image enhancement, image de-blurring and applying the background
subtraction method (i.e., two—frame change detection). The detected changes are considered
as single particles (e. g., gravel) or fluxes of particles movements. These techniques typically
suffer from false foreground or background detected pixels in addition to the noise (Radke, et
al., 2005). Therefore, median and Gaussian filters are applied to eliminate these errors. In this
study, a filter using the local standard deviation of the pixels was applied to the detected
changes (Kaushik & Ashraful, 2014). This filter successfully eliminated false foreground
pixels and false pixels due to water impurities.

Further, the conventional particle image velocimetry steps were applied: i.) subdivision into
the region of interest (ROI), ii.) particles displacement assessment by applying the cross-
correlation algorithms. The ROI size and the frame frequency for particles velocity
calculation were also taken into consideration following the suggestions given in Radice et al.
(2006).

The gravel tests involved the identification of the mobile particles by applying local threshold
image binarization (Radice et al., 2006). It permitted calculation of the number and diameter
of the particles. To fill the false background pixels, two morphological image operations
(imclose and imopen, mage Toolbox Matlab) were applied to the detected image changes.
Then the elements with connected pixels or the blobs were labelled, and the primary axis
lengths were estimated. The conversion of pixels to meters was done by taking several
pictures of checkerboards placed on the sediment bed before and after each repetition. The
final post-processing of the image velocity data included de-spiking, using the velocity
measured by the ADV (V1, Fig 1) as threshold value at each repetition separately. Similarly,

D,qr and D,,;, from PSD were used to eliminate false detection of gravel particles.

Beside the image velocity data (v,.), the mean surface bedload concentration (K,,) were also
determined using the planar videography (Conevski et al. 2019). No specific ROI was chosen
to calculate K,,, but it was simply determined as an average value of all the available ROI in
the FOV. It is well known that the motion of the gravel particles is rather heterogeneous and
sporadic, which resulted in no bedload in some parts of the flume and very intense bedload in
some others. This heterogeneity affected the K;,. Therefore, the resulting ROIs with zero and
close to zero values were discarded, which defined the active bedload surface concentration,

Ky, for gravel experiments. The K, values were verified by calculating the total surface of
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the identified particles assuming a circular shape. For the sand experiments, all ROI showed
similar values of the bedload surface concentration, resulting in K, = K,,. Note that for the
ADCP data, the zero velocities were automatically discarded (e.g., N/4 values) or produced

negative values.

Side-look camera

GoPro Black 6 was placed outside of the glass wall to monitor the movement of the bedload
during all experiments. The GoPro acquired images at 60 fps, 2.7k resolution with a linear
view in order to eliminate the fisheye effect and the distortion of the objects. The Camera
perspective was adjusted exactly above the sediment bed before starting each repletion and
calibration pictures were taken. Due to the limited vertical length in the field of view which is
useful for particles jump detection, this imagery data was utilized only for approximate
calculations of the thickness of the active layer given as d,= N * D50.

Again, the core of the image processing involved image light enhancement and two-frame
change detection. Different approaches were deployed for sand and gravel videos.

For the sand experiments, only the sequences with a dune passing next to the side glass were
considered (Fig. 3). For sandEXP1, any sequence could have been considered, but only a few
were analysed. The first step of the procedure is determining the dune crest boundary by
using image segmentation tools (i.e., edge detection based on thresholding). Binary
morphologic tools (e.g., bwmorph in Matlab) were further used to shape the boundary line
correctly and were recalculated every two seconds. It was assumed that the crest line, (given
in Fig. 3) represents the immobile surface of the particles at that instant. The image change
detection was applied, similarly, as explained in the previous section, with adapted parameters
for filtering of the noise and false foreground of the detected changes. The blobs of mobile
particles were identified, and their shapes were morphologically corrected, as explained in the
previous section. Finally, the image coordinates of the boundary and the particles in motions
were determined, and the shortest distances from each particle centroid to the dune crest were
calculated. The relatively high resolution resulted in more than 10 pixels per | mm, which
eventually enabled reasonable identification of the moving particles.

The gravel experiment could neither rely on any calibration nor detection of the immobile
boundary because this changed from frame to frame. Thus, the saltation of the particles was
estimated interactively by running and stopping the image change detection algorithm. The
saltation height of the particles was determined by estimating the perpendicular distance from
the centre of the hopping particle to the instantaneously identified immobile bed below (see,
Fig. 4). The primary assumption was that the particles were jumping in one vertical plane.

This is only consistent for a qualitative measure for the mean active layer thickness. More
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than 500 particles were detected, and their hops were calculated for all three series of gravel
experiments. The saltation height was also given in N x D50.

The analysed sequences for both sand and gravel experiments were randomly chosen.

2.4 Other measuring techniques

Bedload trap and sediment transport rate

A bedload trap collected the bedload transported over the measurement section (see, Fig.1).
The bedload trap was an aluminium box with dimensions 1 m x 1 m x 0.15 m. The load cells
installed underneath the box continuously weighed the collected sediments at a frequency of
50 Hz. In total, six load cells were used, and the cumulative transport rate was calculated as a
sum of all six cells. The zero values were re-calibrated at the beginning of each test, which
permitted to eliminate zero shifts due to not perfect tare repetition among tests (e.g., the
influence of dynamic water pressure) and assuming unchanged zero during the test. To
confirm this, the load cells output was tested for all hydraulic conditions without sediment
motion. Plastic guides extended from the loose bed to the box facilitated the free fall of
sediment the transported material was not perfectly captured during the most intensive send
transport condition (i.e., sandEXP3), lost sediments were collected at the end of the flume and

were added in the final calculations.

ADV and water velocity calculation

The deployed ADVs (V1 and V2, Fig. 1), were used to measure the mean water velocities at
the surface and below the measurement section of the ADCPs as close as possible to the
flume bottom. The ADV data was de-spiked and averaged over time. Note that the velocities
obtained from the V2 gave more deviations, especially in the sand tests where bedforms were
developed at flume bottom. The mean ADV velocities and the mean SPro velocities were
used to calculate the depth-averaged water velocities assuming that the flow conditions were
almost equal in the entire measurement section. The SPro was used in the water velocity
calculations because it functioned without any breaks and delivered a 2-cm resolution of the
water velocity profile, whereas the M9 switched among the processing methods and is
characterized with a lower resolution. The data from SPro typically ranged between 13 cm
below the surface and 10 cm above the sediment bed, whereas the ADVs provided the points

above and below this region.

Surface sensors and the water levels

Four acoustic sensors were used to observe the water surface variations and to accurately
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estimate the water depth (/) in the measurement section. The sensors registered the surface
changes during the entire measurement procedure, showing the distance from the sensor to
the water surface. The water depths (/) were calculated by considering the sediment bed

changes registered as depths by the ADCPs and the different offset distances of the sensors.

2.5 Shear velocity calculation

Detailed velocity profiles close to flume bed were not available to effectively implement the
log-law and to calculate the shear velocity. However, the calculation of the shear stress was
performed for each repetition by applying the semi-empirical equation based on the log-law
(Van Rijn, 1984):

U
= 3)
12H °
5.751 —
0gm(3D90)

where U is the depth-averaged water velocity calculated as given in the previous sections, H
is the water level calculated using the surface sensors and the ADCP data, and 3D90 is from

PSD of used sediment which represents the hydraulic roughness.

3 Results

3.1 Bedload Transport rate correlation to ADCP outputs

The assessment of the ADCP bedload measurements was performed by analysing the
correlation between the physically measured bedload transport rate (sediment trap at the end
of the flume), the post-processed apparent bedload velocity and backscattering strength (Bs)
measured by each instrument and configuration.

The bedload transport rate (Q;) is positively correlated to the apparent bedload velocities (v,)
measured by each configuration. As expected, v, and Q; of both gravel and sand gave
correlation coefficients, 7, higher than 0.8. The sand data resulted in slightly higher
coefficients with the highest value equal to 0.93 for 3MHz PC (faint grey, symbols, Fig. 5b)
and lowest equal to 0.84 for IMHz IC (Fig 5d). The gravel tests generally resulted in slightly
higher magnitudes of the velocities and much more intensive transport rates, resulting in a
steeper trend of increase than the sand data. The highest correlation (» = 0.9) was again
obtained for the 3MHz PC (black symbols, Fig. 5b) and the lowest for | MHz PC (» = 0.81).
The SPro (Fig. 5f) gave the lowest apparent velocities; however, the correlation coefficients
were higher than 0.8 for both gravel and sand.

Interestingly, the sandOver experiments delivered negligible transport rate (e.g., similar to the

lowest v, of the sandEXP1 experiments, Fig. 5), but the magnitudes of the velocities were
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much higher. The sand transported over armoured bed (e.g., in this experiment the gravel was
immobile) moved with similar velocities as the sand moving in bedforms and a significantly
lower transport rate. These velocities are not correlated with the negligibly small amount of
the captured bedload material and may introduce additional uncertainty in further analysis of

the bedload transport rate (Conevski, under review).

When passing from 3 MHz to 1 MHz, the apparent velocity magnitudes increased
significantly, especially in the case of gravel experiments (Fig. 5a vs. 5d for IC and Fig. 5b
vs. Fig. 5e for PC). This offset appears to be related to some internal processing parameters
and different profiling of the acoustic beams used for identification of the riverbed. A more
detailed elaboration is given in the discussion.

Fig. 6 presents a correlation between the BS strength and the measured transport rate, which
incorporates both the velocity and the bedload concentration (e.g., kinematic model).
Differently, from the apparent velocity, the BS strength is negatively correlated to bedload
transport rate from sediment trap (see, Fig. 6). The resulting correlation coefficients are above
0.9 for all configurations and instruments. This bears out the corrected BS strength (B;) is
sensitive to the change of the intensity of the bedload transport. An exception is the B
observed by the SPro, where almost no change is registered when the transport conditions
change, i.e., vertically aligned dots in Fig. 6f. Although the BS strength of IMHz is 20dB
smaller than 3MHz outcome, both frequencies gave similar trends for all the configurations
shown in Fig. 6. The difference can be observed between the sand data (grey symbols) and
gravel data (black symbols). Moreover, the B, rate of change for unit transport rate (i.e., ABs/
AQ;) increased from 0.03 to 0.9 dB/(kg.s™") for 3MHz, when passing from gravel to sand tests
(see also Table 3). This demonstrated that the BS signal is much more attenuated at the sand
bed, even though the bedload transport and apparent velocities were much higher for the
gravel experiments. As already mentioned, Bsembeds volume scattering and attenuation
through the layer of moving particles at flume bed. These are affected by the number of
mobile particles (i.e., near-bed sediment concentration) and their scattering properties (Thorne
& Meral, 2008). For example, a thin active layer contains far more particles of sand than of
gravel; the higher number of particles contributed to higher attenuation whereas both medium
sand and fine gravel, used, where close to geometrical scattering regime for 3SMHz.
Furthermore, observed sand bedforms resulted in a deformed bed that may have induced

additional loss due to the multi-directional surface scattering (Medwin & Clay, 1998).

3.2 Comparison of the apparent velocity and the velocity form the imagery data

The particle's velocities (v.) given in Fig. 7, were estimated from the planar imagery data.

Given the low concentration of the suspended material during all the experiments, the applied
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post-processing delivered a reliable estimation of the mean velocity of the bedload particles
(Radice et al., 2006; Conevski et al., 2019).

A direct comparison of the velocities obtained from the imagery data and the apparent
bedload velocities from ADCPs are presented in Fig. 7. Furthermore, the average velocity of
the particles, v., was spatially normalized by multiplying it with the bedload surface
concentration coefficient, which accounts for the immobile particles. Aforementioned
complies with the spatial averaging assumption for the apparent velocity from ADCP
(Conevski et al., 2019), and would made the camera output consistent with the ADCP
measurements (Fig. 8).

The apparent velocities measured by the 3MHz underestimated the mean particle velocities
(Fig. 7a-c). However, after applying the normalization coefficient, K., the ADCP velocities
reached values closer to the camera velocities (Fig. 8a-c). Thus, the 3MHz underestimated the
apparent velocities only due to spatial averaging of mobile and immobile particles (Conevski
et al., 2019). The apparent velocities measured by the 3MHz PC and RS in the sand
experiments matched excellently the spatially normalized camera velocity.

Passing to the 3MHz IC (Fig. 8a), the performed normalization resulted in slightly lower
values of the normalized camera velocities, K, * v, than the apparent velocities measured by
the ADCPs. This suggests that the ADCP signal was more sensitive to mobile particles than
to the immobile ones. Similarly, v, values for the gravel experiments were slightly higher
than the normalized camera velocities for all frequencies and configurations (Fig. 8a-b-c),
showing that the ADCP measurements weighted more the mobile particles.

In Fig. 7c, the apparent velocities measured by 1MHz IC corresponded well with the camera
velocities. However, this finding would contradict previous experiences which proved that the
apparent velocity from an ADCP is a spatial average of the velocities of the mobile and
immobile particles within the acoustic footprint. On the contrary, the spatial averaging by the
ADCP, is supported for sand tests in Fig. 7e-b, where the IMHz PC and 3MHz PC resulted in
apparent velocities corresponding the K, * v. values (Fig. 8e-b). The observed
overestimations of the spatially averaged velocity (i.e., v, = v, in Fig. 7-e corresponding to v,
> K, * v in Fig. 8d-e) are assigned to the gravel tests (black symbols) and limited to IMHz-
IC in the sand tests. In those cases, the ADCPs performed a shallower measurement, which
enhanced the return from the top layer of the bedload. Besides, the geometric scattering
regime of the gravel particles (D50 >)) contributed to a stronger gain of the mobile particles
in these tests. More importantly, the active layer thickness (d, , Table 3) in the gravel
experiments was thick enough to reach the central lobe region that exceeds z. in Fig 2 and

enables more effective volume scattering (i.e., acoustic sampling within the layer thickness).
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The apparent velocity measured by the SPro highly underestimated the particles velocity v,
(Fig. 7). Besides the normalization of the camera velocity, the underestimation is present
again in Fig. 8f. This confirmed that SPro is strongly affected by surface scattering of the
fixed flume bed beneath the active layer of mobile particles (Conevski et al. 2019). The
underestimation ranged between 2-5 times v, for the sand experiments, and it reached up to 20

times in case of gravel tests.

ADCP erroneous data

The sediment transport heterogeneity and extreme hydraulic conditions (i.e., high U and u* in
Table 1) significantly lowered the performance of the ADCPs, automatically yielding less
valid data for the gravel tests. A stable mean was achieved in almost all gravel experiment
measured by the M9 (e.g., IC, PC, and RS). However, a fewer number of cumulated good
ensembles resulted in higher deviation among repetitions (Fig. 7 and Fig. 8).

As expected, the standard deviation (STD) of the apparent bedload velocity increased with the
transport rate (see, Table 4). Mainly, IC gave higher STD than PC and RS (i.e., compare
STDv, in Table 4), which also entailed a higher deviation among experiment repetitions. The
filtering procedure decreased the coefficient of variation by 20%, for the weak transport
experiments (e.g., gravelEXP1, sandEXP1) and by 10% the experiments with more abundant
transport.

The total non-valid data (ND=FD+N/A, that is filtered plus not available) was highest for the
weak transport experiments and decreased as the transport increases. This negative correlation
was present for sand experiments only, except for IMHz IC, which showed an opposite trend
(see Table 4 and Fig. 6d). The not valid data (N/A) was significantly high for the gravel
experiments, mostly due to the high turbulence, higher Froud number, higher noise from the
pumps and the observed sporadic transport. The trend of ND was dominated by the positive
trend of not available data (N/A) rejected by the ADCPs and it appeared to be similar for all
M9 measurement, except the RS. This corresponds to an internal processing failure in
identifying the return signal. For the IC and PC processing, a narrowing of the correlation
peak is equivalent to a spectral broadening of the Doppler peak, less correlated echoes and
erroneous Doppler velocity calculation (Brumley, et al., 1991; Medwin & Clay, 1998). On the
contrary, the ND for SPro gravel data decreased as the bedload velocity increased, because of

fewer N/A values.

URL: http://mc.manuscriptcentral.com/jhr



218

Paper V

VoONOUV D WN=

Journal of Hydraulic Research

3.3 The backscattering strength

A negative correlation was observed between the apparent velocity, v,, and B; among tests
with different hydraulic conditions (Fig. 9). For example, the rate of change ABs/Av, was
equal to -250 in case of 3MHz PC and sand experiments, whereas this rate changed to -50 for
gravel (e.g., 3MHz PC, Fig. 9b). The higher absolute value of ABs/Av, for sand tests

represents a noticeable effect of the active layer on sound propagation at flume bed.

On the contrary, SPro registered an almost constant backscatter for the three hydraulic
conditions (Fig. 9f). It corresponds to an acoustic return that is poorly affected by the active
layer, and mostly reflected by the immobile sediment. Besides, SPro is characterized by long
pulses, small transducers, large beam opening angle, and small grazing angle (Table 2). These
geometrical features and the stronger emitting power contributed to a stronger effect of the
surface scattering by the immobile bed. This corroborates with the previous findings
(Conevski et al. 2019) and further elucidates the reason for the underestimation of the SPro
apparent velocity (Fig. 7f and Fig. 8f). The geometrical parameters result in the less focused
beam (i.e., the highest value of z.), whereas Bs was equal to -50 dB, which was significantly
more than -120+-180 for the M9.

ABg/Av, absolute value was more significant for IC (Fig. 9a and Fig. 9d) rather than for PC
(Fig. 9b and Fig. 9¢). In the same context, the higher deviations were observed in the
corresponding apparent velocities (Fig. 7a-d and 7b-e for IC and PC respectively). This shows
that IC performed a shallower sampling within the active layer than PC, not producing surface
scattering, therefore giving lower BS strength values, larger variation of the latter with
changing hydraulic condition and the moving sediment layer thickness (i.e., larger absolute
value of ABg/Av,), and higher deviation in apparent bedload velocity measurements.

The frequency also influenced the acoustic signal to active layer thickness response. Given
the same source level for the M9 and for a given instrument configuration, the higher
frequency (3MHz, Fig. 9a-b) resulted with an almost double rate of change, ABs/Av,, in
absolute value, than the lower (IMHz, Fig. 9c-d) and with higher Bs values in general. The
IMHz is less affected by the active sediment layer, that resulted in a smaller variation of the
BS strength among different tests. It’s worth nothing that a lower effect of the active layer
may result in over and under-estimations of the apparent velocity which, for example, were
precisely the case for IMHz-sand and the SPro, respectively. Furthermore, a low ABs/Av, in
absolute value may be a consequence of using shallower or deeper acoustic returns in internal
processing. In the case of IMHz sand, the acoustic pulse was most likely reflected from the
top of the active layer. On the other hand, the observed echo by the SPro was reflected from

beyond the active layer, delivering an apparent velocity that is less affected by the mobile
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particles. The difference between these two cases was clearly observed in the BS strength
mean value which was low in case of shallower return because of limited backscatter from the
bottom (see, Table 3), whereas it reached a maximum value of -55 dB for the deep
penetrating signal of SPro. The attenuation among the active layer appears negligible for both
these cases.

The RS configuration in Fig. 9c follows the same trend as the PC configuration, but the data
is more scattered. However, the Bs on average is slightly higher than PC and IC, especially
for the gravel data (black triangles). Additionally, the ND values of RS (see, Table 4) are also
in a range expected for turbulent hydraulic conditions and gravel bedload transport.

The empty symbols in Fig. 9 represent the BS strength measured in calm conditions, with no
bedload transport (i.e., no thickness of the active layer) measured before the experiment runs.
These measurements further corroborated the observed trends, showing that ABs/Av, depends
on sound pulse penetration into the active layer thickness. For example, Bs for SPro measured
in calm conditions (Fig. 9f, empty circles) has almost the same value as the rest of the given
values, which points out to a dominant scattering of the immobile bed beneath moving

particles.

4 Discussion

4.1 The apparent velocity and the bottom identification

The observed tendencies of the apparent bedload velocities and backscattering strengths
measured by different SPro and M9 various configurations is a combination of several

factors.

The strongest Bs of about -58 dB was estimated for the SPro (BB, 2MHz) which
corresponded to the prevailing effect of the immobile surface and resulted in the smallest
apparent velocities. This can be attributed to: i.) a complete penetration of the acoustic pulse
through the active layer ii.) finer profiling resolution that contributed to a deeper sampling.
Regarding the M9, the IC configuration yielded large apparent velocities which were
comparable with the camera velocities (i.e., mean particle velocities). This indicates a
negligible effect of immobile sediment, that is a shallow acoustic sampling at the surface of
the active bedload layer. It is well known that BT mode is a separate signal that uses longer
pulses. Moreover, the procedure to locate the bottom and process the Doppler velocity
includes the identification of the strongest echo in range-gated echo profile (RDInstruments,
2011). More precisely, the system divides the profile into uniform segments called bins (also,
gates or cells). The echo is measured at each bin and the bin with maximum echo identifies

the bottom. Finally, the Doppler shift is used to calculate the apparent velocity at that bin.

URL: http://mc.manuscriptcentral.com/jhr



220

Paper V

VoONOUV D WN =

Journal of Hydraulic Research

The profile resolution and gating are, therefore, paramount for the apparent velocity
assessment. A coarser-resolution would likely result in contaminated velocity assessment
from shallower acoustic sampling at the active layer thickness.

Furthermore, the actual possibility of placing the maximum echo bin close to the flume bed
also depends on the instrument distance from the bottom that in turn is very much related to
the water depth. For a given cell size (i.e., the profile resolution) shallow water will results in
fewer bins than the larger water depth. Thus, coarse resolution reduces the actual possibility
of placing a cell close to the bottom in case of shallow water. This was exacerbated in flume
experiments where the water depth was limited to less than 0.5 m. The observed deviation
among the measured apparent velocities may therefore be attributed to profile gating changes
due to bed deformation, which eventually resulted in different positions of the maximum echo
cell.

For the IC signal processing the size of the bins is predetermined by the length of the pulse
(PI) and the pulse length is automatically adjusted from 5 cm to 26 cm, depending on the
water depth. In this experimental set-up, the center of the bin used for the bottom
identification and the apparent bedload velocity assessment, most likely coincides with the
top of the sediment bed (see, Fig. 11). This resulted in shallower sampling, less contact with
the immobile surface, contributing for a more dominant scattering of the mobile particles. The
apparent velocities measured by the 3MHz IC partially complied with the spatial averaging
assumption and gave lower velocities than the IMHz. Given the same pulse length for the 2
frequencies, the not-profiled region close to the instrument (namely, the blanking distance) is
the only reason for a different gating of the water depth. This was 2cm for 3MHz and 6¢m for
1IMHz (Fig. 11); a smaller blanking distance eventually resulted in more cells, which may
made a bottom-closer acoustic sampling for the higher frequency. It is worth noting that this
small change of profile gating in such low water depth eventually gave noticeable deviations
of the apparent velocity that maybe not the case in actual rivers (Conevski et al. under
review).

The bin size of the PC does not depend anymore on P/, and it is determined by the distance
between two consequent pulses. It enables much finer resolution and smaller bins that
contributed to more accurate identification of the sediment bed. In this case, the measured
apparent velocity was affected both by mobile and immobile particles, which means a
bottom-closer acoustic sampling. However, in the gravel tests, the apparent velocities from
1MHz-PC appeared almost equal to moving particles velocities (namely the v, camera
velocity in Fig. 7). In this case, high saltation of the gravel particles, above z., enabled an
acoustic sampling of the mobile particles without the effect of immobile bed surface. In other
words, the gravel particles which are scattered in the geometric regime fully reflected the

signal with much less influence of surface scattering from the immobile particles.
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4.2 Backscattering strength and the bedload particle concentration

To better examine the BS strength and the bedload particle concentration, the mean B; of each
experiment type for 3 MHz PC and IMHz PC (see also Table 3) were plotted versus the
bedload surface concentration (K,,) and the normalized thickness of the active layer (d/D50).
K, is a direct measurement of the dimensionless bedload concentration and d, / D50
represents the active layer thickness with respect to the number of particles, instead of the
actual length, in fact the number of particles is a more crucial acoustic indicator. Regardless
of the particle velocity and size, the performed experiments made evident an inverse
correlation between B, and the bedload surface concentration, K., obtained from planar
videography (Fig. 10a and 10d for 3MHz-PC and IMHz-PC, respectively). The same was
also observed for B, and the normalized thickness of the active layer, d,/ D50, from side
videography (Fig. 10b and Fig. 10e). The inverse correlation between the active layer features
and B, could be described as a sensitivity of the BS strength towards bedload concentration
(i.e., number of particles) increases. Therefore, the backscattering strength embeds
information about bedload in addition to apparent velocity. This was particularly relevant in
the case of sand tests where a significant variation of the concentration was expected among
the three hydraulic conditions. In Fig.10c and Fig. 10f, B, noticeably changes with a small
variation of the apparent velocity (see, the gray line within Fig. 10c and Fig. 10f) giving less
steep trend. On the contrary, the same figures give a much steeper trend for the gravel
experiments (see, black line with in Fig. 10c and Fig. 10f) B,, which entailed a small variation
of the bedload concentration and thickness among tests characterized with different

conditions.

4.3 The backscattering strength and the PSD
Shields (2010) has demonstrated that the BS strengths from 1.2 MHz RioGrande can be

utilized to characterize the sediment bed in the rivers and lakes. He distinguished the BS
strengths from cohesive and non-cohesive materials, as well as from sand gravel and finer
sediment bed.

In this study, Fig. 9 shows that for each frequency, there is a clear difference between the Bs
values of gravel and sand experiments (see also, Table 3). This permits rough classification of
the bedload materials and more detailed analysis of the medium sand and fine gravel
scattering in moving or calm conditions. The estimated Bs values were higher in the
experiments without any sediment transport (empty symbols, Fig. 9) than the experiment with
sediment transport (filled symbols, Fig. 9). This difference in the scattering strengths
indicated the dominance of the surface scattering in calm conditions which depends only on

the bed roughness and the micro-roughness of each particle, especially relevant for the
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highest frequency instruments (i.e., a wavelength smaller of the particle size). This also bore
out that the BS strength cannot be only associated with the type of the material, but also with
the mobility conditions, that is a consequence of surface and volume scattering

combination. In addition, B; for gravel in calm conditions coincided with the B; measured for
the sand in mobile conditions, that potentially hinder the assessment of actual D50 from
measured backscatter in the field (i.e., inverse problem solution).

Furthermore, Table 3 shows that the 0.5 MHz (vertical beam) gave the most considerable
difference in the magnitudes of the gravel and sand experiments. The vertical beams are
generally less responsive to a volume scattering (Ivakin, 1981), which implies that the vertical
beam is less sensitive to concentration changes at the sediment bed, therefore enabling the
solution of the inverse problem. In addition, the 0.5 MHz frequency located medium sand and
fine gravel in different scattering regimes (i.e., Rayleigh and geometrical) which eventually

contributed to a more straightforward distinction of the two materials.

5 Conclusions

5.1 The acoustic sampling

This study examined the apparent bedload velocity and the backscattering strength obtained
by two different ADCPs working at four different frequencies, the 0.5/1/3 MHz M9 by
Sontek and the 2MHz StreamPro by Teledyne-RDI, and using different signal processing
configurations, incoherent (IC), pulse coherent (PC) for the M9 and coded broad-band (BB)
for the StreamPro.

The apparent bedload velocity measured by the 3 MHz confirmed the spatial averaging
assumption for both gravel and sand experiments, demonstrating an averaged effect of the
mobile and immobile particles within the acoustic sampling. Similar results were obtained
with IMHz PC configuration for the sand experiments, but IMHz IC resulted in higher
velocities, in the range of the videography. This is apparently in contrast with previous
findings where the apparent velocity usually underestimates the velocity of the mobile
particles because of the surface scattering of immobile particles. The deviation of the | MHz
IC was attributed to the internal profiling resolution of IC configuration, that estimated only
the velocities at the top layer of the mobile sediment bed, which is closer to planar sampling
of camera velocimetry. For gravel experiments, the apparent velocity was overestimated by 1
MHz-IC and PC too. In this case, the saltation height of the particles further contributed to
enhancing the shallower sampling from those moving particles. These superficial returns may
also be identified as a laboratory-scale problem that would not happen in the field. In fact, the

blanking distance also decreased for 4 cm when passing from 1 to 3 MHz that changed the
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cell positions with respect to flume bed. This would not make a significative difference in
some meter-deep river.

The 2 MHz SPro underestimated the expected apparent velocity of 2 to 5 times for sand and
up to 22 times for gravel. This bore out the intense emitted pulses that penetrate the active
layer, and the lower resolution profiling of the BB systems which emphasized the effect of the
immobile surface beneath within the acoustic sampling (i.e., surface scattering).

Summarizing the M9 appeared more suited for the measuring of average apparent velocity at
the flume bed, provided that the profiling resolution is high enough with respect to water

depth.

5.2 Instrumental configuration

A high percentage of not valid data (ND) was observed for the M9 PC and IC configurations
in case of gravel experiments. This pointed out the limitation of these configurations,
especially for extreme hydraulic conditions and the need of averaging time longer than 5
minutes. In this case the SPro provide a more robust measurement although affected by

surface scattering.

5.3 Doppler and backscatter outputs

The measured BS strength declined as the observed bedload concentration at flume bed
increased, independently of the mass rate. This declination was larger for sand than for gravel
tests. M9 gave very similar results regarding the rate of decline of the BS strength whatever
the configuration (i.e., internal processing). On the contrary, the SPro appeared to be
insensitive of the changes in the bedload concentration, confirming a strong effect of the
immobile bed surface. This indicates that M9 provides information regarding the active layer
thickness in addition to the apparent velocity. Furthermore, the BS strength measured by the
M9 0.5 MHz vertical beam produced the most distinguishable magnitudes, which potentially
can be used for riverbed PSD classification. This classification appears important for a correct
interpretation of the measured apparent velocity. As a matter of fact the experiments with
sand over a flat immobile gravel bed showed apparent velocities and BS strengths from slant
beams in the range of sand experiments with the same hydraulic conditions, although the
amount of sand trapped was negligible, whereas a deviation was observed among these tests
for the BS strength from the 0.5 MHz vertical beam.

These results are the basis towards utilizing both the backscattering strength and apparent
velocity in the quantification of the total bedload transport over a cross-section of a river. To

this objective, the kinematic model (Rennie et al., 2004) offers an opportunity to physically
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combine the B;as an indicator of the bedload concentration, and v, as the average bedload

velocity.

However, more detailed analysis in collaboration with the ADCP manufacturers is necessary

to determine the ambient noise, the rough surface scattering influence, and the echo

distribution. Also, more tests should be performed over various PSD in calm and moving

conditions. It would help to benchmark BS strength ranges related to different frequencies for

more efficient field implementation.
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Notation
Ay = area of the surface scattering at flume bed
BP = Bottom Tracking pings per ensemble
By = corrected Backscattering Strength
c = speed of sound
Cz = Chezy coefficient
D50 = particle median diameter
D90 = particle diameter bigger than 90%
D, = particle mean diameter derived of the Number Particle Size Distribution
Dy = standard deviation of the PSD
EI = BT echo intensity
E, = noise level
F, = Froude number
d, = empirically calculated active layer thickness
D, = transducers diameter
dy = modelled active layer thickness
f = ADCP working frequency
FD = percentage of the discarded velocity samples after the filtering
g = gravitational constant
H = water depth
K, = mean surface bedload concentration estimated from the imagery data
Koo = active surface bedload concentration estimated from the imagery data
N/A = fraction of bad samples before filtering
ND = total filtered data including the filtered values and zeros
P = pressure at the transducer
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transmit voltage

acoustic pulse length

physically measured transport rate at the end of the flume
correlation coefficient

slant distance from the transducer to the sediment bed
coefficient of correlation

Reynolds number

particle Reynolds number

slope of the sediment bed

source level

standard deviation of the raw apparent bedload velocity
standard deviation of the surface bedload concentration
standard deviation of the active surface bedload concentration
surface backscattering

volume backscattering

time between pings

average-depth water velocity

shear(friction) velocity

critical shear(friction) velocity

depth-averaged velocity measured by the ADCPs

the apparent velocity, measured by the ADCP and filtered
voltage of the ADCP battery

Bottom Tracking velocity

image velocity

GPS vessel velocity

Water Profile pings per ensemble

beam, focusing, distance to the inner side of the central lobe
distance of the side-lobe contaminated region

attenuation coefficient

local slopes of the bed in x - direction

local slopes of the bed in y - direction

wavelength

acoustic beam opening angle

acoustic beam incident angle

water density

sediment particles density

Shear stress

Shields parameter (dimensionless shear stress)

critical Shields parameter (critical shear stress)

first side-lobe angle
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3 Table 3 Average values of the most important experimental outputs
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;i sandEXP3 | 0.0408 | 29% 00336 | 35% 00297 | 37% | 0.0123 | 30% | 0.009 | 0009 | 0.009

34 sandOVER | 00106 | 37% 0.0058 | 43% 00084 | 46% | 0.0016 | 64% | 0.023 | 0011 | 0.050

35 gavelEXP1 | 0.0508 | 71% 0.0436 | 59% 0.0489 | 51% | 0.0022 | 62% | 0.190 | 0.035 | 0.190

;? gavelEXP2 | 00590 | 83% 0.0652 | 74% 00768 | 54% | 0.0084 [ 57% | 0450 | 0125 | 0298

38 cavelEXP3 | 0.0689 | 91% 00912 | 89% 0.1228 | 56% | 00129 | 56% | 0.480 | 0200 | 0302
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14  Figure 4 Detection of the active layer thickens (mean saltation height) in gravel experiments. The green coloured particle

15 is the first position identified and the magenta coloured particle is approximately the highest jump of the particle.
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Figure 6 Corrected backscattering strength measured by different instruments and configurations and the transport rate

captured by the bedload trap at the end of the flume.
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Introduction
Accurate estimation of bedload transport is an engineering challenge since the previous

century. Measuring the transport rate, using direct traditional methods (i.e., pressure
difference samplers) is a notoriously hard and labor-intensive procedure. The temporal and
spatial variability of the bedload, together with the instrument disturbance, can induce
stochastic and systematic uncertainties. Very often, this data is considered unreliable and
complicates the further elaboration of the sediment transport behavior. On the other hand,
statistically valid measurements are essential for the evaluation of the sediment transport
masses, especially in large navigable or heavily exploited rivers.

One proposed alternative is the use of hydroacoustic instruments, which provide non-
intrusive measurements, are easy-to-deploy, and offer detailed data resolution. Recently,
many studies [1, 2, 3] elaborated the use of the bottom tracking (BT) feature of the acoustic
Doppler current profilers (ADCP), emerging in a promising technique for evaluating the
bedload transport. However, ADCP data do not provide the correct bedload velocity and
require field-specific calibration in order to derive the bedload transport rate [4]. Recently, a
laboratory study has proved that filtering of the apparent bedload velocity efficiently matched
the spatially averaged bedload velocity [5]. Blanckaert et al. [6] in another laboratory
experiment found out a strong correlation between the near-bed acoustic signal from a
custom made acoustic profiler and the image velocity calculated using the optical flow and
PTV methods. These studies show that the acoustic instruments have the potential to measure
the bedload average velocity.

Furthermore, the redistribution of the echo from the sediment bed is quite complicated
because of variable intensity across the insonified beam width and the bed heterogeneity.
Thus, the measured velocity contains many erroneous data and the intensity threshold for the
bottom cannot be easily detected, especially during moving bed conditions. This study
focuses on identifying and analyzing the acoustic signal from the mobile sediment bed using
monostatic ultrasound velocity profilers (UVP) manufactured by Ubertone [7]. Firstly, a
simple method for identification of the mobile sediment bed is proposed, then the influence

of different frequencies and grazing angles on the backscattered amplitude and the apparent
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bedload velocity were analyzed. To confirm the bedload velocity, high-resolution cameras
were used to calculate the surface velocity of the bedload.

Methodology

The Echo from the mobile sediment bed
The UVP use monostatic Doppler probes that emit a burst of acoustic pulses at a specified

pulse repetition frequency (PRF). This pulse incorporates several periods at a given
transducer working frequency. Table 1 presents the deployed frequencies in this campaign of
experiments. After emitting the pulse the system switches in receive mode. Each of the
incident ultrasound pulses reflects from the riverbed differently, depending on the instrument
frequency, the particle size distribution (PSD), and the transport conditions. In mobile bed
conditions, it can be assumed that the mobile volume of the bed, or the active layer, could be
associated with volume scattering. Besides, the immobile surface below the active layer could
be defined as a rough surface scattering. Assuming that the surface of the immobile particles
is acoustically impermeable, the sonar equation of the returned signal formula can be
modified for the sediment bed intensity (I ). If the spreading loss and the attenuation in the
water column are negligible (i.e., no sediment suspension and a short distance to the bed),
then the slant range R in the attenuation component could be conveniently considered equal
to the active layer thickness (Rat ). The only reason for volume scattering is the sediment
concentration in the active layer (Mat). Similarly, for sound attenuation coefficient ca, the
active layer concentration should be considered. The final logarithmic form of the corrected

sonar equation is:
Ir =10log(1,K ) +10log (K A%+ K,’M,,) +10Iog(%) —40R,,log(e),

(€}

where Ir is the received signal intensity (the received echo from the riverbed), lo is the
transmitted intensity Kp is an instrument constant. The coefficient Ky is the volume scattering
coefficient that depends on the frequency, and the particle size distribution [8] and Ks
accounts for the surface reflection depending on the surface roughness, acoustic frequency,
and surface to beam inclination. The A/ term is the variance of the surface of the rough bed
which accounts for the phase reinforcement, depending on the acoustic and bottom
wavelength irregularities [9]. zis the pulse duration, c is the speed of sound, b(8,¢) is a beam
coefficient that includes the grazing angle 6 , the half beam opening angle (¢) and the
beamwidth.
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Experimental setup
The experiment was conducted in the hydraulic laboratory at the Norwegian University of

Science and Technology (NTNU) in collaboration with Ubertone. In the 60cm wide, glass-
sided flume, two hydraulic conditions were performed (Q:=80 I/s and Q2=120 I/s) having 40-
42 cm water level above the sediment bed. The sediment bed consisted of fine sand with
D50= 0.39 mm and D84-D16= 0.22 mm. The water velocities reached 0.3 m/s and 0.5 m/s

consequently for the two different discharges.
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Figure 1. UVP Geometry of the inclined probe

The particle Reynolds number (Rep) is 12.17, and the non-dimensional critical shear stress or
the critical Shields number (z#r) is 0.045. The dimensionless shear stress (z#) for the two
conditions (0.055 and 0.118) indicated that no sediment suspension would occur [10]. The
transducers were mounted 36cm above the sediment bed. Three perpendicular on the
sediment bed and three tilted for 65 degrees (6).

Table 1. UVP acoustic parameters

5B, 4 @ @ g:f; 9%-6 R Cellsiza PRF
MHz m m o o m S m m

3.0 [0.007]0.0005( 6.62 [ 2.08] 6.62 65 1039 0.005 | 1000
1.5 |0.020]10.0010| 4.64 | 1.46 | 4.64 65 | 039] 0.005 500
0.5 [0.015]0.0030(18.54( 5.82 | 18.54 65 | 039 0.011 900
3.0 |0.007]0.0005] 6.62 | 2.08| 6.62 90 | 035] 0.005 1000
1.5 10.020]10.0010| 4.64 | 1.46 | 4.64 90 | 0.35] 0.005 500
0.5 10.015]0.0030 (1854 5.82 | 18.54 90 ] 035] 0.011 900
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GoPro Hero6 (3840 x 2160 pixels and 60 frames per second) with a planar field of view was
installed over the sampling area of the transducers (Fig.1). Five repetitions of each hydraulic
condition were performed; in total, ten experiments were conducted.

Sediment bed echo identification
The bottom identification procedure typically is and internal part of the BT tracking mode of

all down looking acoustic Doppler current profilers (ADCPs). The procedure usually involves
searching of the strongest echo in acoustic profile over the acoustic beam. The ADCP
searches through these depth cells to find the center of the echo and uses the center part to
compute the Doppler shift. It also searches backward from beyond the bottom echo to find
the echo’s trailing edge. The scattered signal from the immobile sediment bed is typically the
strongest and results with the highest peak in the received echo cloud. In most of the
ultrasound studies, the bottom is analytically considered as surface scattering, and it is the
first peak coming after the volume reverberation of the water column above [9]. The
sediment used in this experiment has a comparable size with 3MHz wavelength (Tab. 1), but
it is smaller than the 1.5MHz and 0.5MHz. It means that the scattering from the particles in
saltation or the volume scattering will be in the geometric scattering regime for the 3MHz
(i.e., stronger backscattering strength) and in the Rayleigh regime for the other two

frequencies.

; First high

peak

First low | ©

Amplitude [ ¥/
s _

02 03 04 05 06 07 08 2 o o
Distance [m] Distance [m] Distance [m]

03

Figure 2. Echo profiles from the inclined transducers (blue-0.5MHz; red-1.5MHz, black-3MHz). The
dashed line is the velocity, and it is associated with the right y-axis; the solid lines are the echo

amplitudes.
As soon as the signal passes the active layer of the bedload, a surface scattering occurs. It is
typically stronger (assume specular reflection), and it depends strongly on the grazing angle.
Nevertheless, the are several other parameters that influence the shape of the echo and may
cause confusion into the identification of the bottom.
The procedure of bottom identification followed several steps: i.) defining of the near field
and first side lobe (Tab.1) distances and discarding all the values before these distances; ii.)
Identification of the maximum peak; iii.) Identification of the first high peak (Figl. larger
than half the maximum peak); iv.) Identification of the first low peak (larger than the average
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water column echo); v.) Extracting the velocity values of the cells that form these peaks. Note
that the distance from the sediment bed to the transducers was measured before each
measurement. Accordingly, the measured bottom distance was compared with the identified
bottom using the UVP data. It should be noted that the internal processing of Ubertone UVPs
should give zero values if no Doppler shift is registered in the returned signal. It means that
internally filters out some of the erroneous data. The erroneous data produced by the false
Doppler shift remained to be filtered out. After extracting the raw velocity data, the velocities
with directions opposite of the flow were discarded, in addition to the not valid data
registered by the internal processing techniques of Ubertone.

The bottom identification and filtering were implemented in a MatLab script to run the
results automatically.

The echo amplitude values that form the first low peak indicate the volume scattering of the
active layer, while the first high peak gives the immobile surface scattering. Also, the more
intensive hydraulic conditions (Q2=120l/s) showed higher deviations of the results but
followed the same pattern. Fig.2 shows that the echo profile of the 0.5MHz frequency
contains more spikes and the identification of the bottom is more complicated. This noisy
data close to the bottom is associated with the most substantial side-lobe length influence and
the size of the transducer. The velocities were measured only in the direction of the flume
because the experimental set up allowed considering negligible perpendicular velocities.
Apparently, only the inclined probes are to measure the velocities in the flow direction,
whereas the perpendicular was used for scattering measurement only.

Camera velocities
The images were preprocessed in order to equalize the light and de-blur the motion effects.

After the preprocessing, image-change detection technique was applied to identify the mobile
particles. This technique consists of image subtraction of two consecutive frames and kernel
filter to smooth the random noise. The identified mobile particles from two consecutive
frames are matched using the cross-correlation technique, and the velocities of the displaced

particles from one to another frame are identified [11, 5].



247

Results and discussion
Echo amplitudes comparison
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Figure 3. Echo amplitudes variation. The left plot is the weak transport condition (Q1= 80 I/s); the right
plot is the experiments from the more intensive transport conditions (Q2=120 I/s). The solid symbols
represent the inclined probes, while the empty symbols are the perpendicular probes.

The average echo amplitudes of each experiment repetition from the vertical and the tilted
transducers are plotted in Fig. 3. The amplitudes are the average values of the cells from the
low first peak to the high first peak, meaning that they contain the information from the static
bottom and the mobile particles of the bedload active layer. The vertical probes (Fig.3 empty
symbols) scattered the bottom with almost the same intensity for all the frequencies used in
both hydraulic conditions; moreover, it reflects the fact that the bottom surface roughness
depends only on the particles. On the other hand, the amplitudes of the inclined probes (Fig.3
filled symbols) increased when passing from 80 to 120 I/s. The difference between the
vertical and inclined amplitudes decreased passing from weak to more intensive transport due
to an increase of the volume scattering strength in the cells above the immobile bed. The
attenuation due to the thicker active layer is relatively small; thus, the echoes from the cells
that are fully or partially scattered by the immobile surface did not decrease the total average
values given in Fig 3. This amplitude increasing change is more evident for the 3 MHz probe,
which falls in the transition scattering regime (i.e., Mie regime); in fact, its wavelength is
closer to the mean radius of the used sand particles. It is worth noting that the large size of the
acoustic footprint and the side lobes of 0.5 MHz probe contributed to broader distributions of
the profiled echoes. In this case, the side lobes at the edge of the acoustic footprint
contaminated the received echoes from cells close to the bottom, which made uncertain its

detection and the quantification of the corresponding echo amplitude.
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UVP Bedload Velocities
The UVP manufactured by Ubertone are pulse-to-pulse coherent Doppler velocity profilers.

The velocities were extracted from the cells of the first low peak (i.e., one cell below, the
peak cell and one cell above). It should be noted that some of the peak cells also contained
velocity data. It is most likely that the cell did not sample the immobile bottom entirely, more
precisely the trailing edge did not insonify the immobile bed. The apparent bedload velocities
were averaged along with the measured profiles from first low to first high echo peaks to
represent the bedload velocity. The data were very noisy, showing a standard deviation more
than three times their mean values. Thus, the data was de-spiked using simple local threshold,
and temporal averages were calculated from each repetition of the experiments.
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Figure 4. Bedload Velocities. The left plot is the weak transport condition (Q1=80 I/s); the right plot is
the experiments from the more intensive transport conditions (Q2=120I/s).

The water velocities taken from the cells in the upper part of the profile were estimated using
moving mean averaging. Unfortunately, the few cells above the first low peak gave high
deviations; thus, the water velocity profile is not presented for these part if the profile.

Finally, averages and standard deviations among repeated tests represented the expected
bedload velocity and the corresponding variation at each hydraulic condition (Fig. 4). The
same figure bears out the transition of the water velocities to the bedload velocities. Each
transducer had a bit different distance to the bottom, and it varied from one experiment
repetition to another that is reflected by the vertical bar. The velocity from 0.5 MHz
noticeably underestimates the measured velocities with higher frequencies and the camera
during the higher discharge (e.g., blue square, right plot, Fig.4). The 0.5 had double larger
cells that made the sampling of the active layer difficult, which was few D50 thick. Besides
the longer pulses (i.e., cells) made it easier for the 0.5 to fully sample the immobile bed,
adding more information of the rough surface scattering that could be a reason for more

erroneous data. The 1.5MHz and 3MHz showed very similarly averaged values but higher
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deviations that may be related to turbulence nature of the measuring process. It was expected
for the higher frequency UVPs, with the same profiling resolution and the same bed-distance
to result in similar Doppler velocity estimations. The results demonstrated that the acoustic
sampling of the bottom and selection of the correct cell in the process of identification of the
sediment bed play a crucial role in the estimation of the bedload velocity. The higher
frequency transducers were able to obtain a finer resolution, closer sampling of the active
layer and less influence of the immobile surface; thus, they estimated apparent bedload
velocities close to the true particle velocities (i.e., camera velocity)

The underestimation of 0.5 MHz probes can also be ascribed to the side-lobe interference,
which deteriorates the received signal from the bottom and in the direction of the Doppler
angle. This effect eventually enhanced the received scattering from a direction closer to
vertical (i.e., the more intense and closer target at footprint edge) that entailed velocities close
to zero, on average. The low discharge experiments gave a higher difference between the
camera and the transducers, which appear more similar among them. This is due to the
thinner active layer and the prevailing of surface scattering of the immobile bed that entails
zero velocity. One should also consider that the very fine particles of sand have velocity very

close to the entraining flow (i.e., the slip velocity is minimal).

Conclusions
The Ubertone UVP probes efficiently measured the bedload average velocities. The analyzed

echoes have shown a small decrease of the vertical probes amplitudes while increasing the
bedload transport conditions but a noticeable increase of the inclined probes amplitudes
specifically for the frequency (i.e., 3 MHz) more sensitive to the mobile bed particles
transported in the active layer. It suggests the possibility of using the difference among
echoes from different grazing angles as an index of particles mobility and active layer
thickness. The measured velocities were underestimated especially by the lower frequency
(i.e., 0.5 MHz) and for the higher discharge experiment, but the 1.5 and 3.0 MHz probes
almost fit the values from the camera. This highlights the importance of profiling acoustic
resolution in the acoustic sampling of the sediment bed. The correct methodology that
involves the selection of correct pulse length and cell size (profiling resolution) seems to play
a crucial role in the estimation of the bedload velocity. Further analysis of lower resolution
(0.4 mm per cell) should be performed, and the signal scattered from the active layer should
be further elaborated. It would help to develop a standardized methodology for acoustic
sampling and profiling of the beam in order to obtain a correct estimation of the apparent

bedload velocity.
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