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Abstract A new measurement protocol, labeled Acoustic Mapping Velocimetry (AMV), has been
successfully tested for in-situ estimation of bedload transport features in sandy beds. The AMV has proven
efficient in using the dune-tracking method (DTM) for characterizing the bedform geometry and dynamics

as well as for estimation of the rates of bedload transport. Given the novelty of the AMV protocol and its
extensive reliance on multiple site-specific assumptions and user-defined parameters, a comparison of this
emerging technique with other three non-intrusive DTM-based methods and analytical predictors is attempted
in this paper. The comparison highlights that the AMV estimates are within 22% of the estimates with the

other non-intrusive protocols and up to 98% different from analytical predictions. The observed differences are
related to the possible sources of uncertainty in the AMV workflows and to the means to reduce their impact on
the targeted estimations.

1. Introduction

The last four decades has brought a plethora of non-intrusive instruments for in-situ measurements of bed
morphology dynamics, with most of them being highly efficient and operationally safe for the instruments and
users. More importantly, the instruments acquire data with high sampling rates over a wide range of spatial and
temporal scales. The superior capabilities of this new generation of instruments have produced considerable
impacts on the in-situ quantification of bedload migration, an area that is considerably lagging the measure-
ment capabilities available for other riverine hydro-morphodynamic processes (e.g., Gray et al., 2010). Among
the new instruments in this area are those based on acoustic sensors (e.g., Thorne, 2014), tracer particles (e.g.,
Wilcock, 1997), and impact sensors (e.g., Reid et al., 1980). Comprehensive reviews of these instruments are
offered by Ergenzinger and De Jong (2003) and Marquis and Roy (2012). Given that most of these instruments
are new, they require adequate evaluation before applying them with high confidence in any measurement envi-
ronment (Ancey, 2020; Le Guern et al., 2021). This paper is an effort along these lines.

In this paper, our attention is directed toward acoustic sensors, a family of instruments that marked a considerable
progress in riverine measurement environments. Among the instruments from this category are the Acoustic
Doppler Current Profilers (ADCP) (e.g., Conevski et al., 2020; Holmes, 2010; Rennie & Millar, 2004) and the
single- or multi-beam echo-sounders (MBES) (Knaapen, 2004; Leary & Buscombe, 2020). Especially attrac-
tive for the measurement of bedform dynamics are the MBES because they produce two-dimensional (2-D)
high-resolution maps with high efficiency (Aberle et al., 2012; Abraham & Kuhnle, 2006; Dinehart, 2002;
Duffy, 2006). Using topographic maps acquired with MBES, one can obtain bedload transport rates using the
“inverse,” or the morphologic approach, whereby direct observations of the changes in channel morphology over
time are used to infer rates of sediment transport (Ashmore & Church, 1998). The morphological approach term
was introduced to distinguish it from the “forward” methods that determine the resultant bedforms from govern-
ing equations driving the bedload transport rates. We define herein bedload transport rate as a local, mean value
to distinguish it from bedload discharge representing a cross-sectional transport rate (Gomez, 1991).
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Among the emerging measurement protocols for investigating bedform transport is the dune-tracking method
(DTM) applied to repeated MBES surveys (Duffy, 2006; Vericat et al., 2017). The DTM is considered as one of the
most accurate method for estimation of bedload rates in sand-bedded rivers (Leary & Buscombe, 2020). The DTM
enables not only exploration of erosion and deposition spatial patterns but also a robust procedure for estimating
bedform transport rates over a wide range of spatio-temporal scales. There are two groups of DTM approaches for
estimation of the bedload transport rates from MBES surveys. The first group determines the bedform migration
velocity using Particle Image Velocimetry (PIV) principles (e.g., Duffy, 2006; Knaapen et al., 2005). The second
group determines the bedform volumetric changes caused by dune migration (e.g., Abraham et al., 2011; Nittrouer
et al., 2008). In this paper we focus on the strengths and limitations of the PIV group as embodied in the Acoustic
Mapping Velocimetry (AMV) developed at IIHR-Hydroscience & Engineering (IIHR) first described in Muste
et al. (2016). Given the lack of a widely-recognized “reference” method for validating in-situ bedload discharge
measurements, a natural choice for its evaluation is the Integrated Section Surface Difference Over Time, version
2 method (ISSDOTv2) based on tracking dune volumetric changes developed by US Army Corps of Engineers
(USACE) (McAlpin et al., 2022). The AMV and ISSDOTV2 are based on governing equations developed by
Exner (1931). The second method uses refinements introduced by Abraham et al. (2011) and Simons et al. (1965).

The AMV concept was first proof-tested through laboratory experiments where its validation was successfully
carried out using conventional bedload measurement approaches (Muste et al., 2016). Soon thereafter, a prelim-
inary study was carried out to test the AMV capabilities for estimating bedload transport rates in-situ (Baranya
et al., 2016). More recently, two other studies have investigated optimizations of various AMV aspects relevant
to bedload transport: evaluation of the IV approaches for AMV (You, Kim, et al., 2021) and formulation of
practical guidance for data acquisition to adequately capture the bedform dynamics in natural rivers (You, Muste,
etal., 2021). This paper is the first attempt to evaluate the AMV performance for in-situ estimation of the bedform
transport discharge as originally proposed in Muste et al. (2019). The discussion in this paper assumes that the
bedforms are mostly sandy, quasi-unidirectional, fully developed, and in equilibrium (i.e., the geometry and
dynamics remain quasi-constant with flow strength change).

The paper describes first the AMV workflow for in-situ estimation of the bedload transport rates along with
criteria for selecting the ancillary parameters. A pseudo AMV validation is subsequently attempted by comparing
two AMV alternatives with ISSDOTV2 bedload discharge estimates and with predictions obtained with “forward”
analytical methods for bedload transport rate estimation. We use the “pseudo” qualifier to highlight that this area
of science lacks a reference methodology and it is notorious for evaluations that differ up to an order of magnitude
in the results (Ancey, 2020). The Discussion section compares the above methods along with preliminary infer-
ences on the differences in the results. The main contribution of this paper is to better inform users on the impact
of user-selected parameters on the estimation of bedload transport rates and discharges with DTM-based methods.

2. AMYV Procedures and Associated Parameters

The AMV procedures for quantifying the much-needed bedload rates entail a combination of concepts and
processing techniques used for acoustic mapping and image velocimetry (IV). The unique advantage of the AMV
method is that it reveals simultaneously both the bedform geometry as well as the two-dimensional velocity
vector field using the same set of raw measurements (Baranya et al., 2022). The AMV principle for estimating
the bedform migration rate is based on the concept of tracking a triangular-shaped bedform moving in the stream-
wise direction. The terms bedform and dune are interchangeably used herein. AMV protocols analyze first the
bedform patterns to determine a representative bedform geometry. Subsequently, the dynamics of the bedforms is
determined from a sequence of acoustic maps taken at short time intervals. The AMV workflow is summarized in
Figure 1 and Table 1. Figure 1 visualizes the workflow while Table 1 provides details for each sequence including
the potential sources of uncertainty. The steps in Figure 1 are illustrated with data from the case study analyzed
in Section 3. Table 1 groups the workflow steps per type of activity, that is, data acquisition and data processing,
to highlight that most of the user-selected parameters pertain to data processing. The two summaries often make
reference to the companion AMV papers dealing with the performance of various IV approaches (You, Kim,
et al., 2021) and with guidelines for AMV in-situ implementation (You, Muste, et al., 2021).

The first AMV workflow step is the creation of the acoustic maps as a continuous depth-data layer covering
the targeted area on the channel bottom. River management agencies regularly acquire such maps to document
bedform characteristics and their distribution across river cross-sections and reaches (Ramirez et al., 2018). There
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Figure 1. Flowchart of the acoustic mapping velocimetry (AMV) protocol for the estimation of the bedload transport discharge.

are multiple instruments for non-intrusively obtaining bathymetric maps (see Figure 1, Step 1a). The accuracy
of the captured bedforms is controlled by the MBES sounding density which in turn depends on the instrument
footprint size, pinging rate, as well as on the vessel speed and the local water depth (You, Muste, et al., 2021).
Given the efficiency of the MBES measurements, the river bottom can be surveyed relatively quickly over large
bed area. The MBES measurements presented in this study are acquired in successive swaths aligned in the
streamwise direction. The surveyed swaths are conditioned and aggregated in Step 1b in the form of a map. The
bedform profiles and their distribution along any planar direction are extracted from the assembled acoustic maps
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(Step 1c). For characterizing the bedform dynamics, repetition of such maps is needed at a rate commensurate
with the bedform migration velocity (You, Muste, et al., 2021).

Steps 1d, le, and 1f convert the acoustic maps into a generalized representation of the bedforms over the surveyed
reach. These steps are critical to ensure the reliability of the dune tracking. They lead to one representative
dune for each subsection of the mapped area, characterized by a dune height (A) and length/wavelength (1),
as illustrated in Figure 1f. The dune height is the difference between the crest and trough of the dune while the
dune wavelength is the distance between two subsequent crests or troughs. The accuracy of the estimates of the
dune characteristics is more sensitive to the density of the measured points along a profile than on the method
used to extract the dune characteristics from a profile (Wilbers, 2004). The optimal outcome of Step 1f is obtained
if the bedform characteristic extraction is made along the same directions as those used in Step 1a for surveying
the targeted area as this approach ensures a more accurate timing for the IV processing (You, Muste, et al., 2021).
There are multiple approaches to quantify the average characteristics of the dune geometry (e.g., Bradley &
Venditti, 2017; Cisneros et al., 2020; Gutierrez et al., 2018; Le Guern et al., 2021; Zomer et al., 2022) These
procedures are based on various principles (from statistical to wavelet analysis) with the goal to automatically
extract representative bedform heights and wavelengths. The AMV processing approaches developed so far use
the Bedform Tracking Tool (BTT) illustrated in Steps 1d and le as developed by Van der Mark et al. (2008). The
BTT protocol for bedform characteristics estimation is based on statistical techniques and geometric transforma-
tions that requires user-defined parameters that can drastically influence the processed output.

In Step 2 of the AMV workflow, the dune migration is quantified using procedures pertaining to IV process-
ing. These procedures are applied to a series of acoustic maps obtained in Step 1b after their conversion to
an image equivalent (Step 2a). While production of acoustic maps is quite mature, the issue of selecting the
optimum data acquisition and processing protocols to accurately capture 2-D velocity fields associated with
bedform migration in field conditions is still under scrutiny (Leary & Buscombe, 2020; You, Kim, et al., 2021).
Steps 2b and 2c provide the dynamic characteristics for the representative bedform identified in Step 1c. For
the present study, the execution of Steps 2b and 2c¢ is made with the High-Gradient Pattern Image Velocimetry
(HGPIV) approach developed by You, Kim, et al. (2021) and Cross-Correlation Method (CCM) developed by
Baranya et al. (2022). Optimal AMYV results are obtained when the rules of thumb associated with IV process-
ing (Adrian, 1991; Detert, 2021; Raffel et al., 2007) are observed from early stages of acoustic map acquisition
(You, Muste, et al., 2021). One important rule is to ensure a bedform moves no more than 80% or less than 20%
of the representative dune wavelength in the time between repeated surveys. Another critical IV constraint is
the selection of the IV approach that best fits the texture contained in the image-equivalent maps (You, Muste,
etal., 2021).

Step 3 of the AMV implementation is based on the dune tracking model originally developed by Exner (1931)
where it is assumed that the entire bedform cross-sectional area passes through a given point on the bed. The
method is applied to the representative bedform identified in Step 1f under the assumption that it accurately
represents the wave train contained in the longitudinal profile. The Exner model modified by Simons et al. (1965)
entails further simplifications that do not explicitly account for the fact that dunes can take multiple forms depend-
ing on the local mean flow and turbulence characteristics as well as bulk parameters such as Froude number and
bed sediment material (e.g., ASCE, 2008; Best, 2005, p. 82). In addition to the dune height, A, obtained from
Step 1f and the migration velocity, U,, determined from the in-situ acquired data in Step 2c, the Exner model
entails the shape factor, g, and the porosity, p (see Step 3a). The shape factor, f, is related to the deviation of the
representative bedform from the generally-accepted triangular shape (Dufty, 2006). According to Wilbers (2004)
the shape factors can be expressed as = 2V/4, where V is the volume of bed form per unit width, 4 is the bedform
wavelength and it ranges between 1 and 1.51. Values for the porosity estimates range between 0.35 and 0.4 and
can be found in various sources (Gibb et al., 1984; Le Guern et al., 2021; Wu & Wang, 2006). Selection of the
model parameters needs to be judicious as their values can sensibly influence the estimated bedload rates.

Given the variability of the bedform geometry across the section, the above variables are most-often represented
as cross-sectional distributions along streamwise-oriented swaths. In the present case study, the variation of the
dune heights and lengths span over two magnitude orders (see Figure 1, Step 1c). This cross-stream variability
might entail regions where secondary dunes are superposed on the primary ones over the entire dune wave-
length or only on the stoss-side of the dunes. For the former case, there is a need to account for the presence of
secondary dunes in the estimation of the bedload transport rates (Wilbers, 2004). Under the assumption that the
moving bedforms maintain the volume balance between erosion on the stoss side and deposition of the lee side
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of the bedform, the transport rates can be obtained as described in Step 3a, Figure 1 (Claude et al., 2012). For the
MBES measurements analyzed herein, the superposed secondary dunes are mostly present on the stoss side of
the primary dunes. It is also noted that all methods discussed in this paper captures the sediment moving as large
primary dunes as well as the secondary dunes superimposed on the primary dunes. The bedload transport rate
across the stream cross section (a.k.a. bedload discharge) is obtained in Step 3b through the summation of the
rates estimated in individual swaths. The accuracy of the transport rates is commensurate with the proper charac-
terization of the dimensionality of the bedforms (i.e., two- or three-dimensional) and the presence or absence of
the superposed dunes. Given the high variability of the bedforms in natural rivers, most of the attention should be
focused on the geometry and dynamics of the large-size bedforms as they dominate the overall bedload transport
rate.

3. Case Study: AMYV Applied to In-Situ MBES Measurements

The MBES measurements presented herein are an integral part of a comprehensive study conducted by the US
Army Corps of Engineers (USACE) over extended spatial and temporal scales with the intent to provide cali-
bration and validation data for developing numerical models focused on sediment transport processes (Ramirez
et al., 2018). As illustrated in the legend of Figure 2, the comprehensive data acquisition campaigns include
MBES surveys, measurement of suspended sediment (red dots), acquisition of ADCP data from fixed locations
(FV ADCP) and transects (MV ADCP), sampling of bed material at selected locations (yellow squares), and
water surface profiling over extended distances (450 km). A secondary goal of the study was to collect repeated
bathymetric data for quantifying the bedload transport using the ISSDOTv2 methodology developed by Abraham
et al. (2011) that eventually were used to determine a bedload rating curve for a wide range of flow conditions
occurring at this location (Jones et al., 2018). Fortunately, the MBES measurements used for this study fulfill all
the above IV rules of thumb despite not originally being collected with AMV implementation in mind. Actually
the case study measurements are conservative by multiple accounts (You, Muste, et al., 2021).

The data for the MBES study were collected in the Mississippi River near Vicksburg during low- and high-flow
conditions (see Figure 2a). The flow during the measurements were quasi-steady: for the 3 October 2012 low-flow
event the stage varied about 2% and the discharge 1% while for the 29 April 2013 high-flow event the stage and
discharge varied less than 1%. Approximately 3.2-km long MBES bathymetric measurements were collected for
each flow condition near River Mile 433 to infer dune characteristics and their preferential pathways. Follow-
ing the 3.2 km long reach inspection, smaller stream reach areas were identified where the MBES bathymetric
surveys were repeated to provide the sequential maps required by the ISSDOTv2 method. The essential conditions
for the two selected cases are presented in Figure 2 and Table 2. The bathymetric mapping was performed with
MBES along longitudinal swaths utilizing a 500 KHz Geoswath multi-beam echo sounder (Ramirez et al., 2018).
An RTK GPS was connected to the survey boat having a horizontal accuracy of +2 cm. The vertical resolution
of bathymetric elevations was approximately 3 cm for 50-m water depth. In order to capture the displacement of
the bedforms, the bed scanning was repeated for six and four times in low and high flows, respectively. The time
between MBES repeated surveys in the two field campaigns was dictated by practical considerations. Basically,
the MBES maps were acquired back-to-back after each cross-sectional scanning was finalized.

The bathymetric surveys for ISSDOTv2 measurements were obtained by aggregating MBES strips (swaths)
surveyed sequentially in the streamwise direction (see Figures 3a and 3b). Note that one swath-length between 1
and 2 was lost in the data acquisition at the higher flowrate. The aggregated bank-to-bank surveys indicate large
dunes in the center of the channel extending toward the right descending bank and smaller dune along the thal-
weg. Comparing the maps at the low and high flows, it can be noticed that overall the dune wavelengths for the
lower flow are larger than for the larger flow. This morphing appears to be driven by secondary dunes translating
over the primary, larger, dunes according to Ramirez et al. (2018). Along channel bedform profiles at the same
location for both flowrates are illustrated in Figures 3c and 3d.

The AMV version presented in this section is labeled as AMV-ITHR (You, Kim, et al., 2021) to distinguish it from
the AMV-BME (Baranya et al., 2022). The only distinction between these two AMYV approaches is the IV process-
ing algorithm (see Section 4). The average bedform height, bedform velocities, and the bedload transport rates per
unit width (i.e., kgs~'m~!) are determined as described in Section 2. The estimation of the representative bedform
geometry is made for each individual swath by first averaging across and then along the individual swath areas.
We choose the above-mentioned approach to uniformly compare our AMV results with the other processing alter-
natives that used the same approach for averaging (see Section 4). The surveyed areas for the low and high flows
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Figure 2. USACE multi-probe measurements in Mississippi River near Vicksburg (MS) entailing a section of the 3.2-km long Multi-Beam Echo-Sounders (MBES)
surveys: (a) stage time series for the USACE Vicksburg (MS) gaging station located at River Mile 435.4 (data retrieved from: www.rivergages.com); The red dots on the
plot indicate the time of the MBES surveys; (b) measurements acquired at low flow on 3 October 2012; and (c) measurements acquired at high flow on 29 April 2013.

contain 8 and 12 swaths, respectively. The results of these successive calculations are illustrated in Figures 4a
and 4b, as distributions per swath width. The average height of the bedform geometry (Step lc in Table 1) is
determined using the BTT published by Van der Mark et al. (2008). The BTT procedure entails an automatized
technique to extract statistical information on the characteristic average bedform heights and wavelengths, as well
as the presence of superposed dunes. You, Kim, et al. (2021) and CCM developed by Baranya et al. (2022).

The bedform dynamics (Step 2b in Table 1) is obtained with the new HGPIV approach (You, Kim, et al., 2021).
HGPIV combines the processing robustness of the conventional CCM with the computational efficiency of the opti-
cal flow method (OFM). The OFM is applied first to automatically determine the optimal search windows over the
whole image area. Subsequently, CCM uses the OFM-determined search windows to locally resolve velocity fields
associated with the pattern movement (You, Kim, et al., 2021). Given the high-density of the IV computational grid
(You, Muste, et al., 2021), it is assumed that both the primary and secondary dunes are included in the calculation
of the bedload transport rate. The bedform velocities are presented in Figures 4c and 4d as distributions of average
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Table 2
Flow and Multi-Beam Echo-Sounders Characteristics for the Measurements Depicted in Figure 2

Low flow (10 March 2012) High flow (29 April 2013)

Discharge (m?/s) 7,617 32,281
Channel width (m) 990 1,400
Active channel width (m) 560 900
Mean depth (m) 6.4 16
Mean flow velocity (m/s) 1.06 1.40
Bed material grain size, dy,, (mm) 0.4 0.4
Nr. of swaths 8 12
Length of swaths (m) 850 990
# of repeated scans 6 4

Average elapsed time between scans (hours) 0.1 (=6 min) 1.5

velocities over the entire area of the individual swaths measured during the two surveys. Finally, the bedload transport
rates are estimated following Steps 3a and 3b in Table 1 by identically pairing the calculations for the representative
bedform geometry and the average velocity for each swath. The values for the parameters used for the computation
of bedform transport are: shape factor f = 1.15 (Wilbers, 2004), porosity p = 0.381 (determined for sediment with
dy, = 0.429 mm as per Wu & Wang, 2006), and sediment density, p, set at 2,650 kgm~>. To highlight the impact of
the selection of the shape factor and porosity values within their recommended ranges, bounding intervals are deter-
mined using variability ranges found in literature for these parameters as illustrated in Figures 4g and 4h. The mini-
mum and maximum bounds shown in these figures are for =1 and p = 0.4 and = 1.51 and p = 0.35, respectively.

The capabilities of the AMV to capture bedform hydro-morphodynamic characteristics with high spatio-temporal
resolution and over relatively large areas enable a wide range of unique inferences and analyses on the mech-
anisms of bedform dynamics and processes. While this paper is mostly focused on the measurement method
evaluation rather than aspects of the sediment transport mechanics, we note several features of interest revealed
in Figures 2 and 4. First, the large bedform front in the lower left corner of Figure 2b (indicating the change in
flow regime) reveals that the equilibrium regime for the bedform transport is relatively short even if the flows are
low and that the bedform characteristics respond swiftly to changes in the flow.

Other notable features are shown in Figures 4a and 4b, where can be observed that the dune heights are lower in the
low-flow case than in the high-flow, and in Figures 4e and 4f displaying that velocities for the low flow are drastically
lower than in high flows. The quantitative estimates for the dune heights are obtained with BTT applied for the longi-
tudinal segments visualized in Figures 2b and 2c. Using the BTT method, representative height and wavelengths were
determined to be 1.73-m high and 98-m long for the low-flow case and 3.22-m high and 82.7-m long for the high flow.
These results are in contrast with the theoretical findings of M. S. Yalin (1964) and Van Rijn (1984) for dunes in equi-
librium whereby it is found that dune wavelength is mainly controlled by the water depth. However, these trends are
confirmed by the analysis with an alternative method conducted by Ramirez et al. (2018) for the same flows that is,
the heights and wavelengths for the same locations were 1.44 and 80.1 m for the low flow and 3.1 and 64.5 m for the
high flow, respectively. As expected, the differences between the bed geometries for the two flows result in commen-
surate differences between the transported sediment (see Figures 4g and 4h). A comprehensive discussion of these
discrepancies would be useful both for setting the capabilities of the AMYV in the proper context and/or explaining
what assumptions or mechanisms in the models might produce these discrepancies. The essential aspect for this paper
context is that AMV offers new perspectives on the bedload transport processes that could not be quantified before.

4. AMYV Evaluation Against Other Methods for Estimation of the Bedload Transport
Rates

4.1. Comparisons Across Indirect Estimation Methods Based on Dune-Tracking Approaches

The across-method comparison presented here involves four approaches developed independently by a research
team at IIHR, a team at Budapest University of Technology and Economics (BME), and two other teams at US
Army Corps of Engineers (USACE). The comparison is using identical input as provided by the MBES raw

MUSTE ET AL.

9 of 20

QSUIDIT suowwo)) aAnear) ajqearjdde ayp £q pauseAod are sadnIe Y tasn Jo sanI 10§ A1eiqi] auljuQ AI[IAL UO (SUONIPUOD-PUE-SULIRY/WO0d A[im* Areiqrjaut[uo//:sdny) suonipuo)) pue suLd [, ay1 39S “[$20¢/11/62] uo Areiqi aurjuQ A1M ‘99ZHE0MMTTOT/6T01 01/10p/wod KoM Areiqijaurjuosqndnde//:sdny woiy papeo[umod ‘9 ‘€70T ‘€L6LET61



~u
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2022WR 034266

wn

o
(=1

100

S W

(=]
(=)

100

Elevation (m)

200 300 400 500 600 700 800
Distance (m)

(©)

Elevation (m)

200 300 400 500 600 700 800
Distance (m)

(d)

Figure 3. Illustration of the bedforms at low- and high-flow conditions: (a) mapped area at low flow, (b) mapped area at high flows, (c) longitudinal profile at low

flow; (d) longitudinal profile at high flow.

data acquired in the high flow case for the Mississippi River described above. The four methods use different
algorithms to estimate the same parameters, hence they are inherently associated with a degree of subjectivity
because they involve selection of procedures and thresholds for the estimated parameters. These selections are
based on engineering judgment continuously optimized through repeated algorithms' implementations in various
measurement conditions. The comparison entails bedload rate estimation, the most-commonly goal of the AMV
measurements, as well as components of the estimation methods used in the data acquisition and processing (i.e.,
estimated average bedform heights and wavelengths). Given that the estimation of the parameters and final results
are determined with different processing algorithms, there is an expectation that the compared outputs display
differences, and those differences offer opportunities for critical discussions and additional inferences.

For four different methods discussed herein are labeled as: AMV-IIHR (as described in Section 3), AMV-BME,
ISSDOTv2, and USACE-bedform (USACE-B). The first three methods are used to estimate bedload transport
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Figure 4. Results of the acoustic mapping velocimetry implementation on the multi-beam echo-sounders repeated maps
acquired at low flow (3 October 2012) and high flow (29 April 2013); (a) and (b) cross-sectional distribution of the bedform
wavelengths; (c) and (d) whole-field velocity distribution obtained with HGPIV; (e) and (f) cross-sectional distribution of the
bedform velocities; (g) and (h) cross-sectional distributions of the bedform mass transport rates.
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Table 3

Comparison of Components of Bedload Transport Rates Obtained With Various Methods Applied to the Multi-Beam
Echo-Sounders Bathymetric Survey Acquired in High-Flow Conditions in the Mississippi River (29 April 2013) Along the
Longitudinal Bedform Profile Shown in Figure 2¢

Bedform morpho-dynamic characteristics

Migration velocity, v, Bedload transport rate,
Wavelength, A, (m) Height, 4, (m) (ms~h) g, (kgs™'m™")
Difference Difference Difference Difference
Method Absolute (%) Absolute (%) Absolute (%) Absolute (%)
AMV-ITHR? 82.7 - 3.22 - 0.0009 - 2.361 -
AMV-BME 79.1 —4 2.81 -13 0.0007 -22 1.923 -19
ISSDOTv2 n/a - n/a - n/a - 1.87 -20

USACE-B 64.5 =22 3.1 -4

“Reference for the comparison.

rates, while the last one only estimates geometrical characteristics of the bedforms. The first two methods are
based on IV applied to acoustic maps while the third approach is based on scour-deposition differential analysis
applied to longitudinal bedform profiles. The first two methods derive geometrical characteristics of a represent-
ative bedform using the BTT method developed by Van der Mack et al. (2008) applied to the wave train enclosed
in a swath (Baranya et al., 2022; You, Muste, et al., 2021). The ISSDOTv2 method uses an in-house developed
approach whereby the transport rates for each individual wave are determined and weighted to determine the aver-
aged bedload transport rate at various locations across the channel (McAlpin et al., 2022). The USACE-B method
estimates representative bedform characteristics by defining the dunes via the zero-crossing approach applied to
a detrended longitudinal bathymetric profile (Ramirez et al., 2018). Results obtained with the four aforemen-
tioned methods are compared in Table 3 (along the longitudinal profiles indicated with red line in Figure 2c) and
Figure 5 (across the river cross-section within the MBES surveyed reach).

Table 3 compares the average geometrical bedform characteristics and the rates of bedload transport as deter-
mined with AMV-IIHR, AMV-BME, ISSDOTv2, and USACE-B methods (as appropriate) using identical acous-
tic maps as raw data. The dune wavelength is not used in the calculation of the bedload rate with the Exner
equation, but it is an important variable for characterization of the bedform migration and is perhaps the most
accurately determined parameter from the high-density MBES surveys. The bedform wavelength is an important
parameter for the design of any dune-tracking based method as the number of surveyed dunes is perhaps the
largest contributor to the reliability of the measurements with this method (You, Muste, et al., 2021). The longi-
tudinal bedform profile (indicated with red line in Figure 2c) is representative for the comparison illustrated
herein as it is located in the area with the largest dunes, hence contributing substantially to the total bedload
transport rates (see also the peak of the bedload transport rate shown in Figure 5). While this analysis can be
repeated for multiple longitudinal profiles, we limit our comparison to just one given that the purpose of this

—AMV-IIHR AMV-BME —ISSDOTv2
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Figure 5. Comparison of the bedload transport rate cross-sectional distributions estimated by AMV-IIHR, AMV-BME and ISSDOTV?2 for the high flow conditions on

29 April 2013.
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paper is to substantiate differences in the estimation methods with the goal to infer insights on their capabilities
and limitations. Table 3 also contains the migration velocity along the same representative line determined by
AMV-IIHR and AMV-MBE, the only methods (out of the four presented here) that determine this variable. The
addition of this variable is made here for completeness as it is an indirect by-product of the AMV-based meas-
urements. Collectively, the set of three bedform parameters, that is, wavelength, height, and migration velocity
provide a robust description of the bedform morpho-hydrodynamics. Finally, Table 3 contains the estimate of
the bedload transport rates estimated by AMV-IIHR, AMV-BME, and ISSDOTV2. Figure 5 displays the average
bedload transport rates estimated per individual swath acquired across the river width as estimated with the three
above-mentioned methods.

The agreement between the estimated methods along the representative line shown in Figure 2c using the four
methods is not particularly good indicating the impact of difference in the approaches for determining bed geom-
etry and dynamics. The differences between AMV-IITHR and AMV-BME are highlighting that even when using
quite similar approaches the difference in selecting the processing parameters can sensibly affect the results. The
latter aspect is substantiated by the 13% difference in the estimation of bedform height and 22% in the migration
velocity estimated with AMV-IIHR and AMV-BME despite that these bedform transport rates approaches are
the most similar among the four analyzed here. While AMV-BME and ISSDOTV2 estimates are considerably
closer compared with AMV-IIHR, it can be noticed that the results obtained with the three methods display the
largest differences in the area of the largest size dunes. The difference between AMV-IIHR and AMV-BME
migration velocity is potentially associated with the use of different IV algorithms (i.e., OF combined with
cross-correlation, and stand-alone cross-correlation, respectively) and the different IV parameters used for the IV
(i.e., interrogation area sizes of 128 x 128 m and of 40 X 40 m for AMV-IIHR and AMV-BME, respectively).
The difference between AMV-IIHR and AMV-BME bedform height is associated with the different selection of
the BTT internal processing parameters. The difference in the bedload transport rate is compounding the effect
of the two uncertainty sources.

The AMV-based protocols use dune dynamics for dune tracking, while ISSDOTV2 is based on bedform geometry
differences. The fourth method is solely based on the statistical analysis of the zero-line bedform reference. Nota-
bly, AMV-IIHR and AMV-BME can track two-dimensional transport (i.e., the streamwise and lateral compo-
nents of the bedform movement) in contrast with ISSDOTv2 which is a one-directional estimation method. For
the present case, the estimation of the bedload rates with AMV was done by excluding the lateral component of
the movement. The accuracy of the results obtained with techniques such as ISSDOTV2 can be influenced by the
positioning and direction of the profile in the river, that in turn overestimates dune length and volumes and under-
estimate bedload transport rates (Wilbers, 2004). A more rigorous analysis of the above-illustrated differences
might reveal what is generating systematic differences and how to avoid them. However, definitive conclusions
on which method is more accurate cannot be drawn in the absence of a reliable method for ground-truthing.

4.2. Comparison With Direct Morphologic Estimation Methods Based on Semi-Empirical Approaches

The ground-truthing of the measurement output is critical for any newly developed measurement technique. This
is especially important in this river morphology area where there are no widely accepted references and, as a
consequence, the reliability of data produced by various instruments and predictors is highly scrutinized. A real-
istic validation of the AMYV would ideally entails direct measurements with alternative instruments or procedures.
Notably this would include comparisons with physical sampling at fixed points (Gray et al., 2010) or ADCP
bottom-tracking (Gasparato et al., 2022). Such comparisons are attempted for the high-flow case in the recent
paper by Baranya et al. (2022). With the intent to support AMV implementation at new sites, in this section we
compare the data outputted by the AMV-IIHR workflow against conventional analytical methods used to predict
bedload transport rates using direct morphologic methods (i.e., formula stemming from semi-empirical or purely
analytic relationships).

There is a plethora of analytical and semi-empirical frameworks for the estimation of bedload transport rates in
steady flows with sediment transport in equilibrium regime (e.g., Armijos et al., 2021; ASCE, 2008). However,
in the present context preference in selecting the bedload transport rate formula is given to the reliance of the
predictors on a small number of variables and their easiness to determine in situ. Some of these measurements can
be estimated without conducting new measurements by inspecting previous records that, most probably, contain
variables such as river depth, bulk velocity, and discharge acquired at the site or in its vicinity. More complex
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Table 4
Comparison of AMV-IIHR Estimates With Various Predictors for Dune Geometry and Dynamics (the High-Flow Case, 29 April 2013) Along the Longitudinal
Bedform Profile Shown in Figure 2¢

Bedform morpho-dynamics characteristics

Bedload transport rate g,
Wavelength A, (m) Height 4, (m) Migration velocity v,, (ms™") (kgs~'m~")

Method Absolute % Absolute % Absolute % Absolute %

AMV-ITHR 82.7 - 322 - 0.0009 2361
Group A
ASCE (2008) 41.0 =50 3.17 -2
Bradley and Venditti (2017) 53.8 -35 3.06 =5
Cisneros et al. (2020) 105.7 +28 1.9 —41
Van Rijn (1984) 116.8 +41 0.07 -98
Allen (1968) 85.3 ) 2.3 -29
Group B
Dillo (1960) 0.0005 +44
Group C
Van Rijn (1984) 0.49 =79
Engelund and Hansen (1967) 3.16 +34

relationships based on difficult to obtain measurements (such as critical flow velocity, shear stress, terminal
fall velocity) are avoided here as the predictors are used to design field experiments rather than validate results
regarding bedform development from experimental and analytical investigations. Similarly with the previous
comparison, the discussion in this section uses the AMV-IIHR results as the reference for the comparison. We
structure this comparison around three groups of variables as shown below:

e Group A: geometry of the bedforms
¢ Group B: bedform migration velocities
¢ Group C: bedload transport rates

The most important group for practical purposes is Group C. However, the other two groups are highly relevant
for the transport process understanding and for designing the AMV in-situ experiments at new measurement sites.

Wilbers (2004) tested with field data the validity of several analytical and semi-empirical predictors for dune
height and dune length (Group A) in steady and uniform flows and concluded that only five predictors are
reliable. Based on these findings we select the best two of them for testing against our measurements, that is,
Allen (1968) and Van Rijn (1984). Wilbers (2004) also offers compilations of data and relationships that link
dune wavelength and dune height for various steady-flow conditions. The predictors for the bedform migra-
tion velocity (Group B) are scarce, for the most part because of the difficulty taking this type of measurement
(Tabesh et al., 2022; Wilbers, 2004). In this respect, techniques such as AMV can play a critical role as the
migration velocity can be determined quite easily from processing repeated acoustic maps with visible bedform
crests. The availability of predictors for bedform velocity is essentials for the implementation of the AMV as the
bedform migration rates prescribe the optimal time between repeated survey maps as required by the IV rules
of thumb (Adrian, 1991). Most of the predictors for bedload transport rates (Group C) are based on govern-
ing relationships between flow strength, water depth, and bed material grainsize. Recent studies that compared
observed and predicted characteristics of the bedload transport rates determined the Engelund and Hansen (1967)
and Van Rijn (1984) relationships show the best agreement with field measurements in natural sand-bed rivers
(Armijos et al., 2021; Kleinhans, 2002). Table 4 displays variable estimates using several formulas pertaining to
each group. The detailed calculations for all the used formula are provided in the Supplemental Material.

The results provided by the predicting relationships in Table 4 are quite different from the AMV-IIHR meas-
urements used herein as reference. There is no indication of a persistent bias in the estimation of the bedform
characteristics or of the bedload transport rates acquired with AMV. This disagreement is not surprising as
quantifying bedform geometrical and dynamic characteristics is known to be notoriously difficult (Ancey, 2020).
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Actually (Duffy, 2006), concludes that the predictors' outcomes can vary over several order of magnitudes even if
the input parameters are identical. Moreover, using predictors based on the same physical principles may display
uncertainties in the results that can vary by an order of magnitude (Patalano et al., 2022; Tsubaki et al., 2018).

5. Discussions

The above-presented results show the capability of AMV for characterizing critical features of the bedform migra-
tion relevant for science and practice using MBES data acquired in a large river. While the estimation of bedform
characteristics and estimation of bedload transport rates might be the most useful practical results, the AMV
provides information on dune steepness and mean stoss- and lee-side angles. We also note that the instruments
used for data acquisition as well as the measurement protocols associated with AMV are increasingly mature
and widespread. The image processing component of the AMYV is analog to the Large-Scale Particle Image
Velocimetry (LSPIV) technique where the PIV concepts are applied to image patterns rather than images of a
group of particles (Muste et al., 2008). Patterns are defined as continuous shapes created by gray-level pixel inten-
sity distributions. Consequently, each pixel in the interrogated area contribute to the cross-correlation, not only
the pixels defining the individual particles. Both methods assume the patterns remain “rigid non-deformable”
between image pairs.

Recent papers by Baranya et al. (2022) and You, Muste, et al. (2021) demonstrate the impact of data acquisition
protocols on the AMV image processing component. We note here that the judicious selection of the size of the
Interrogation Areas and the time step between image pairs is critical for the accuracy of the bedform dynamics
estimates. Similarly to LSPIV, this selection is based on a trial-and-error process that requires experience with
the technique and understanding of the bedform regime and dynamics. As a consequence, there is a dosage of
subjectivity in the estimations that is closely related to the users' skills. However, the selection process is quite
intuitive (as it is based on visual observation) and reliable, as proven by multiple comparisons whereby the
LSPIV-estimated velocity distributions over the cross section and the discharge estimates are in good agreement
with alternative measurements with well-established discharge estimation (Muste et al., 2011).

The AMYV results presented herein cover a range of bedform scales at one site (from ripples to primary and second-
ary dunes) enabling identification of bedform migration directions (1D, 2D or 3D), as illustrated in Figure 6a.
With proper acoustic map resolution and careful selection of the processing parameters, the AMV can detect both
dune migration as a whole as well as the movement of secondary dunes or ripples within the dune wavelength,
as shown in Figure 6b. Note that the vectors associated with the bedforms in this figure indicate that the ripples
move faster than the dune crest (as shown by the larger magnitude vectors estimate between those corresponding
to the dune crest). However, because the size of the interrogation area selected for the image processing in this
paper is close to the size of the largest dunes the resultant velocity estimates are mostly valid for the representative
dune within the wave train (see Table 3). With further adjustments of the processing parameters, the AMV can
reveal more details of one or the other bed migration transport form. This latter AMV capability is important as
it enables to distinguish between primary and secondary migration of bedforms.

Despite the above-highlighted AMV capabilities, the relatively large differences in the estimation of
sub-components and final results obtained with the two AMV versions, that is, AMV-IIHR and AMV-BME,
indicate that the AMV has not yet passed the evaluation stage and need to be further optimized for becoming a
reliable in situ measurement approach for comprehensive characterization of the bedload processes. Given that
this and our prior AMV in-situ studies entail data from the same case study (i.e., MBES data repeatedly acquired
over a cross section of the Mississippi River), the outcomes of these discussions can be considered indicative
rather than definitive. However, this analysis represents a good precursor for a full-fledged AMV uncertainty
analysis. Along this line, a good starting point is the list of individual sources of uncertainty listed in Table 2 (last
column) that can be further tested over their range of possible occurrence. Furthermore, it seems that quantifying
both types of bedforms with the same image processing parameters, as it is done in this paper, might lead to errors
in the bedload transport rate estimates as noted by Baranya et al. (2022). It seems that the best implementation
strategy for estimation of the bedform dynamics with AMYV is to adopt a scale-dependent characterization as
suggested by Guala et al. (2014). This strategy might call for multiple image processing runs; one run applied to
areas encompassing several large dunes (as done in this paper) and a separate run for areas contained within a
single wavelength.
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The AMYV usage is still in early developmental stages and requires further refinements of its implementation
protocols. One of the major hurdles for AMV implementation is the selection of the proper data acquisition
protocols and processing parameters for measurements at new locations. This selection is based on anticipating
the actual type of morpho-dynamic processes at the time and location of the measurements and their impact on
the results. The anticipation of local sediment transport processes cannot be attained without full understanding
of the bedform migration mechanics and of the investigative frameworks used to describe them. Much improve-
ment is expected in this area as the diversity of analytical and semi-empirical approaches and formulations are
inconsistent among themselves, as demonstrated by the results presented in Table 4. The results presented in this
paper indicate that emerging approaches such as AMV in conjunction with high-resolution bathymetric data can
shed light on the validity of these formulations.

In the absence of analytical support, there is a need for a careful inspection of the longitudinal bedform profiles
using prior measurements (even if they are sporadic) or diagnostic measurements prior to AMV implementation.
This need stems from the fact that there are several aspects of bedload transport that will change the outcomes
of the AMYV, as well as other DTM-based results, even if the measurement technique adequately follows rules of
thumb applied to the processing components. Even for this simplest form of bedform movement (i.e., the steady
flow with sediment transport in equilibrium), there are subtleties that must be considered in producing reliable
measurements with AMV. For this purpose, we first caution on some salient aspects of steady flows with sediment
transport in equilibrium. This sediment transport regime is well documented by analytical and semi-empirical
formulations that enables the design of the experiments and setting of the AMV processing parameters (e.g.,
Van Rijn, 1984; S. Yalin, 1964). Subsequently, some frugal considerations on unsteady flows are reported.

5.1. Steady Flows Regime With Dune Superposition

Most of the reported field measurements characterize steady flows based on quasi-constant flow discharge or stage
during the measurements. In this scenario, one possible alternative is that all the sediment transported by erosion
from the stoss side of the bedform is subsequently deposited on its lee side. There are steady transport situations,
where secondary dunes are superimposed upon the spatially varying primary dunes. Superimposed dunes can
affect the conversion of the dune migration rate into a bedload transport rate. The consequences of not accounting
for the impact of secondary dunes on the total bedload transport are extensively discussed in Wilbers (2004). These
types of flows are often encountered at higher flow stages (Huntley et al., 1991). For this reason, if knowledge
of typical maximum local flow stage is not available, then the measured bedload transport rates must be consid-
ered to be a lower estimator of bedload transport (Knaapen et al., 2005). Fortunately, the visual nature of the
AMV-derived maps acquired with MBES provide a detailed picture of the riverbed section of interest that facilitate
the recognition of these peculiar bedform aspects. The data provided by AMV enables investigation of the 3-D
dune shapes and their development and if preferential transport pathways are developed within the stream reach.

5.2. Unsteady Flows

This type of flows occurs during flood wave propagation in inland rivers and are ubiquitous in rivers located
in coastal areas. The distinct temporal variations on the rising and falling limbs of the flow hydrograph require
adaptation of the AMV data acquisition and processing parameters. The implementation of AMV for captur-
ing bedform migration for these types of flow is a complex endeavor. There are much less analytical and
semi-empirical formulations for predicting bedform migration in unsteady flows and only scarce measurements
documenting these flows. Direct measurements conducted by Lisimenka et al. (2022) illustrate that the dune
height and length are larger during the falling limb than the rising limb for the same streamflow. Wilbers and
Ten Brinke (2003) found that the relatively fast changes in hydraulic conditions during flood wave propagation
favor the formation of superimposed bedforms. Wilbers (2004) showed that the dune growth and decay and
migration rate are widely different during floods, and these differences are related to differences in grain size of
the bed and to differences in the distribution of discharge over the main channel and the floodplain. It is obvious
unsteady sediment transport needs more experimental evidence to properly inform the AMV implementation.

6. Conclusions

The presentation of the AMV capabilities to explore bedform dynamics over a range of spatio-temporal scales
demonstrates that the technique is effective in providing comprehensive information on bedform morphometric
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parameters and migration rates. The paper assembles the factors that influence the reliability of the AMV in field
situations and recommends complementary guidelines to those presented in the paper by Baranya et al. (2022)
and You, Muste, et al. (2021). The presented measurements demonstrate that AMV reveals fine details of the
bedform migration dynamics that are not readily-available from measurements with other methods. The present
evaluation is much needed as, similarly to other non-intrusive measurement methods, AMV uses remote-sensed
aspects of the process targeted by the measurements relying extensively on multiple assumptions and parameters
that are site-specific. These assumptions and parameters are associated with all aspects of the AMV implementa-
tion, from the acquisition of the repeated bathymetric maps to the estimation of bedload transport rates. Finally,
we contend that AMV is becoming a reasonable option for determining bedform characteristics and bedload
transport rates which are extremely important to addressing basic questions about bedform mechanics developing
over a broad range of spatio-temporal scales. However, full validation of AMYV cannot be accomplished without
a proven convergence of alternative in-situ measurements and analytical considerations that account for the wide
range of factors that influence the bedform dynamics at a specific site.
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