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Measurement of bedform migration rates on the Lower Missouri
River in Missouri, USA using repeat measurements with a multibeam
echosounder
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ABSTRACT: High-resolution repeat multibeam echosounder measurements on the Lower Missouri
River near Boonville, Missouri, USA show bedform movement and sand storage patterns over daily to
seasonal time scales and a range of discharges. Higher flows are frequently, but not always, associated with
larger bedforms, higher bedform movement rates, and higher bedload transport rates. Measurements of
the temporal and spatial variability in sand dune sizes, transport rates, and sand storage across the river
channel have increased understanding of the dynamics of habitats utilized by benthic organisms over
multiple life stages and daily to seasonal time scales.
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Inroduction

Multiple benthic fish species utilize Missouri River
sand dune fields and adjacent river habitats over a
range of life stages. The endangered pallid sturgeon
(Scaphirhynchus albus) use sand dunes and their
flow fields for migration, spawning, dispersal, and
early development (McElroy et al., 2012, DeLonay
et al., 2016b). There is also evidence to suggest that
sand dunes affect feeding patterns (through macroinvertebrate drift) and the overall organization
of benthic macroinvertebrates in river channels
(Amsler et al., 2009).
Approximately 1,200 kilometers of the Lower
Missouri River have been altered through channelization and bank stabilization projects that
began in the early 1900s for navigation and floodcontrol purposes. Channelization of the Lower
Missouri River created a self-scouring navigation
channel. Before the use of multibeam echosounder technology to survey the Lower Missouri
River, single beam and other bathymetric mapping instruments provided a limited 1-dimensional
view of migrating sand dunes, and generation of
three-dimensional maps of bedforms required a
high-level of effort with multiple survey passes,
close transect spacing, and spatial interpolation
between data points (Gaeuman and Jacobson,
2006, Gaeuman and Jacobson, 2007a, Gaeuman
and Jacobson, 2007b).
Multibeam echosounder technology traditionally
was developed for use in deep-water marine settings
but is increasingly applied to relatively shallow settings in large rivers worldwide (Nittrouer et al., 2011,
Parsons and Best, 2013). Multibeam systems survey

the river bed using an array of beams and enable
the collection of large amounts of data in a short
amount of time. When properly calibrated and coupled with recent advances in global satellite-based
positioning and post-processing, the resolution and
precision of these instruments can accurately map
small features on the river bed. These datasets allow
for three-dimensional visualization of a range of
sand bedforms at scales relevant to organisms that
live in the river, in general, 1 meter and less. Bathymetric mapping with multibeam echosounders can
quantify the spatial variability of dune forms across
the river channel, and repeat passes also can be used
to calculate dune migration and bedload transport
rates (Abraham and Pratt, 2002).
We present a multibeam echosounder dataset col-lected in a short reach of the Lower Missouri River near Boonville, Missouri, over daily to
monthly time scales and a range of discharges in
2015. These measurements document the temporal and spatial variability in sand dune sizes and
migration rates across the channel during a fivemonth period.
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METHODS

Repeat surveys of the Lower Missouri River were
conducted in a 350 meter-long reach near the U.S.
Geological Survey gaging-station for the Missouri River at Boonville, Missouri, located 311 km
upstream from the confluence with the Mississippi
River. Surveys were opportunistic and occurred
over a range of hydrographic conditions. Seven sets
of repeat surveys were conducted between 5/1/2015
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Figure 1. Hydrograph for the Missouri River at Boonville, Missouri, prior to and during bedform surveys at
river mile 193.4.

and 7/15/2015 during discharges ranging from
1,371 to 5,437 cubic meters per second, representing the 50th to 90th daily flow percentile ranges for
the post-dam Missouri River (1967–2015, Fig. 1).
A change in water surface elevation of 4.25 meters
(m) was measured between the lowest and highest
measured discharges. No surveys were conducted
through a series of flow rises through June until
mid-July (Fig. 1). Survey timing was limited to
when boats and crews were available, and occurred
nearly always on the falling limb of the hydrograph
due to logistical concerns related to large amounts
of floating woody debris in the river. The site is
located in a straight channel reach with exposed
bedrock, boulders, and bank revetment on the right
descending bank and one wing dike (channel training structure) on the left descending bank (Fig. 2).
Surveys were conducted using a 400-kilohertz
Reson Seabat 7125 multibeam echosounder operated in equi-distance mode with 512 beams and a
128 degree swath width; sound velocity was compensated at the sonar head (Any use of trade,
firm, or product names is for descriptive purposes
only and does not imply endorsement by the U.S.
Government). Data were acquired using Hypack
navigation and data collection software. Motion
corrections were made in real time using a NovAtel inertial motion unit, receiver, and positioning
correction through a Real-Time Kinematic Global
Navigation System (RTK GNSS) broadcast from
a base station over a radio channel. Positioning
was further corrected by processing logged inertial
navigation and GNSS files through precise point
positioning in NovAtel’s Inertial Explorer software package. Surveys consisted of one full channel survey of the reach per date, extending from
bank to bank when flows allowed, followed by
repeat swaths on selected survey lines to measure
bedform movement.

Figure 2. The mapped study reach on the Missouri
River at low and high discharge.

At lower discharges the full channel survey
terminated laterally on the left descending bank
when depths became less than about 2.5 m. Swath
widths varied with depth from 17–48 m; average
width was 31 m. Repeat surveys were conducted
on 7–13 planned lines that were repeated 2–6 times
throughout the day on each survey date. At higher
flows all 13 lines were surveyed; at lower flows surveys covered less of the channel laterally (Fig. 2).
The dataset includes 184 swaths driven over the
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7 survey dates. This includes 56 sets of repeat
passes ranging from 2–6 swaths per transect per
day. Velocity measurements across transects perpendicular to the channel were made using a 1200
Kilohertz Rio Grande acoustic Doppler current
profiler on 5/13. Four transects near the center of
the survey reach spaced 10 m apart were driven
four times each between a set of multibeam swaths
to characterize the variability in velocity at the
scale of the largest dunes.
Many sources contribute to uncertainty in
multibeam echosounder surveying in relatively
shallow inland rivers. These include and are not
limited to uncertainty related to: the positioning
system, instrument-specific engineering, sensor
mounting location and alignment, time synchronization and latency, vessel draft, settlement, and
squat, as well as river conditions and bed topography (International Hydrographic Organization,
2008). Efforts were made to reduce and quantify
sources of uncertainty where possible. To correct
for systematic pitch, yaw, and roll bias a patch
test was conducted in the field on every survey
date; corrections were calculated and applied in
Hypack. Positioning corrections were applied in
Hypack before multibeam soundings were minimally edited with Hypack software manually and
with basic filters and to remove spurious points.
Soundings were interpolated in Hypack to an average sounding matrix with a cell size of 0.25 m, and
imported in ArcGIS as a Digital Elevation Model
(DEM). Point spacing varied with boat speed and
the amount of overlap between swaths; a 0.25 m
grid cell usually represents between 10–20 bathymetric sounding points.
Moving sand dunes and topographically rough
features including revetment, bedrock, boulders and submerged large woody debris provide
challenges for sounding comparison within and
between survey dates (Fig. 3). Edited soundings
from one swath on a relatively smooth patch of
bedrock had an average elevation range of 0.06 m
per grid cell. A comparison between gridded map
cells on bedrock resulted in a total mean difference
of 0.14 m between all surveys (Fig. 3a). Therefore
a threshold difference of 0.20 m was selected for
change detection with DEM comparisons between
surveys. The Geomorphic Change Detection
(GCD) add-in for ArcGIS was used to compare
topographic grids within and between surveys
(Wheaton et al., 2010).
Measurements of bedform height, wavelength,
dune migration velocity (when at least 3 passes
were available), deformation flux, and bed material flux were calculated over longitudinal transects
for each swath at each discharge (McElroy, 2006,
McElroy and Mohrig, 2009). The Integrated Section Surface Difference Over Time (ISSDOT,

Figure 3. Two longitudinal profiles through the survey
reach showing one pass from each date.

(Abraham et al., 2011, Abraham and Pratt, 2002))
software was used to calculate bedload transport
for each set of repeat swaths, which were individually exported from Hypack as a matrix with a 0.5
meter cell spacing. ADCP data was exported from
WinRiver software, visualized in ArcGIS, and
cross-sections plots were generated with the Velocity Mapping Toolbox (Parsons et al., 2013).
3

RESULTS

On all survey dates bedforms were non-uniform
in size across the channel (Figs. 2–4). Mean dune
heights along longitudinal profiles ranged from
0.36 to 1.47 m (Fig. 5a); mean dune height for the
entire survey period was 0.81 m. Dune wavelengths
varied from 3–36.8 m (Fig. 5a); mean wavelength
was 12.9 m. Dune height and wavelength are well
correlated (R2 = 0.74; Fig. 5a). Few or small bedforms were observed at all discharges adjacent to
bank revetment and along most of the exposed
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Figure 4. A.) Mean dune heights from each survey
line across the channel; B.) Variation in dune migration
velocities across the channel; C.) Variation in bedload
transport rates across the channel; and D.) Cross section
showing topographic changes between surveys.

bedrock on the right descending bank of the survey reach. Smaller bedforms were also dominant
on the left descending bank during the two highest
discharges when depths allowed the survey extent
to cover the area next to and behind the wing dike
(Figs. 2, 4a).
Small bedforms were also frequently superimposed on larger bedforms. Large bedforms were
rarely located in the deepest part of the channel
located approximately 50–100 m from the right
descending bank (Fig. 1, 4a). The largest bedforms

Figure 5. Bedform geometry and transport rates.

were usually found near mid-channel, however the
position of the largest bedforms shifted towards
the right bank and much closer to the exposed bedrock during the second highest flow surveyed on
7/15 (Fig. 4a). Higher flows were generally, but not
always, associated with larger bedforms (Figs. 4a,
5a); large dunes with the highest measured wavelengths of the study period were present on 5/12
at a discharge of 2,798 cubic meters per second
(Fig. 5a). Dunes in the same location had changed
considerably by the next day, 5/13 when a survey
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Figure 6. Cross-section showing velocities measured
with an acoustic Doppler current profiler for a transect
near the center of the study reach during the 5/13
survey.

mapped smaller dunes at a similar discharge. These
data suggest that dunes on the Lower Missouri
River are dynamic and can change fairly quickly
without large changes in discharge.
Velocity data from 5/13 show the highest velocities, of approximately 2.0 meters per second, concentrated near the water surface in the region with the
largest dunes (Fig. 6). Much of the channel crosssection had velocities greater than 1.5 meters per
second. The lowest velocities (less than 0.5 meters
per second) were measured on the channel margins,
behind the wing dike, and adjacent to the bank
revetment on the right descending bank (Fig. 6).
Sand dune migration (celerity) rates were 0.15–
3.75 meters per hour (mean rate = 2 meters per
hour) over the range of discharges (not including
5/21 when only two repeat passes were surveyed,
Figs. 4b, 7). Dune migration rates generally were
highest in the middle of the channel which was not
the deepest part of the river (Fig. 4b). Lower dune
migration rates (0.48–2 meters per hour) were measured along the right channel margin (Fig. 4b).
Dune deformation flux rates were between 2
and 25 percent, indicating generally low rates of
exchange of bed material between bed load and
suspended load. Sediment transport rates calculated using ISSDOT varied across the channel and
with discharge from 0.69 to 22.4 metric tons per
day per meter (Fig. 4d). Transport rates were well
correlated with dune height (R2 = 0.61) and wavelength (R2 = 0.78; Figs. 4, 5). The highest measured
transport rates occurred on 5/12 at a discharge of
2,798 cubic meters per second, just after the first
considerable rise of the season and near the beginning of a larger seasonal rise (Figs. 1, 4c). Similar
to trends in dune size, lower rates were measured in
the same location at a slightly lower discharge on
5/13. Higher flows are frequently, but not always,
associated with larger bedforms at any measurement location, higher bedform movement rates,
and higher bedload transport rates. Previous data-

Figure 7. Examples of longitudinal profiles showing
survey data from repeat passes on two different dates.

sets collected on the Lower Missouri River have
also shown similar patterns (Elliott et al., 2009,
DeLonay et al., 2016a), suggesting that bedforms
may persist as legacies from previous discharge
events rather than equilibrating instantly to prevailing discharge.
Erosion and deposition volumes between the
first five surveys were fairly similar with all percentages of erosion and deposition falling close
to, but just under equilibrium (Fig. 8, Table 1).
Between the 5/13 and 5/21 surveys a high flow event
occurred and a large volume of sand eroded from
the channel, scouring the bed to bedrock on the
right descending bank (Figs. 2, 4, and 8). As much
as 3.5 vertical m of scour occurred during this flow
event (Figs. 2, 4d). From the 5/21 to 7/15 surveys
there was additional erosion with some deposition
throughout the reach; most of this scour occurred
adjacent to the bedrock region (Table 1). Over the
entire survey period (4/1 to 7/15) the net change
was nearly all erosional (Fig. 8, Table 1).
4

DISCUSSION AND FUTURE WORK

Although dune size and wavelength are fairly well
correlated with discharge, this and previous datasets collected on the Lower Missouri River have
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Figure 8. Volumes of erosion and deposition from Digital Elevation Model differencing between surveys with
discharge.
Table 1. Digital Elevation Model differencing results.
Percentages by volume

Time Period

Net to
Depo- Imbal- total volErosion sition ance* ume ratio

4/1/2015–4/7/2015
4/7/2015–4/21/2015
4/21/2015–5/12/2015
5/12/2015–5/13/2015
5/13/2015–5/21/2015
5/21/2015–7/15/2015
4/01/2015–7/15/2015

55%
57%
57%
58%
99%
62%
99.7%

45%
43%
43%
42%
1%
38%
0.3%

-5%
-7%
-7%
-8%
-49%
-12%
50%

-10%
-14%
-15%
-15%
-97%
-24%
-99%

* Departure from equilibrium.

suggested exceptions to patterns between bedform
size (both height and magnitude) and discharge
(Elliott et al., 2009, DeLonay et al., 2016a). Potential reasons for larger than expected bedforms
could include remnant bedforms from antecedent
flows, sediment hysteresis during a flood event, or
accumulation and re-working of sediment on the
bed during periods of low flows. One hypothesis
supported by this dataset and surveys conducted in
2014 (DeLonay et al., 2016a) is that large amounts
of sand accumulated on the bed during a long
period of low flows during the fall and winter. The
first substantial rise in May 2015 initially scoured
the bed and was followed by a series of high flow
events that continued to move sediment throughout the summer. Nearly all measured scour at this
location occurred in a relatively short period of
time during the May 2015 rise.
The hydrograph of the Lower Missouri River
is partly controlled by reservoir releases and is

characterized by low flows during winter months
and higher flows from April to November to support commercial navigation (Jacobson and Galat,
2008). Boonville, Missouri, is over 950 km downstream from the last reservoir in the Missouri River
system and tributary runoff and natural hydroclimatic events strongly influence the hydrograph
of the lowermost Missouri River; frequent rises
occur in the spring and summer months in many
years (Jacobson and Galat, 2008). In the late
winter and early spring, pallid sturgeon migrate
upstream on the Missouri River to spawning locations (DeLonay et al., 2007, McElroy et al., 2012).
Telemetered migrating pallid sturgeon have been
shown to avoid the main channel during higher
spring flows, and presumably avoid the regions
of high velocity and high bedload transport rates
associated with moving dune fields on the Lower
Missouri River (McElroy et al., 2012, Gaeuman
and Jacobson, 2007b). This work shows that at
most discharges, and notably during high flow
events in the spring when migrating fish are likely
to be present, regions on the channel margins have
smaller dunes, lower velocity, and lower rates of
bedload transport providing refugia from the main
channel environment.
Channel scouring events also may act to condition, or clean, sediment off of the channel bed
and create conditions favorable for spawning pallid
sturgeon. Sturgeon species worldwide are known
to spawn over coarse substrate, and their eggs are
presumed to adhere to hard surfaces such as rocks
or gravel (DeLonay et al, 2016b). On the Lower
Missouri River pallid sturgeon have been documented spawning on bank revetment (DeLonay
et al., 2016b) which is located on every bend of
the channelized Lower Missouri River. Pallid
sturgeon also have been documented spawning on
coarse bedrock substrate very similar to the bed
material mapped at this site, which has been identified a rare habitat on the Lower Missouri River
(Laustrup et al., 2007). The timing of bed scouring
flow events can change the amount of clean coarse
material (and presumably suitable spawning habitat) available for spawning pallid sturgeon.
It is unknown whether or not the patterns and
magnitudes of scour seen in this study occur in
adjacent reaches and along other segments of
the river. During 2006 to 2007 Elliott et al., 2009
resurveyed 30 cross-sections 10 times in 2 years in
a 6 km reach about 100 km upstream from this site.
They found that some cross-sections within longer
reaches can have strong erosional or depositional
trends that differ from overall reach trends and that
channel setting in a cross-over or bend can influence net erosion. The short reach (350 m long) in
this study is a relatively straight and narrow channel segment in a low-sinuosity bend downstream
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from a channel cross-over. Other channel settings
(cross-overs, higher-sinuosity bends, wider reaches,
places without exposed bedrock) may exhibit different trends in erosion or deposition during the
same flow events.This research is part of a pilot
project and future efforts are planned to target a
wider variety of channel environments, and to
make repeat measurements over a single flood
hydrograph to explore patterns in sediment transport over the course of a flood event.
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