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Field measurements of the size distribution of frazil icgarticles
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The size distribution of frazil ice particles has been studied in laboratory
environments a number of times but there are no published reports of similar
measurements in natural streams. These laboratory studies have demonstrated
that factors such as turbulence intensity have an impact on mean particle size and
the concentration of suspended particles, but a lognormal size distribution has
described the particles well in all cases. However, measurements of in-situ
particles are required in order to fully understand the properties of frazil ice
particles in complex field environments. To accomplish this, two specially-
designed field cameras were deployed in the North Saskatchewan River at
Edmonton in November, in the Peace River at Fairview in December, and in the
Kananaskis River in March of the winter of 2014-15. Each of the camera systems
consisted of a Nikon DSLR camera and flash enclosed in waterproof housings
and two polarising filters. The camera was programmed to capture photographs
of frazil ice particles suspended in the flow and backlit by the flash as they passed
between the polarisers. Preliminary analysis has found that the particles observed
in the North Saskatchewan River were described well by a lognormal size
distribution, and ranged in size from 0.04 to 3 mm in diameter. However, the size
distributions obtained from the Peace and Kananaskis Rivers deviated
significantly from the ideal lognormal distribution. It is believed that this
deviation was caused by suspended sediment particles that were thin enough to
refract the polarised light in a similar manner to the frazil particles observed.
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1. Introduction

The size distribution of frazil ice particles has been a matter of interest in river ice engineering for
many years. A number of laboratory experiments have been carried out to study the size
distribution under various conditions (e.g. Clark and Doering 2006; Daly and Colbeck 1986;
McFarlane et al. 2014a) and a lognormal distribution has been found to fit the particle sizes well
in all cases. It has also been determined that variables such as turbulence intensity have an impact
on the mean diameter and concentration of suspended particles, and the evolution of the size
distribution properties throughout a supercooling event (e.g. Clark and Doering 2008).

These findings suggest that the properties of frazil ice particles might vary significantly between
natural streams with different flow characteristics, and measurements of in-situ frazil particles are
required in order to test this hypothesis. However, photographing frazil ice particles in the field
has proven to be a difficult task. Osterkamp and Gosink (1983) were able to capture some
underwater images of frazil particles in the Chatanika River, Alaska, and observed particles
ranging from 0.1 to 1 mm in diameter. They also made the qualitative observation that the size
distribution remained fairly constant although the concentration varied significantly over the
course of four hours of image data.

To study the variation of frazil particle sizes between rivers in more detail, two specially-designed
field cameras were deployed on Alberta rivers during supercooling events in the winter of 2014-
15. Images were captured in the North Saskatchewan River at Edmonton, the Peace River at
Fairview, and in the Kananaskis River just upstream of the Village Bridge, and were subsequently
analysed to determine the size distributions of the captured particles.

2. Instrumentation

The imaging systems used in the field, named ‘FrazilCams’, were designed to replicate the
laboratory setup described by McFarlane et al. (2014b) and are shown in Figure 1. Each of the
FrazilCams consisted of a Nikon D800 digital single-lens reflex (DSLR) camera equipped with a
60 mm Micro-Nikkor f/2.8D lens installed in an underwater housing; two Cavision 7 cm x 7 ¢cm
square polarizing filters, mounted 2.2 cm apart and rotated at 90° with respect to each other to
cross-polarise the incident light; and a Nikon SB-910 Speedlight in an underwater housing. All of
the equipment was mounted on a PVC frame and weighed down with eight, ten pound weights.
The cameras were also tethered to the shore with a steel cable as an extra safety measure. During
deployment, an RBR Solo T temperature recorder was attached to the frame to measure the water
temperature at the time the images were captured. In the North Saskatchewan and Kananaskis
Rivers the water depth and velocity were also measured, using a Sontek FlowTracker.

3. Field Deployments

Owing to the variability of the field environment and the constantly changing landscapes along the
riverbanks during freeze-up, the deployment strategy for each of the FrazilCams varied from one



site to the next. However, in all cases, locations were sought that had water depths between about
0.5 and 1.0 m and velocities between about 0.5 and 0.75 m/s. This was to ensure that the
FrazilCams could be safely deployed by wading into the flow and could rest on the bed during
deployment without the risk that they would be swept away. The site conditions for each
deployment are listed in Table 1.

3.1 North Saskatchewan River

A FrazilCam was deployed in the North Saskatchewan River near Emily Murphy Park in
Edmonton, Alberta on November 27, 2014 at 8:00 in the morning. During the deployment the
camera was oriented perpendicular to the flow, so that the water could pass between the polarisers
unimpeded, and it was programmed to capture 8,991 images at a frequency of 1 Hz. The air
temperature was —11°C and it was snowing throughout the entire image acquisition period,
meaning there were abundant seed particles available to initiate frazil formation in the flow. The
depth was approximately 0.72 m and the depth-averaged velocity was 0.52 m/s at the location the
camera was deployed. The water was supercooled for the entire duration, with the temperature
increasing from —0.011 to —0.009°C during the 2.5 hour deployment.

As this was one of the first deployments of the FrazilCam a few issues were encountered. During
a deployment on the previous day the PVVC covering over the lens port had filled with slush and
none of the images acquired were useable, but this issue was corrected for the deployment on
November 27 by injecting hot water into the PVC enclosure to melt out any ice that had become
trapped. There was also a large amount of anchor ice and a high concentration slushy frazil pans
throughout the deployment. This caused problems because large accumulations of ice would form
quite rapidly on the FrazilCam. These accumulations had to be knocked loose manually throughout
the deployment. In this deployment cinderblocks tied to the frame were used to weigh the
FrazilCam down, but these were cumbersome and made the frame difficult to manoeuvre.

In addition to the disc-shaped crystals that were expected and flocs that were clearly composed of
many individual discs (as observed in the lab), a number of oddly shaped crystals and flocs were
observed. A comparison of a floc observed in the North Saskatchewan River on November 27 to
a floc observed in the frazil ice tank in the laboratory is shown in Figure 2. The particles observed
in the flocs were also significantly larger in the lab than in the field. Occasionally some very large
randomly-shaped multi-coloured particles were observed, as shown in Figure 3. It is not known
where or how these particles formed, but it is possible that they were pieces of skim ice that became
entrained in the flow or anchor ice particles that had continued to grow while attached to the bed,
but were then released and broken apart.

3.2Peace River

On December 19, 2014, one of the FrazilCams was deployed in the Peace River near the water
intake at Fairview, Alberta at 16:38. The camera captured 3,996 images at a frequency of 1 Hz
during the deployment. The air temperature was —9°C and the water temperature was —0.014°C



during the deployment. Direct measurements of the water depth and velocity were not made at this
location but were estimated to be approximately 0.75 m and 0.5 m/s, respectively. A photo of the
FrazilCam deployed in the Peace River is shown in Figure 4.

During this deployment the FrazilCam setup was essentially the same as for the deployment in the
North Saskatchewan River, but the cinderblocks had been replaced with eight, ten pound metal
weights. Border ice had developed at this site, and the FrazilCam had to be lowered carefully at an
angle off of the border ice into the water to ensure that it landed level on the riverbed. During this
procedure some water froze onto the polariser nearest to the camera. This resulted in a build-up of
ice that partially obscured the images captured of the suspended frazil particles. This region of the
images was blacked out during processing, but as a result nearly half of the area of each image and
the particles contained therein were lost. A typical image from this deployment is shown in Figure
5. The crystals frozen to the polariser are visible in the upper right hand corner but there are also
a number of disc shaped particles visible in this image.

3.3Kananaskis River

Both FrazilCams were deployed in the Kananaskis River at various times over the course of three
days, from February 28 to March 2, 2015. The data from Kananaskis that will be discussed in this
paper was collected near the left bank of the river about 60 m upstream of the Kananaskis Village
Bridge located just west of the junction of Highway 40 and Mount Allen Drive on March 1, 2015,
beginning at 7:20 AM. This location is of interest because it is highly regulated by the Pocaterra
Dam for hydro-peaking operations, and as a result presents a very unique research opportunity.
The flows in this reach of the river vary from the base flow of ~0.5 m?%s to ~23 m®/s when the dam
is in operation (Emmer et al. 2013). The Village Bridge is located 36 km downstream of the
Pocaterra Dam, which is far enough downstream that frazil-producing supercooling events are
frequently observed but the water surface remains unfrozen (Emmer et al. 2013). During this
deployment the dam was shut down for maintenance purposes, but the spillway was releasing a
flow of ~8.5 m®/s which did not allow an ice cover to form at the study site.

The camera captured 5,845 images over the course of 3 hours and 15 minutes, taking 9 image
bursts at a frequency of 1 Hz every 18 seconds. The water depth was approximately 0.63 m and
the depth-averaged water velocity was 0.63 m/s at the deployment location. The air temperature
was —12°C, and the water temperature was —0.007°C at the beginning of the deployment and had
increased to —0.003°C by the end of the deployment. A photograph of the deployed FrazilCam is
presented in Figure 6. Three other RBR Solo temperature recorders were also deployed for the
duration of the field work in Kananaskis at three locations along the river. This data can be used
to track the water temperature and determine where on the supercooling curve the water
temperature fell when the suspended frazil images were captured, as the size distribution has been
shown to evolve throughout the supercooling process (Clark and Doering 2008). This deployment
took place during the later stages of a supercooling event that occurred overnight from February
28 to March 1, when the water was beginning to rise from the residual supercooling temperature.



Figure 7 shows the supercooling curve observed at the Kananaskis site during this event, and the
period of time during which the images were captured is indicated. The final images were captured
at 10:34 AM, which was approximately 20 minutes before the water temperature once again rose
above 0°C.

Prior to the deployment in the Kananaskis River new PVC frames for the FrazilCams were
constructed to better protect the cameras from being unintentionally bumped during deployment
and potentially knocked out of focus. The procedure was also altered slightly to avoid encountering
the same problems with ice build-up on the polarisers as in the Peace River. However, a large floc
froze onto the top of the polariser frame early in the deployment and obscured part of each image,
but this did not cause a problem when processing the data. In Figure 8 a typical image from this
deployment showing the floc frozen to the polariser at the upper edge as well as a number of small
disc shaped particles is displayed.

4. Results ard Discussion

The captured images were analysed using a Matlab algorithm, described in detail by McFarlane et
al. (2014b), that was developed to identify individual disc-shaped ice particles and calculate their
diameter. For each deployment the entire image series was processed and the average particle
properties were calculated. The histogram obtained by analysing 5,835 images from Kananaskis
is plotted in Figure 9 along with the corresponding lognormal distribution. It is clear that the
lognormal distribution is not a perfect fit, as the histogram appears to be nearly bimodal with two
peaks at approximately 0.1 and 0.2 mm. However, during a deployment early the next morning at
the same location, supercooling was never observed and a series of ice-free background images
were captured as a result. In these images many very fine particles are visible; however, as the
water temperature was above 0°C at the time, these particles are almost certainly not ice. These
small particles are most likely suspended sediment that was fine enough to refract the incident
light in a similar way to the ice particles. This should not be surprising, as examining thin-sections
(~30 um thick) of minerals under cross-polarised light is a technique used by geologists for mineral
classification (Verma 2010). A total of 3,135 of these ice-free images were processed and a size
distribution of 127,474 non-ice suspended particles with a mean diameter of 0.11 mm and a
standard deviation of 0.05 mm was observed (Figure 10). Notably, the peak in the size distribution
for these non-ice particles is located at a very similar diameter to the secondary peak in Figure 9.
Based on this information it seems that the peak at 0.1 mm in Figure 9 was caused by the suspended
sediment. However, the sediment particles visible in these images are indistinguishable from very
small ice particles in terms of brightness, colour, and shape. As such it is not possible to precisely
separate the sediment particles from the ice particles for the purposes of calculating the size
distribution with the current computer algorithm. This raises the question as to whether or not such
non-ice particles were also observable in the North Saskatchewan and Peace River images.

A total of 8,445 images were processed for the deployment in the North Saskatchewan River on
November 27, 2014, and 862,057 disc-shaped particles were identified with a mean diameter of



0.31 mm and a standard deviation of 0.26 mm. Unlike the distribution from the Kananaskis River,
this distribution was almost perfectly described by a lognormal distribution. Therefore, it is
possible that suspended sediment was not an issue in the North Saskatchewan River and the nearly
lognormal size distribution is an accurate description of the frazil particles that were being
produced at that time. However, the mean particle size of 0.31 mm was still very small compared
to those observed in many laboratory settings (e.g. 0.79 to 1.58 mm by Clark and Doering (2008),
0.67 to 0.94 mm by McFarlane et al. (2014a)). As mentioned previously it was snowing at the time
of the North Saskatchewan deployment as well, meaning there was an abundance of seed particles
available for producing a large number of new, small frazil crystals. Visual inspection of the two
images shown in Figure 2 indicates that the particles in the lab were significantly larger than those
in the field as well. It could be the case that the particles observed in the North Saskatchewan were
similar in size to those observed by Daly and Colbeck (1986) who calculated mean diameters
ranging from 0.13 to 0.25 mm. However, considering the sediment that was observed in the
Kananaskis River, the possibility that many of the particles captured in the North Saskatchewan
were small, suspended sediment cannot be ruled out without capturing and analysing ice-free
images at a similar flow rate.

In 3,645 images captured in the Peace River on December 19, 2014, 87,852 particles were
identified with a mean diameter of 0.20 mm and a standard deviation of 0.24 mm. In contrast to
the distribution from the North Saskatchewan River, this distribution was not perfectly lognormal,
in fact, it deviated significantly from the idealised lognormal curve. At ~0.1 mm there was a peak
that was far more pronounced than the one observed for the Kananaskis River in Figure 9,
Unfortunately, no ice-free images were captured in the Peace River so it is impossible to say for
certain what the size of any suspended sediment observed in the flow was. However, the peak at
~0.1 mm was at a very similar diameter to the peak of the suspended sediment observed in the ice-
free images from Kananaskis (Figure 10).

These results demonstrate the importance of capturing background images, with no ice present,
for determining the size of any suspended sediment that might appear in the images. This issue
was not encountered in laboratory experiments because clean, filtered tap water was used
(McFarlane et al. 2014b). The sediment particles observed in the Kananaskis River offer some
insight into the size of particle that is small enough to refract the polarised light and thus show up
in the images, but this is not enough to determine if the suspended sediment particles in the North
Saskatchewan and Peace Rivers share a similar distribution. In addition, these preliminary results
suggest that the frazil ice particles observed in the field were smaller on average than the particles
produced in the laboratory.

5. Conclusions and Future Work

A camera system has been developed and tested for photographing in situ frazil ice particles in
natural streams. The camera system was successfully deployed in the North Saskatchewan, Peace,
and Kananaskis Rivers in the winter of 2014-15 and images of the suspended frazil ice particles



were captured. A number of difficulties were encountered in the first couple of deployments,
including ice forming on the polarisers and slush obstructing the view by blocking the area between
the lens and the polarising filters. In subsequent deployments these issues were corrected for and
clear, unobstructed images of in situ frazil ice particles were captured.

Analysis of a series of ice-free background images captured in the Kananaskis River revealed that
some very fine suspended sediment is visible in the images. These non-ice particles were found to
have a mean diameter of ~0.1 mm. Based on the appearance of a secondary peak at ~0.1mm in the
size distributions observed in both the Kananaskis and Peace Rivers it appears that there were
enough of these non-ice particles in the flow to significantly influence the calculation of the frazil
ice particle properties. In the North Saskatchewan River no secondary peak was visible in the ice
images, and the observed particles almost perfectly matched a lognormal distribution with a mean
of 0.32 mm. However, since no ice-free images were captured in the North Saskatchewan River,
the presence of suspended sediment, similar to that seen in the Kananaskis River, cannot be ruled
out. This highlights the need for capturing background images prior to the formation of ice in all
future deployments, and adjustments must be made to the image processing procedure to identify
and remove non-ice particles from the calculated size distributions.
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Figure 1. The two FrazilCam systems in their final configuration.



Figure 2. Frazil flocs observed in a) the frazil ice production tank in the cold room laboratory at
the University of Alberta, and b) the North Saskatchewan River on November 27, 2014. Both
images have the same scale.
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Figure 3. Oddly shaped ice particles observed in the North Saskatchewan River on November 27,
2014. These particles could potentially be from released anchor ice or skim ice that had become
entrained in the flow.
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Figure 4. FrazilCam deployed in the Peace River on December 19, 2014. Photo credit: Martin
Jasek.
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Figure 5. Unprocessed image captured in the Peace River on December 19, 2014. The irregularly

shaped ice crystals concentrated on the right side of the image formed on the surface of the
polariser nearest the camera lens as the camera was submerged.
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Figure 7. The supercooling event observed at the Village Bridge in Kananaskis overnight from
February 28 to March 1, 2015. The period of time during which the FrazilCam was deployed is
indicated.



Figure 8. a) Unprocessed image captured in the Kananaskis River on March 1, 2015. Individual
disc-shaped particles are visible, as well as a large frazil floc that had frozen onto the polarising
filters. b) Enlarged image of the area contained in the red box in a), showing some of the disc-
shaped particles.
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Figure 9. Size distribution of observed particles in the Kananaskis River on March 1, 2015. A
total of 176,097 particles were identified with a mean diameter of 0.24 mm. The secondary peak
at ~0.1 mm is believed to be caused small, suspended sediment particles.
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Figure 10. Size distribution of suspended sediment particles observed in the Kananaskis River on
March 2, 2015. The water temperature was above 0°C and no ice particles were present.

Table 1. Site condition details for the three FrazilCam deployments.

Mean Air
. Tempe_rature Water Temperature Water Wate_r
Location Date During =C) Depth (m) Velocity
Deployment P (m/s)
(°C)
North
Saskatchewan | OVember 27, 11 ~0.011 to —0.009 0.72 0.52
) 2014
River
) December 19,
Peace River 2014 9 0.014 0.75 0.5
Kananaskis March 1,
River 2015 12 0.007 to —0.003 0.63 0.63




