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Monitoring suspended sediment under ice using acoustic instruments:
presentation of measurements made during breakup
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Understanding the processes that control fluvial sediment transport is paramount to monitoring
river geomorphology and ecological habitat. An ice cover changes a river’s water stage and
velocity distribution, which can influence sediment transport and channel morphodynamics. Icejams created during ice cover formation and breakup can locally accelerate flow, leading to
increased bed sediment erosion. Additionally, ice can mechanically scour river bed and banks.
Sediment transported during winter months is often ignored in annual sediment budget
calculations for ice-affected rivers, due primarily to a lack of adequate data. To address this
problem, acoustic profilers are being used to monitor flow velocity, suspended sediment and ice
processes in the Lower Nelson River, northern Manitoba. In March 2012 two upward-facing
profilers (1200 kHz Acoustic Doppler Current Profiler, 546 KHz acoustic backscatter system)
were installed through a hole in the ice 50 km downstream of the Limestone Generating Station.
Data were recorded for four months, including both stable cover and breakup periods. The
ADCP data are presented in this paper. The measured velocity profiles are used to determine
time series of shear velocity. With bed sediment size information obtained with an underwater
camera, the shear velocity is used to determine vertical distribution of the size and concentration
of sediment that would be suspended from the bed for uniform and steady flow. The theoretical
backscattering strength per unit volume, Sv, of these profiles is obtained using standard acoustic
theory. During periods of solid ice cover there was good agreement between daily averaged
theoretical values and observations, but during breakup more sediment was observed than what
would be expected based on local entrainment alone. This indicates that there were sources of
sediment upstream of the mount. For example, the maximum daily concentration observed at
2.24 m height during breakup was 130 mg/L, which is twenty times the concentration observed
under a solid ice cover.

1. Introduction
Understanding the processes that control fluvial sediment transport is paramount to monitoring
river geomorphology and ecological habitat. An ice cover changes a river’s water stage and
velocity distribution, which can influence sediment transport and channel morphodynamics.
Extreme hydraulic conditions caused by ice-jams created during either ice cover formation or
breakup can locally accelerate the flow, leading to increased bed sediment erosion. In addition,
ice can mechanically scour river bed and banks. When sediment-laden ice melts, the sediment is
released, providing a source of sediment in spring months. In order to study the impact of ice
processes on sediment transport, the Lower Nelson River was selected as a case study. This
semi-alluvial regulated river drains a large part of mid-western Canada and part of northern
United States and flows into Hudson’s Bay.
2. Study Site and Instrumentation
The study site is located 50 km downstream of the Limestone Generating Station, just upstream
of Jackfish Island on the Nelson River, Manitoba. The river is 1 km wide and approximately 10
m deep at this location (water level fluctuates by as much as 2 m a day with hydropeaking, cf.
Figure 4) Depth-averaged velocity at this site fluctuates between 0.35 m/s and 0.65 m/s during
total ice cover and between 0.4 and 0.8 m/s during open-water periods. The shoreline is
characterized by steep banks, reaching 50 m in some locations.
Figure 1 is a photograph of the bed near the instrument mount. It was taken through a hole in the
ice in March 2013. It can be seen that the bed material is mainly gravel with cobbles and
possibly sand in between. This is consistent with a substrate classification map created by
North/South Consultants using multi-beam sonar (North/South Consultants, 2010). Prior to our
study, fast flow speeds inhibited the use of underwater cameras in this location, and attempts to
collect bed material with a grab sampler failed, presumably because the opening was smaller
than the largest bed material.
In future work the equivalent sieve size distribution of the bed material will be obtained by
determining the projected area of each particle and converting it to an equivalent sieve size
(sieves provide a measure of the smallest projected area of a particle whereas image analysis
provides a measure of the largest projected area). For the meantime, the diameters of four
particles have been estimated by averaging their extents in the x and y direction. This is not
equivalent to determining any of the standard size parameters for image analysis such as long
axis, short axis, perimeter length or sectional area (Kennedy and Mazzulo, 1991), but the cobble
size provides a reasonable estimate of d84, while the gravel size provides a reasonable estimate of
d50, assuming that log10 of the diameter, d, is normally distributed. The pixel to millimeter (mm)
conversion factor was established by photographing an object of known size at the same distance
in the lab. The average cobble dimension (d84) was 66 mm, while the average gravel dimension
/
, of 7.6 and a d16 of 1.1
(d50) was 8.7 mm, yielding a geometric standard deviation,
mm (coarse sand).

Figure 1: Image of the river bed at the study site. Some particle dimensions are given for scale.
A 546 kHz Shallow Water Ice Profiler and a 1228.8 kHz Acoustic Doppler Current Profiler
(ADCP) were deployed in a low-lying mount on the river bed in an upward looking
configuration in March 2012. Only the ADCP data will be presented in this paper. They were
acquired in bins that were 25 cm in height, with the first bin centered at 80 cm from the
instrument; 50 pings were recorded per ensemble with 9 second (s) between pings. The data from
each ensemble were internally averaged, providing one profile of downstream velocity every 7
minutes and 30 s as well as backscatter profiles from each of the four beams.
3. Method
In order to reduce fluctuations due to unsteady flow, the ADCP data were averaged over one
hour for the following analysis, this corresponds to eight ensembles or equivalently 400 pings.
The downstream component of the velocity magnitude was obtained from the velocity data using
the heading information from the instrument’s internal compass. A time series of the depthaveraged velocity is given in Figure 2. One can see daily fluctuations in mean velocity due to
hydropeaking at the Limestone Generating Station 50 km upstream. Secondly, one can note that
maximum velocities were observed towards the end of April and start of May, which is when the
ice was breaking up.
Two examples of the hourly averaged velocity profiles are shown in Figure 3. The ice cover
creates a boundary layer in addition to that of the bed, hence the log-law type profiles at both the
bed and the surface. For heights up to the height of maximum velocity, logarithmic profiles of
velocity, u, are fit to the bed. The shear velocity, u*, and roughness height ks are obtained from
the following equation:

/

[1]

where κ is the von Karman constant (equal to 0.41). Since we have no measure of the velocities
within 1.24 m of the bed, the assumption is made that the measurable best-fit log-law profiles
also hold for the region near the bed.

Figure 2: Hourly depth-averaged downstream velocity throughout the study period.

Figure 3: Hourly-averaged downstream velocity plotted with height from the bed. The shear
velocity and roughness coefficient obtained by fitting log laws from the point of maximum
velocity to the bed are indicated.
Using the shear velocity obtained from Eq.[1], vertical profiles of concentration, c(z), are
obtained for all grain sizes using the following equation:

[2]
where is the reference concentration of that size of sediment at the reference height a (taken to
be equal to the average value of ks from the velocity profiles), h is the water depth, and P is the
Rouse number:
,

[3]

where
is taken to be equal to one and
is the fall velocity of sediment particles. The
reference concentration by volume for particles of diameter d is given as (van Rijn, 1984)
0.015
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.

is the non-dimensional diameter, a is still the reference height and
is the critical
Where
bed shear velocity for each grain size. In this way, we can calculate the concentration of each
size of sediment as a function of height from the bed for a given shear velocity. By integrating
c(z) over the grain size distribution of the bed sediment, we can get the total concentration of
sediment at all heights from the bed up to the point of maximum velocity (recall that the upper
half of the water column has been ignored).
The ADCP records the backscattering strength of the water column, not the sediment
concentration. In order to relate the theoretical profiles of concentration to the theoretical
backscattering strength, we use the formulations of Thorne and Meral (2008) for backscatter
from sand-sized sediment. Since the backscattered intensity from a suspension of particles is an
increasing function of particle size, sand-sized particles scatter much more sound that do silts
and clays. It is therefore appropriate to use a model for sand. The theoretical backscatter power
per unit volume is given by
10 log

10 log
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The first term on the right side of the equation is a constant which accounts for the sediment
properties, is the acoustic wave number, is the ratio of elasticity of the particles to water and
is the ratio of density of particles to water. The term
,
is the concentration of particles
with diameter at height above the bed and
is the probability density function of the
grain size distribution by volume of the bed sediment.
The measured backscatter power per unit volume is obtained from the intensity that is recorded
in counts E using the following equation.
10 log

20 log
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[6]

Eq.[6] is valid when the signal exceeds the noise level by at least 10 dB, which was the case for
the measurements presented in this paper. The term Const is an instrument specific constant,

is the transmit power in decibels (dB), the third term on the right hand side normalizes
the measured volume by 1 m3, the fourth term converts from the intensity recorded in counts to
dB referenced to 1 µPa (kc = 0.43 dB/counts), the next term accounts for the change in
measurement volume with distance r from the transducers and the last term accounts for the loss
of intensity due to spreading and attenuation, where is the attenuation due to water. Since the
ADCP beams are tilted at 20° from the vertical,
/ cos 20°.
In the following section the theoretical backscattering strength profiles from local entrainment
are compared to the measured backscattering strength profiles. Since there is flow acceleration
and deceleration on an hourly basis, the assumption of steady flow may not be valid and our lack
of measurement within one meter of the bed may mean that we are missing some of the unsteady
dynamics. For this reason, we focus primarily on daily-averaged values. Assuming that the
vertical distribution of grain sizes continues to be governed by the particle fall velocity and the
shear velocity of the flow, we assume that any difference between the measured and predicted
and
, respectively) is due to an increase in concentration of
backscattering strength (
the same sized sediment from upstream sources. These sources could include sediment from
scour or sediment from melting sediment-laden ice. Since backscattering strength in decibels is
proportional to 10log(concentration), the concentration that is observed, cobs, can be calculated
from the concentration anticipated based on the shear velocity, cth, and the difference in the
observed and predicted backscattering strengths as:
10

[7]

Estimates of the daily averaged and hourly averaged concentration observed during breakup will
be provided in the following section. They will be compared to the values observed during total
ice cover.
4. Data
The velocity and backscatter strength recorded with the ADCP for the period that includes
breakup are shown in Figure 4. In the bottom panel of Figure 4, the backscattering strength was
calculated using Eq.[6] where the first two terms were taken to be equal to -135 dB, according to
Table 1 of Deines (1999). From Figure 4 one can see the diurnal fluctuations in water level and
velocity which are the result of hydropeaking from the Limestone Generating Station. Intensity
increases with increasing velocity since higher mean velocities correspond to higher shear
velocities which lead to higher entrainment of bed material. Note that since the generating station
is 50 km upstream, there is a temporal lag between the time of on-peak discharge output by
Limestone and the time at which the highest velocities (and discharge) are observed at Jackfish
Island.
One can also deduce information about the ice cover from the ADCP data. In theory, a solid ice
cover is characterized by high backscatter over multiple measurement bins and open water is
characterized by high backscatter over few bins. An immobile ice cover should have a
downstream velocity of zero. The velocity recorded in the bins in air during periods of open
water should also be null, but since the signal from these bins is not as strong as it would be from
ice, it is contaminated by the reflections from the surface and the velocity profile of the water

column is mimicked in the air. Therefore velocity measurements above the water line during
open water conditions are spurious and should be ignored.
Based on the simple rules presented in the previous paragraph, from Figure 4 it can be seen that
until 2012-05-10 7:00 there was a solid ice cover that did not appear to move downstream. From
then until 2012-05-12 8:30 the water above the mount was ice-free, it was covered again until
2012-05-13 11:00, but then was completely ice-free for the remainder of the season. Based on
NASA MODIS satellite images (Figure 5), the bottom pod was ice-free starting 2012-05-14,
which is consistent with the acoustic data. Unfortunately, no image was available for 2012-05-10
and cloud cover between 2012-05-11 and 2012-05-13 prevents us from comparing the satellite
images to the acoustic data for the time when it appears ice was being released.

Figure 4: Hourly downstream velocity (top panel) and beam average backscattering strength, Sv
(bottom panel) with distance z from the bed for the month during which breakup occurred. Water
level calculated from the pressure sensor is shown in black.

Figure 5: Satellite images of the study site (MODIS composite images of bands 3-6-7). Snow and
ice cover are red while open water is black. The yellow pin indicates the bottom pod location.
4. Analysis
For the calculation of the theoretical concentration profiles, the grain size distribution of the bed
sediments was assumed to be normally distributed in log base ten space with d50 = 8.7 mm and
σg = 7.6. These values were based on the image shown in Figure 1.
Comparing the theoretical backscattering strength to the observed values (Figure 6), we can see
that the theory both over-estimates and underestimates the amount of suspended sediment on a
daily basis (Figure 6c). However, looking at daily averaged values at one height (Figure 7), it
seems that the observations were only noticeably different from predictions based on shear
velocity and bed sediment size distribution immediately after instrument installation (beginning
of the times series) and during breakup.
Calculating concentrations during breakup as described in the Methods Section we obtain the
results presented in Figure 8 from the measurements made at 2.24 m above the bed. It can be
seen that on April 22 (the first day of data presented in Figure 8Error! Reference source not
found.) the daily averaged concentration was 7 mg/L. According to the acoustic measurements,
this was typical of the stable ice period. This value compares well with water samples collected
in the vicinity of this site in March 2011: the measured concentrations ranged from 6 mg/L to 16
mg/L (Weiss, 2012).
During breakup, the acoustic measurements suggest that concentration were much higher. On
May 13 the daily averaged concentration was 130 mg/L, which is twenty time higher than the
typical concentration during periods of stable ice cover.

Figure 6: (a) Predicted backscattering strength based on Rayleigh scattering from Rouse profiles
of bed sediments having d50 = 8.7 mm and σg = 7.6; (b) measured backscattering strength; (c)
difference between predicted and measured backscattering strength. The unit of the Sv is decibel
referenced to 1 µPa. NB: backscattering strength was only calculated for heights below the point
of maximum velocity, therefore dark blue towards the surface corresponds to NaNs.

Figure 7: The difference between the measured and predicted backscattering strength for the bin
centered at 2.24 m from the bed.

Figure 8: Concentration estimated from the acoustic data at 2.24 m from the bed.
Discussion
The measurements made at Jackfish Island during the 2012 breakup on the Lower Nelson River
indicate that breakup leads to substantial transport of suspended sediment, with daily averaged
concentrations up to twenty times what is seen during the rest of the year and hourly averaged
concentrations up to 100 times larger. The maximum concentration observed during breakup was
554 mg/L, two orders of magnitude larger than the typical concentration observed during stable
ice cover. This result is consistent with the study by Prowse (1993) on the Liard River where he
found that the concentration was 10 mg/L prior to breakup and 1067 mg/L at the peak. Similarly,
Beltaos et al. (1994) found that the concentration in the Saint John River went from being less
than 10 mg/L before breakup to over 100 mg/L during breakup.
Looking at the hourly data, one can see that outside of breakup concentrations were typically less
than 5 mg/L between 4:00 and 14:00, which is when flow velocities were lowest at this site.
Water samples collected at the study site in the early afternoon of March 11, 2013 had
concentrations less than 2 mg/L, while those collected near the study site in March 2011 had
concentrations ranging from 6 mg/L to 16 mg/L (Weiss, 2012). According to the ADCP data,
concentrations reached up to 30 mg/L in the evenings when flow velocities were highest at this
site. Due to obvious safety and logistical reasons, we have no water samples with which to
compare these observations.

In this preliminary study we showed that Acoustic Doppler Current Profilers are a useful tool for
the study of sediment transport during breakup. An ADCP was used to simultaneously measure
flow velocity and backscatter, which is a proxy for concentration. The velocity data were used to
determine the expected vertical profiles of concentration and sediment size. This information
was used to determine hourly and daily averaged suspended sediment concentrations from the
backscatter as a function of height from the bed. The acoustic estimates of concentration were
consistent with the few water samples that we have at this study site. Additionally, our results
showed that suspended sediment concentration cannot be predicted using only hydraulic
parameters: the backscatter data indicated that there were sources of sediment upstream that led
to higher concentrations than what would be predicted based on shear velocity alone. These
results demonstrate that ADCPs are well suited to sediment transport studies under ice.
This physical process based approach to interpreting ADCP backscatter data is more robust than
the typical method of fitting an empirical relationship between backscattering strength and
is
concentration. When an empirical relationship such as 10 log
used, where A and B are constants, any change in particle size from the size observed during
calibration may render the empirical relationship inappropriate since backscattering strength
depends strongly on particle volume. Similarly, empirical relationships are very dependent on the
range of concentrations observed during calibration.
This study was a first step towards the interpretation of velocity and backscatter data measured
under ice and during river ice breakup on the Lower Nelson River. In the future, sediment loads
will be calculated. This information will be used to validate numerical models of the sediment
transport of the Nelson River.
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