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Abstract. Frazil floc sizes and concentrations have been in-
vestigated in a small number of laboratory studies, but no de-
tailed field measurements have been reported previously. In
this study, a submersible camera system was deployed a to-
tal of 11 times during the principal and residual supercooling
phases in the North Saskatchewan, Peace, and Kananaskis
rivers to capture time-series images of frazil ice particles
and flocs. Images were processed to accurately identify flocs
and to calculate their sizes and concentrations. Key hydraulic
and meteorological measurements were collected, and air—
water heat fluxes were estimated to investigate their influ-
ence on floc properties. A lognormal distribution was found
to be a good fit for the floc size distribution. The mean
floc size ranged from 1.19 to 5.64 mm and the overall mean
floc size was 3.80 mm. The mean floc size decreased lin-
early as the local Reynolds number increased. The aver-
age floc number concentration ranged from 1.80 x 10~ to
1.15x 10~ cm™3. The average floc volumetric concentration
ranged from 2.05x 10~ to 4.56 x 10~3 and was found to cor-
relate strongly with the fractional height above the river bed.
No significant correlations were found between the air—water
heat flux and floc properties. Time series analysis showed
that during the principal supercooling phase, floc number
concentration and mean size increased significantly just prior
to peak supercooling and reached a maximum near the end
of principal supercooling. During the residual supercooling
phase, the mean floc size did not typically vary significantly
even 2.5 h after the residual phase had ended and the water
temperature had increased above 0 °C.

1 Introduction

In northern rivers, individual frazil ice particles form when
the water is turbulent and supercooled below its freezing
point due to heat loss to the atmosphere. These suspended
particles are ice crystals that are inherently adhesive in the
supercooled water. As they are transported by the turbulent
flow, they may collide with each other due to spatially vary-
ing particle velocities resulting from differential rising or due
to spatially varying flow velocities created by turbulent ed-
dies and boundary shear (Mercier, 1985). Colliding particles
may freeze together, forming clusters of particles known as
frazil flocs in a process called flocculation (Clark and Doer-
ing, 2009). Frazil flocs increase in size by the thermal growth
of the crystals and/or by the further aggregation of individual
frazil ice particles or flocs. Once frazil flocs gain sufficient
buoyancy, they rise to the water surface, forming surface ice
pans, or they are deposited under existing surface ice, con-
tributing to their increase in mass (Hicks, 2016). In addition,
turbulent flow may transport flocs to the river bed, where
they may adhere to the bed, forming anchor ice (Kempema
et al., 1993). Once the surface ice pan concentration is high
enough, congestion of incoming ice pans will occur at cer-
tain locations where there is a flow constriction, and a solid
ice cover will form and propagate upstream (Beltaos, 2013).
The formation of a continuous solid ice cover insulates the
flowing water from further heat loss to the atmosphere, thus
preventing the occurrence of supercooling and the production
of frazil ice until the ice cover thaws or breaks up (Beltaos,
2013). Frazil flocs may cause serious problems at hydroelec-
tric facilities and water treatment plants by adhering to the
water intake and trash racks and partially or fully blocking
the flow (Ettema and Zabilansky, 2004; Barrette, 2021; Gho-
brial et al., 2024). Therefore, it is important to obtain a better
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understanding of the properties of frazil flocs as well as their
evolution to better model and predict their behaviour.

The construction units of frazil flocs, individual frazil ice
particles, have been investigated in both laboratory settings
and the field. These particles exhibit various forms, includ-
ing dendritic, needle-shaped, and irregular forms, but are pre-
dominately disc shaped, with diameters ranging from 0.022
to 6 mm (McFarlane et al., 2017) and diameter-to-thickness
ratios of 11 to 71 (McFarlane et al., 2014). A lognormal dis-
tribution can be used to describe the particle size distribution
(Daly and Colbeck, 1986; Clark and Doering, 2006; McFar-
lane et al., 2015). During the principal supercooling phase
when the water temperature varies transiently, i.e., the time
from the start of supercooling to when a steady residual su-
percooling water temperature is reached, the mean diameter
of particles was found to first increase before reaching an ap-
proximately constant value (Clark and Doering, 2006; Mc-
Farlane et al., 2015). At the same time, the number concen-
tration of suspended particles increased slowly at first and
then more rapidly, peaking just after peak supercooling oc-
curred (i.e., the minimum water temperature) (McFarlane et
al., 2015; Ye, 2002; Clark and Doering, 2006). The rapid in-
crease in particle concentration was attributed to secondary
nucleation, which refers to the formation of new crystals due
to the presence of stable parent crystals (Evans et al., 1974).
After peaking, the particle concentration decreased as parti-
cles were removed via flocculation.

There have been a small number of laboratory studies that
investigated the properties of frazil flocs as well as the floc-
culation process. Park and Gerard (1984) used artificial flocs
fabricated from plastic discs to investigate the hydraulic char-
acteristics of frazil flocs. They found that the sharp-edged
floc surface resulted in a significantly higher drag coefficient
compared to a solid smooth sphere of the same size and den-
sity. Kempema et al. (1993) conducted racetrack flume ex-
periments to investigate interactions of frazil and anchor ice
with sediments. They observed that in freshwater, frazil eas-
ily agglomerated into roughly spherical flocs up to 8 cm in
diameter. Flocs that struck the bed tended to entrain sedi-
ments into their voids, become heavy, and settle to the bot-
tom in the shelter of ripples, forming anchor ice. Reimnitz et
al. (1993) observed the characteristics and behaviour of ris-
ing frazil in seawater using a stirred vertical tube or tank.
They found that individual frazil crystals combine rapidly
into flocs with diameters as large as 5Scm. The rise veloc-
ities of flocs ranged from 1 to Scms™!, and rapidly rising
large flocs induced small-scale turbulence. The porosities of
the resulting surface slush accumulations ranged from 0.68
to 0.85, with an average of 0.77. Clark and Doering (2009)
investigated frazil flocculation under different turbulence in-
tensities using a counter-rotating flume. Results showed that
higher levels of turbulence increased the rate of secondary
nucleation, inhibited the formation of large flocs, and pro-
duced more dense flocs.
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Schneck et al. (2019) measured the size and number con-
centration of frazil ice particles and flocs in water of varying
salinity using a stirred frazil ice tank. Results showed that
the mean floc size was 2.57 mm in freshwater and 1.47 mm
in saline water, and a lognormal distribution fitted the floc
size distributions closely. The floc porosity was estimated to
vary from 0.75 to 0.86. Time series measurements of floc
properties indicated that, in freshwater, the floc number con-
centration and mean size started to increase significantly just
prior to peak supercooling, reaching a maximum shortly af-
terwards. After that, the floc number concentration decreased
slowly while the mean floc size continually increased very
slowly during the principal supercooling phase.

The above studies were all conducted in laboratory facil-
ities that do not replicate the complex natural environment.
Measurements of frazil flocs in supercooled rivers are needed
to verify the laboratory results and improve numerical river
ice process models. However, no detailed quantitative field
measurements of the properties or evolution of frazil flocs
have been reported in the literature. The objective of this
study was to determine the statistical characteristics and tem-
poral evolution of floc sizes and concentrations, as well as to
investigate the key factors affecting the properties of frazil
flocs in rivers. A submersible high-resolution camera system
was used to capture time-series images of frazil flocs. Images
were analyzed to accurately determine floc sizes and con-
centrations. Key hydraulic and meteorological measurements
were collected and air—water heat fluxes were estimated to
investigate their influence on floc properties. Time series of
floc size, number concentration, and volumetric concentra-
tions as well as size distributions measured in rivers during
the principal and residual supercooling phases are presented
for the first time.

2 Study reaches

Measurements were conducted in three regulated Alberta
rivers: the North Saskatchewan River (NSR) at Edmonton,
the Peace River (PR) near Fairview, and the Kananaskis
River (KR). Figure 1 shows the geographical locations of the
study reaches, deployment sites, and weather stations. The
characteristics of the study reaches are summarized in Ta-
ble 1. The turbulent dissipation rate in Table 1 was estimated
using the listed slope as well as the average depth and width
following Clark and Doering (2008). The three rivers are sig-
nificantly different in terms of their sizes and hydraulic char-
acteristics. The flow of the NSR is regulated by the Brazeau
and Bighorn dams, which are ~ 233 and ~ 423 km upstream
of the Laurier Park site, respectively. A daily water level fluc-
tuation of 0.3 to 0.4 m occurred in the study reach due to
hydropeaking (McFarlane et al., 2017). The estimated tur-
bulent dissipation rate is 0.0058 m? s 3. Freeze-up typically
starts in early November and ends in early to late December
with the formation of a static ice cover. However, the 2022
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Table 1. Summary of the study reach characteristics.

4179

River  Slope Average discharge Average Average Average Dqqq of Estimated turbulent

(m3 sfl) depth (m) width (m) suspended sediment (mm) dissipation rate (m2 573)
NSR  0.00035 220 1.40 136 0.50 0.0058
PR 0.00025 1586 2.56 227 0.68 0.0051
KR 0.005 15 0.61 32 N/A 0.2066

Note: slope, average discharge, average depth, and average width were obtained from Kellerhals et al. (1972); average D1 values of suspended sediments were
computed from Water Survey of Canada historic size distribution data measured at North Saskatchewan River at Edmonton (0SDF001) and Peace River at

Dunvegan Bridge (07FD003) (Water Survey of Canada, 2023).
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Figure 1. Maps showing (a) the locations of the deployment sites in Alberta as well as enlarged views of the locations on (b) the North
Saskatchewan, (¢) Kananaskis, and (d) Peace rivers. These maps were produced with QGIS software (https://qgis.org/en/site/, last access:
2 January 2024) using the data provided by © OpenStreetMap contributors (https://www.openstreetmap.org/copyright, last access: 2 Jan-
uary 2024) and MapTiler (http://openmaptiles.org/, last access: 2 January 2024).

winter freeze-up progressed in a surprisingly rapid manner,
starting on 5 November 2022, and ending just 3d later on
8 November 2022.

The PR has the largest average discharge, depth, and width
of the three rivers (Table 1). The estimated turbulent dissipa-
tion rate is 0.0051 m? s—3, which is slightly smaller than that
of the NSR. The flow of the PR is regulated by the WAC
Bennett Dam and the Peace Canyon Dam, which are ~ 309
and ~ 288 km upstream of the Fairview water intake deploy-
ment site, respectively. These outflows at the dams are rela-
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tively warm water (~ 6 °C) during the winter, affecting the
river’s thermal regime for up to 550 km downstream of the
dams (Jasek and Pryse-Phillips, 2015), which is ~ 250 km
downstream of the deployment site. Therefore, supercool-
ing and frazil ice generation only occurs at the deployment
site when the zero-degree isotherm is located upstream and
ceases when it retreats downstream. This unique condition
allows freeze-up to persist until the ice front reaches the
Fairview intake site, typically in mid-January.

The Cryosphere, 18, 4177-4196, 2024
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The KR is the smallest of the three rivers in terms of aver-
age discharge, depth, and width (Table 1). It has the largest
turbulent dissipation rate, with a value of 0.2066 mZs3,
which is not unexpected since the KR is a small, steep river in
the mountains. The flow is regulated by the Pocaterra Dam,
which is 12 and 31 km upstream of the Fortress and Evan
Thomas deployment sites, respectively. In winter, a dramatic
discharge fluctuation from ~ 1 to 21 m?s~! occurred daily
in the study reach due to hydropeaking (Government of Al-
berta, 2023). Low flows promote border ice formation, re-
ducing the channel width, while high flows cause overtop-
ping of existing ice and/or banks and prevent the formation
of complete ice cover. Without ice cover to insulate the wa-
ter, supercooling events and frazil generation occur when the
air temperature is sufficiently cold.

3 Instrumentation, methodology, and deployments

A submersible camera system initially designed for imag-
ing suspended frazil ice particles and named the “FrazilCam”
(McFarlane et al., 2017) was modified in this study to image
frazil flocs in the water column. Figure 2 shows the modi-
fied configuration of the FrazilCam system. A 36 MP Nikon
D800 DSLR camera equipped with a Micro-Nikkor 60 mm
f/2.8D lens was used to image underwater frazil ice parti-
cles and flocs. The camera was enclosed in an Ikelite wa-
terproof housing. Two 16 cm x 16 cm Cavision linear glass
cross-polarizing filters were mounted 3.6 cm apart, which is
1.6 times larger than the original configuration. A PVC en-
closure with a brass fitting on the top was installed in be-
tween the camera lens and polarizing filters to prevent ice or
debris from flowing through this region, blocking the camera
field of view (FOV). The brass fitting was used for hot-water
injection to melt any ice that was initially trapped inside the
enclosure. A Nikon SB-910 Speedlight flash in a Subal SN-
910 waterproof housing was used as the light source, and a
5 mm thick white acrylic board was placed in between the
polarizers and flash to diffuse the light. The camera settings
were determined by submerging the system in a laboratory
tank filled with tap water and capturing images of a transpar-
ent plastic ruler placed inside the camera FOV. This yielded
an ISO of 6400, an aperture of /25, and a shutter speed
of 1/320. The configuration resulted in an image scale of
25.6 um per pixel and an average FOV of 11.6cm by 15.6 cm,
which is 6 times larger than the original configuration. The
reason for enlarging the FOV and increasing the gap between
the polarizers was to enable larger flocs to pass through and
fit within the FOV.

At the start of each deployment, the camera was pro-
grammed to acquire five images at 1 Hz every 9, 15, or 18,
depending on the field conditions, until the battery was de-
pleted. A longer sampling interval (e.g. 18 s) was chosen for
some deployments to prolong the deployment duration, with
the goal of capturing a complete supercooling event. Just
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prior to the deployment of the FrazilCam in the river, the
polarizers were rinsed with hot saline water to prevent ice
crystals from forming on them once submerged. The system
was then quickly deployed in the river and the PVC enclo-
sure was filled with hot fresh water from an elevated con-
tainer. During deployments, anchor ice often formed on sys-
tem components, as shown in Fig. 3, and ice that formed on
the polarizers could obstruct the FOV of the camera. To pre-
vent or mitigate this problem, the polarizers were inspected
every 30 to 60 min and hot saline water was injected onto the
polarizers to melt any ice crystals.

During each deployment, an RBR Solo T (accuracy
40.002 °C) temperature logger sampling every second was
attached to the top of the frame to measure water temper-
ature, and a Van Essen Diver (accuracy 1 cm H,O) water
level logger sampling every 10 min was attached to the bot-
tom of the frame to measure the water depth (Fig. 2). The
water depth during the PR deployments was measured using
a wading rod since the Diver had stopped working. For all de-
ployments, the depth-averaged water velocity was estimated
using velocities measured adjacent to the FrazilCam at 60 %
of the water depth. During the 2021 winter, the water ve-
locity was measured using a 2 MHz Nortek AquaDopp high-
resolution acoustic Doppler current profiler sampling every
second with a blanking distance of 0.1 m and averaging ev-
ery 2 min. For the rest of the deployments, the water velocity
was measured using a SonTek flow tracker handheld acous-
tic Doppler velocimeter (ADV) sampling every second for a
total duration of 50s.

Meteorological conditions for the NSR reach were mea-
sured by a weather station installed at the EL Smith water
treatment plant, which is located ~ 90 m from the river bank
and ~ 6 km upstream of the Laurier Park site (Fig. 1b). The
weather station measures the air temperature, solar radia-
tion, relative humidity, atmospheric pressure, and wind speed
and direction every minute and logs data every 10 min. An
Apogee SN-500-SS net radiometer was deployed on the river
bank at this location, where it measured incoming and out-
going shortwave and longwave radiation every minute and
logged data every 10 min. For the PR, meteorological data
were obtained at 1h intervals from the Environmental and
Climate Change Canada (ECCC) station Fairview AGDM
(ID: 3072525) and cloud coverage data were obtained at 3h
intervals from the closest ECCC station, Peace River A (ID:
3075041), as shown in Fig. 1d. For the KR, the Kananaskis
Boundary Auto weather station operated by Alberta Forestry,
Parks and Tourism (ACIS, 2023) was used to obtain 1h in-
terval air temperature, humidity, wind speed, and wind direc-
tion data. In addition, 1h solar radiation data were obtained
from the University of Calgary Barrier Lake Field Station
weather station (University of Calgary, 2023), and 3 h cloud
coverage data were obtained from the closest ECCC station,
Calgary Intl A (ID: 3031092), as shown in Fig. 1c. ECCC
weather station datasets are available online (Environmen-
tal and Climate Change Canada, 2023). Table 2 summarizes
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Figure 3. An image showing the ice accumulation on the FrazilCam
system.

the distances between weather stations and deployment sites.
All weather stations are located within 30 km of their nearby
deployment sites, except for those providing cloud coverage
data for the PR and KR.

The FrazilCam system was deployed a total of 11 times
during the 2021 and 2022 freeze-up periods. Images of the
FrazilCam during two of the deployments are shown in
Fig. 4. The image sampling protocols were five images at
1Hz every 9s for all NSR and KR-El deployments, five
images at 1 Hz every 15s for KR-F1 and KR-F2, and five
images at 1 Hz every 18s for all PR deployments. Table 3
lists the detailed location, date, time, number of images
processed, and deployment number for each deployment.
The mean air temperature 7,, mean water depth d, depth-
averaged flow velocity U, and the local Reynolds number
Re computed from d and U are also presented in Table 3.
Eight of the 11 deployments started in the afternoon around
14:00-19:00, when the effect of solar radiation had reduced,
decreasing the heat gain of the water body. Note that all
times referenced are in mountain standard time (MST). The
time durations of the deployments ranged from 1 h 48 min to
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3h 21 min. As can be seen from Table 3, during these deploy-
ments, 7, ranged from —3.5 to —20.6 °C, d ranged from 0.41
to1.24m, U ranged from 0.12 to 0.36 m s~! and Re ranged
from 44 866 to 160714, indicating that frazil floc proper-
ties and concentrations were measured and analyzed over a
wide range of meteorological and hydraulic conditions. The
11 deployments captured various phases of supercooling, but
NSR-L4 was the only deployment that captured a complete
principal supercooling phase (i.e., from when the water tem-
perature first dropped below zero to when an approximately
stable residual temperature was reached).

4 Data processing
4.1 Image processing

Figure 5a shows an example of a raw FrazilCam image with
individual frazil ice particles, flocs, and ice crystals frozen
on the polarizer. Frazil ice particles are predominantly disc-
shaped (McFarlane et al., 2017) and therefore, depending on
their orientation, appear in the images as shapes that vary
from a line to a circle, with the majority being ellipses. Flocs
form through the aggregation of frazil ice particles, resulting
in varying shapes, depending on the number, shape, and size
of the attached particles. Ice crystals sometimes attached and
froze to the surface of the polarizers despite the periodic hot
saline-water rinsing. These crystals may appear anywhere in
the image, blocking certain regions of the FOV.

Figure 6 shows a flow chart of the image processing pro-
cedure used for extracting frazil floc properties. For each de-
ployment, images were first manually inspected to exclude
those taken when the polarizers were being rinsed, which
constituted 2 %—14 % of the total number of images captured.
Each image was then processed using an iterative threshold-
ing algorithm developed by McFarlane et al. (2014) to deter-
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River Deployment site  Distance — weather station

NSR  Laurier Park 6 km — EL Smith

2 km — Kananaskis Boundary Auto; 15 km — Barrier Lake Field Station; 82 km — Calgary Intl A

PR Fairview Intake 18 km — Fairview AGDM; 68 km — Peace River A
KR Evan Thomas
Fortress

16 km — Kananaskis Boundary Auto; 28 km — Barrier Lake Field Station; 88 km — Calgary Intl A

Table 3. Summary of the FrazilCam deployments and site conditions, including the number (#) of images captured, mean air temperature
T,, mean water depth d, depth-averaged water velocity U, and local Reynolds number Re.

River Date Time period # of processed  Site Deployment Ta d U Re
(yyyy.mm.dd) (hh:mm-hh:mm) images no. °C) (m) (ms™hH

NSR  2021.12.03 16:41-18:49 4099  Laurier Park NSR-L1 —7.2 0.89 0.21 104297

19:05-21:34 4797  Laurier Park NSR-L2 —10.5 0.84 0.17 79 688

2021.12.09 14:46-17:09 4688  Laurier Park NSR-L3 —35 124 0.19 131473

2021.12.12 15:02-16:50 3495  Laurier Park NSR-L4 —4.6 0.87 0.22 106808

17:08-19:31 4091 Laurier Park NSR-L5 -9.2 0.86 0.20 95982

2022.11.07 14:31-16:22 3596  Laurier Park NSR-L6 —12.1  0.80 0.36 160714

PR 2022.12.12 10:40-13:57 3155 Fairview Intake =~ PR-F1 —-20.6 0.82 0.30 137277

2022.12.13 09:41-13:02 3208 Fairview Intake =~ PR-F2 —6.0 0.74 0.23 94978

KR 2023.01.29 18:00-20:02 3728 Evan Thomas KR-E1 —15.8 041 0.22 50335

2023.01.30 14:46-17:59 3379  Fortress KR-F1 —11.1  0.55 0.30 92076

2023.01.31 07:28-10:39 3610 Fortress KR-F2 —13.3  0.67 0.12 44 866

mine the location and extent of each object. Objects intersect-
ing with the image boundary were eliminated, which also re-
moved the ice crystals that were frozen near polarizer edges.
For frozen ice crystals that did not intersect with the image
boundary, the affected image area was removed by either
cropping, masking, or a combination of both (Fig. 6). The
corresponding processed binary image is shown in Fig. 5b.
The processed binary images were analyzed to compute
each object’s basic geometric characteristics, such as its area,
perimeter, and centroid as well as the major- and minor-
axis lengths of its fitted ellipse. The size S of a frazil par-
ticle or floc was defined as the major-axis length of its fit-
ted ellipse (Clark and Doering, 2009). The objects in the
processed images may have included small suspended sed-
iments that were thin enough to refract light, which may sig-
nificantly distort the size distribution of frazil ice particles
and flocs (McFarlane et al., 2017; Pei et al., 2022). McFar-
lane et al. (2019a) used a support vector machine (SVM) to
distinguish between ice particles and sediments and compute
accurate particle size distributions. However, this method re-
quires ice-free sediment images at each site for site-specific
SVM training, which is not possible for this study due to the
lack of ice-free images at the PR and KR sites. Since this
study focuses on flocs, which are considerably larger than
particles, a simple cut-off criterion was used to minimize the
effect of sediment particles in the images. Objects smaller
than the average Djqp of suspended sediment (see Table 1) in
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a given study reach were removed from the dataset (Fig. 6).
For the KR, since no suspended sediment size distribution
measurements were available in the literature, the cut-off size
was determined to be 0.27 mm, which is twice the average
of seven mean sediment size measurements estimated from
FrazilCam images by McFarlane et al. (2019b).

For each object, the following geometric parameters were
used to classify the objects into either flocs or particles: the
ratio of the object area to that of the fitted ellipse a/a., the
absolute percentage difference between the object perime-
ter and its fitted ellipse perimeter Pgiro, and the ratio of an
object’s fitted ellipse area to its ellipse perimeter divided by
the ratio of the object’s actual area to its perimeter (%Z) /(%)
(McFarlane et al., 2014; Schneck, 2018). Preliminary experi-
ments found that flocs formed by a very small particle attach-
ing to a significantly larger particle remain approximately el-
liptical since the boundary does not change significantly. As
a result, comparing changes in overall area or perimeter with
the fitted ellipse did not help with classification. Therefore,
the form index was introduced to assess minor changes in ob-
ject shape (Masad et al., 2001; Al-Rousan et al., 2007). The
form index is calculated using the following equation:

6=360—A6

R —R
Fl— Z [Rg+n0 9|’ 0
6=0 Ry

where 6 is the directional angle and R is the radial length
between the centroid of the particle and the boundary of the
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Figure 5. (a) An example of a raw FrazilCam image captured on 3 December 2021, and (b) the corresponding processed binary image.

particle. The incremental change in angle A6 is set to 2.81°,
dividing the particle boundary into 128 segments to factor in
minor boundary changes. A perfectly circular object has an
FI of 0, and FI will increase as the object’s boundary becomes
more irregular.

A total of 568 objects were manually labelled as either
flocs (109) or disc-shaped frazil particles (459) to construct
a test dataset to determine the optimal classification crite-
ria of the aforementioned parameters. Results showed that
{a/ae > 0.9 and Pgigrg, < 0.1 and S < 6} provided the opti-
mum classification accuracy of 97.0 % for disc-shaped parti-
cles, and {(a/a. < 0.9 or Pgifre, > 0.15) and (%Z)/(%) > 1.1
and FI > 6} provided the optimum classification accuracy of
92.7 % for flocs. In NSR-L4, the camera lens was slightly
out of focus due to an accidental jarring of the camera during
deployment. However, because this was the only deployment
that captured a complete principal supercooling event, addi-
tional processing was performed on these images to allow for
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their inclusion in the dataset. Visual examination and anal-
ysis of these images indicated that the blurriness predomi-
nantly affected the boundary clarity of dim objects with a
mean pixel intensity of less than 24 and did not significantly
affect brighter objects. Therefore, an additional criterion was
introduced for NSR-L4: flocs with a mean pixel intensity of
less than 24 were eliminated. The rate of floc detection in the
blurry images from deployment NSR-L4 was 4.1 flocs per
minute, and it was 4.4 flocs per minute in NSR-L5, which
occurred immediately afterwards. Therefore, the additional
criterion applied to the blurry images only slightly reduced
the number of flocs detected.

In order to prevent line-shaped frazil ice particles from be-
ing misidentified as flocs, frazil particles in the shape of a
line were first identified as those for which the aspect ratio
of the object (i.e., the ratio between the major- and minor-
axis lengths) was greater than 11, based on minimum frazil
ice particle aspect ratio measurements made by McFarlane et
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Figure 6. A flow chart showing the image processing procedure.
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al. (2014), as shown in Fig. 6. Then the classification crite-
ria mentioned above were applied to the remaining objects to
identify disc-shaped particles and flocs (Fig. 6). After clas-
sification, the number of flocs N7, mean floc size ftf, stan-
dard deviation o, 95th percentile of floc size Srgs, maximum
floc size Stmax, average floc number concentration Cry, and
average volumetric concentration Cy, for each deployment
were computed. It is worth noting that the properties of frazil
ice particles were not included in this study since the cut-off
size likely eliminated up to 50 % of the particle population,
which would have significantly skewed the data. In addition,
the mean floc size uf, floc number concentration Cy,, and floc
volumetric concentration Cy, were computed for each image
throughout a deployment, and a moving average over a pe-
riod of 35 images was applied to the resulting time series to
smooth the data. Note that the 35-image moving average was
computed only if two or more non-zero values occurred in
the window; if there were less than two non-zero values, no
average value was recorded. This created gaps in the moving
average time series, and the rationale for this is that two or
more samples are required to compute a valid average value.
The measuring volume used for the concentration calcula-
tions was the image FOV times the gap distance between the
two polarizers. The volume of a frazil floc was assumed to be
the volume of an ellipsoid with semi-axis lengths of a, b, and
¢, where a and b were equal to the semi-major- and semi-
minor-axis lengths of the floc’s fitted ellipse, and ¢ was equal
to the average of a and b but no larger than the gap between
the two polarizing filters. The volume of ice in a frazil floc
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V¢ was estimated as
4
Vi = gnabc(l —n), ()

where 7 is the porosity of floc, taken to be 0.8 (Schneck et
al., 2019).

4.2 Heat flux analysis at the water surface

The net heat flux Q,, at the river surface is given by

anst+Qlw+QE+QHa (3)

where Qg is the net shortwave radiation, Q1 is the net long-
wave radiation, Qr is the latent heat flux, and Qg is the
sensible heat flux. A positive sign denotes heat loss from the
surface. Qgw Was calculated as

Osw = —(1 — ays) Os, 4

where Qs is the measured incoming solar radiation and oty
is the albedo of the water surface to solar radiation, taken
to be 0.15 for this study, following Howley (2021). The net
longwave radiation Qj,, was calculated as

Ol = QM — (1 — ) O, Q)
00 = ey o Ty, (6)

where Q°llt is the outgoing longwave radiation emitted from
the water; oy is the albedo of the water surface to longwave
radiation, taken as 0.03 (Raphael, 1962); e,y is the emissivity
of water, taken as 0.97 (Ashton, 2013); oy, is the Stefan—
Boltzmann constant (5.67 x 1078 Wm2 K=); and Ty is
the water surface temperature in K. Note that it was assumed
that the water column was completely mixed, and therefore
the water temperatures that were measured at the top of the
FrazilCam frame (i.e., not at the water surface) were used in
Eq. (6). Q}a is the incoming longwave radiation, which was
measured by a net radiometer for the NSR. For the KR and
PR, Qi“; was estimated using the following equations:

Q]w = gacastélt(, @)
ac = 1.08[ —exp(— eT“k/2016)] , ®)
6.1 1exn(_ 02T o
=6.1lexp(——--—"—),
o U YERD I
e, = RH x e, (10)
O = Ohn ¢ (1 - N4) +0.952N*og T, (11)

where Q1W ¢ Is the incoming longwave radiation under a
clear sky; e, is the clear-sky atmospheric emissivity calcu-
lated using Eq. (8) by Satterlund (1979); Ty is the air tem-
perature in K; eg and e, are the saturated and actual vapour
pressure of water, respectively; RH is the relative humidity;
T, is the air temperature in degrees Celsius; and N is the
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fractional cloud cover. Note that Eq. (11) was developed by
Konzelmann et al. (1994).

QF was calculated using the equation suggested by Ryan
et al. (1974) following Yang et al. (2023):

|: ( ka Tak )§
0r =270 -
1—-0.378(es/P) 1—0.378(es/P)

+3.2V] (es — ea), (12)

where P is the atmospheric pressure and V is the wind speed.
Qp was calculated from Qf using Bowen’s ratio B as fol-
lows:

C,P T, —T.

B=_2 5 "2 (13)
0.622l, es—e,

Ou=BQg, (14)

where C, is the specific heat of air, /, is the latent heat of
vaporization, and T is the surface water temperature. In a
previous study, Yang et al. (2023) investigated various for-
mulas used to calculate the incoming longwave radiation and
the latent and sensible heat fluxes during freeze-up on the
North Saskatchewan River in Alberta, and the combination
of formulas (Eqs. 7-14) used in this study were the ones that
provided the most accurate results in Yang et al. (2023). It is
also worth noting that only hourly meteorological data were
available for the KR and PR regions, as described in Sect. 3.
As a result, the heat fluxes were calculated at 1 h time inter-
vals for the KR and PR deployments, and for all the NSR
deployments, the heat fluxes were calculated at 10 min time
intervals.

5 Results
5.1 Floc shape, size, and concentration

In Fig. 7, images of typical shapes of frazil flocs observed
during the different field deployments are presented. Flocs
from NSR deployments (Fig. 7a and b) were composed pre-
dominantly of disc-shaped frazil ice particles of varying sizes
frozen together. The floc shown in Fig. 7b is representative
of flocs observed during deployments NSR-L3 and NSR-L6.
As can be seen, it was composed of much smaller individ-
ual particles than the flocs observed during the rest of the
NSR deployments (Fig. 7a). Flocs from deployment PR-F1
(Fig. 7¢) were composed of disc-shaped particles, irregular
particles, and some needle-shaped particles. Flocs from de-
ployment KR-E1 (Fig. 7d) were formed primarily by densely
aggregated irregular particles and some small disc-shaped
particles. Flocs from deployments PR-F2, KR-F1 (Fig. 7e),
and KR-F2 (Fig. 7f) were mostly composed of disc-shaped
and irregular particles. Images of flocs from PR-F2 are not
shown since they are similar to those shown in Fig. 7e—f.
Table 4 presents the number of flocs N7; mean size ur;
standard deviation of; 95th percentile and maximum of the
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floc size Sro5 and Sgmax, respectively; average floc num-
ber concentration C_fn; and average volumetric concentration
Cyy for each deployment. The supercooling phase, the mini-
mum water temperature T, and average net surface heat flux
O, are also presented. Deployments NSR-L1, NSR-L3, and
NSR-L4 captured the principal supercooling phase (‘“Prin-
cipal deployments”), while the rest captured only the resid-
ual supercooling phase (“Residual deployments”). T, ranged
from —0.021 to —0.031 °C for Principal deployments and
from —0.007 to —0.017°C for Residual deployments. In
all deployments, Q, was positive, indicating an overall heat
loss. Nt varied significantly, ranging from 442 to 187 288,
with the largest Ny of 187,288 occurring during deploy-
ment KR-E1. The mean floc size wr ranged from 1.19 to
5.64 mm, with an overall average of 3.8 mm, and or ranged
from 0.88 to 5.03 mm. Sps5 was greater than ~ 8 mm ex-
cept for deployments NSR-L3 and NSR-L6, with values of
4.44 and 2.47 mm, respectively. The largest value of Sgmax,
99.69 mm, was observed during KR-E1, which also had the
largest number of flocs. The average floc number concentra-
tion Cg, varied by 3 orders of magnitude from 1.80 x 104
to 1.15 x 10! cm™3, and the average floc volumetric con-
centration Cy, varied by over 4 orders of magnitude from
2.05x 1077 t0 4.56 x 1072,

5.2 Floc size distribution

In Fig. 8, plots of the frazil floc size distribution as well as
fitted lognormal-distribution curves for four deployments are
presented. All of the size distributions obtained from NSR
deployments closely resemble deployment NSR-L1 shown
in Fig. 8a, except for deployment NSR-L6 shown in Fig. 8b.
Size distributions from the KR and PR are well represented
by deployments KR-F1 and PR-FI, which are shown in
Fig. 8c and d, respectively. It can be seen from Fig. 8 that
a theoretical lognormal distribution is a reasonable fit to all
of the size distributions but a particularly good fit for de-
ployment KR-F1. This may be attributed to the order-of-
magnitude larger sample size for KR-F1 (23 670) compared
to NSR-L1 (2428) and PR-F1 (2250). The size distribution
for NSR-L6 shown in Fig. 8b has the most flocs of the four
deployments plotted, with a sample size of 143097, but it
does not fit a lognormal distribution as closely as the oth-
ers. This is because the distribution was cut off at 0.5 mm
to eliminate sediment particles. A similar condition can also
be observed for PR-F1 (shown in Fig. 8d), where the cut-off
was 0.68 mm. Note that the cut-offs were applied to all size
distributions but only impacted the distribution significantly
if a significant number of smaller flocs were detected.

5.3 Time series
Time series plots of water temperature Ty, and air tempera-

ture T,, heat flux Q, mean floc size uf, floc number concen-
tration Cyy,, and floc volumetric concentration Cy, for deploy-
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Figure 7. Images of frazil flocs of different sizes and shapes from the following deployments: (a) NSR-L1, (b) NSR-L6, (¢) PR-F1, (d) KR-
El, (e) KR-F1, and (f) KR-F2. The white scale bar in each image represents a length of 3 mm. Note that in some images, the surrounding ice
particles were masked out to highlight the floc at the centre of the image.

ments NSR-L4, KR-F1, and PR-F2 are presented in Figs. 9,
10, and 11, respectively (note that similar time series plots for
the other eight deployments are presented in Figs. S1-S8 in
the Supplement). Deployment NSR-L4 occurred during the
principal supercooling phase and is the only deployment that
captured the entire principal supercooling phase, while KR-

The Cryosphere, 18, 4177-4196, 2024

F1 and PR-F2 captured the middle and end of the residual
supercooling phase, respectively.

During NSR-L4 (Fig. 9a), supercooling started at 15:25.
After that, Ty, decreased almost linearly at a cooling rate of
—0.0009 °C min—!, reached a T, of —0.031 °C (i.e., peak su-
percooling) at 16:02, and then started to increase, reaching
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Table 4. Supercooling phase, minimum water temperature 7p, mean net surface heat flux ‘On, number of flocs N7, mean floc size i,

standard deviation oy, 95th percentile of floc size Sgg5, maximum floc size Sgyax, average floc number concentration Cy,, and average
volumetric concentration Cy, for each deployment.

Deployment  Supercooling T, On Nt e o S95  Stmax Ctn Cry
no. phase “cc W m_z) (mm) (mm) (mm) (mm) (cm_3) (cm3 cm_3)
NSR-L1 Principal -0.021 183.3 2,428 4.33 3.08 873 89.58 9.65x 1074 1.39x 107
NSR-L2 Residual —0.009 199.5 879 3.70 2.31 754 2405 272x107% 139x 107°
NSR-L3 Principal —0.023 95.4 839 1.87 1.31 4.44 9.02 3.06x107% 2.05x1077
NSR-L4 Principal —0.031 110.3 442 450 245 837 1853 180x107% 121x107°
NSR-L5 Residual —0.016 121.8 631 3.50 2.57 840 1431 2.60x107% 1.19x 107°
NSR-L6 Residual —-0.017 157.5 143097 1.19 0.88 247 4716 6.75x 1072 299 x 1073
PR-F1 Residual —0.009 318.8 2250 343 3.72 9.16 5335 1.11x1073 1.84x107°
PR-F2 Residual —0.007 107.4 1247 4.25 503 13.60 53.81 563x107% 1.68x 107
KR-E1 Residual —0.008 2433 187288 5.64 479 1428 99.69 1.15x 107! 4.56x 1073
KR-F1 Residual -0.010 122.4 23670 4.43 3.86 10.69 8138 1.05x1072 232x10~4
KR-F2 Residual —0.011 2752 15151 469 408 11.89 6837 6.62x1073 1.59x10~*
. (a) NSR-L1 . (b) NSR-L6
—— Log-normal distribution —— Log-normal distribution
[ Field results [ Field results
6r 6
5r 5r
Sat w Sat
~ ~
=2 =2
= 3r = 3r
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Figure 8. Distributions of floc size Sy for deployments (a) NSR-L1, (b) NSR-L6, (¢) KR-F1, and (d) PR-F1. The red line denotes a fitted
lognormal distribution, N is the number of flocs in each bin, and N7 is the total number of flocs.
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Figure 9. Time series of (a) water temperature Ty, and air temperature Ty, (b) heat flux Q, (¢) mean floc size ¢, (d) floc number concentration
Ctn, and (e) floc volumetric concentration Cy, for deployment NSR-L4 on 12 December 2021. The vertical dashed grey line indicates the
time when the peak supercooling temperature was achieved.
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Figure 10. Time series of (a) water temperature Ty and air temperature 73, (b) heat flux Q, (c¢) mean floc size uf, (d) floc number concen-
tration Cyp, and (e) floc volumetric concentration Cg, for deployment KR-F1 on 30 January 2023.
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Figure 11. Time series of (a) water temperature Ty and air temperature Ty, (b) heat flux Q, (¢) mean floc size uy, (d) floc number concen-
tration Cyy,, and (e) floc volumetric concentration Cy, for deployment PR-F2 on 13 December 2022.

a stable residual temperature of —0.010 °C at 16:37. T, de-
creased from —1.7 to —7.2 °C, with an average of —4.6 °C.
Figure 9b shows that the net heat flux Q, increased from 26
to 150 Wm—2, primarily due to the decrease in the magni-
tude of shortwave radiation Qgy. The rest of the heat flux
components remained positive (heat loss) and relatively sta-
ble throughout the deployment, with Qj,, being the domi-
nant component. In Fig. 9¢c, ur begins to increase signif-
icantly ~ 7min before the peak supercooling temperature
is reached, reaching a maximum of 7.8 mm ~ 37 min af-
ter peak supercooling; it then decreases to ~ 6 mm and re-
mains approximately constant afterwards. Figure 9d shows
that significant numbers of frazil particles were detected
~ 15 min before peak supercooling, with Cg, values below
2 x 10~*cm™3. At ~ 2min before peak supercooling, Cr,
increased rapidly, peaking ~ 30 min after peak supercool-
ing at a value of 9.3 x 10~*cm ™3, and then decreased to
2x10™* cm™3 at the end of the deployment. Figure 9e shows
that Cy, only increased notably after peak supercooling and
reached a value of 8.8 x 1076 ~ 30 min after the peak super-
cooling. After that, it decreased before spiking to 1.6 x 1073
~ 38 min after the peak supercooling and then decreased to
1.7 x 1079 at the end. An examination of the images showed
that the spike was caused by several large flocs up to 18.5 mm
in size.

During KR-F1, T,, fluctuated continuously around
—0.008 °C, except for one anomalous spike that occurred at
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17:03 (Fig. 10a), which was caused by ice contacting the sen-
sor when the polarizers were being rinsed. Additionally, peri-
odic upward spikes with a period of 1 min and magnitude of
~ 0.001 °C were visible on the plot. While the cause of these
spikes remains uncertain, it is worth noting that their magni-
tude falls within the range of accuracy of the sensor. The air
temperature was relatively stable, with T, varying between
—10to —12°C. In Fig. 10b, O, rose during the deployment
from —2 to 261 Wm~2, largely due to the decrease in the
magnitude of Q. Note that the heat flux components were
computed here at a 1 h time interval. In Fig. 10c—e, there are
gaps in the data during the time periods 15:33-15:38, 16:17-
16:23, 16:58-17:04, and 17:34—17:39 that are visible as short
time-series segments with zero slope. These were created
when the images collected during the time periods when the
polarizers were being rinsed were removed from the dataset.
In Fig. 10c, ur fluctuates around ~ 4 mm before significantly
increasing at 17:40, eventually reaching 5.9 mm by the end of
the deployment. Similar trends are evident in Fig. 10d—e for
Ct and Cyy, respectively. At 17:41, Cg, started to increase
significantly and reached a peak value of 4.5 x 1072 cm ™3 at
17:53, while Cyy started to increase significantly at 17:50 and
eventually peaked at a value of 2.8 x 107>, A hydropeaking
wave arrived at the Fortress site at 17:25, increasing the depth
by 19 % by the end of the deployment and causing rapid in-
creases in floc size and concentration.
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During deployment PR-F2, Ty, was initially at —0.006 °C
but increased above zero at 10:21 and eventually reached
0.033°C at the end of the deployment (Fig. 11a). 7, fol-
lowed a similar trend to Ty, rising from —7.6 to —4.1 °C. The
net heat loss Q, steadily decreased from 165 to 12 W m™2
(Fig. 11b) due to an increase in the magnitude of Qgy. In
Fig. 11c, pur fluctuated between 1 and 10 mm during the de-
ployment, with an average of 4 mm. In Fig. 11d—e, the time
series of number concentration and volume concentration do
not exhibit significant trends. Cf, ranged from 4.1 x 107> to
2.4%x1073 cm™3, with an average of 5.6 x 1074 cm™3, while
Cyy was negligible most of the time, with occasional spikes
up to 4.2 x 10™*. One spike that occurred at 10:39 caused
both Cy, and Cyy to reach their peak values. Visual examina-
tion of the images shows that at this time, the number of flocs
increased significantly for three consecutive images, and this
was possibly caused by a large floc colliding with the camera
frame and fracturing.

6 Discussion

Images of typical frazil flocs shown in Fig. 7 illustrate the
complexity of their morphology, which encompasses various
ice crystal shapes, including disc-shaped, needle-shaped, and
irregular particles. Disc-shaped ice particles were observed
in flocs from all three rivers but were most pronounced in the
NSR, where the flocs were almost all formed by disc-shaped
particles of different sizes (Fig. 7a, b). The growth of frazil
ice in supercooled water is limited by the diffusive removal
of the latent heat of solidification from the ice—water inter-
face and by the slow attachment kinetics in the perpendicular
direction, which leads to the formation of disc-shaped par-
ticles (Mullins and Serkerka, 1964; Rees Jones and Wells,
2015). Flocs containing needle-shaped crystals as shown in
Fig. 7c were observed during deployment PR-F1, which had
a very low mean air temperature of —20.64 °C. These types
of crystals have been found to form primarily at the surface of
supercooled water (Hallett, 1960; Clark and Doering, 2002).
The cold air temperature during deployment PR-F1 may have
promoted the growth of these needle-shaped particles at the
water surface before they were entrained in the water col-
umn and subsequently attached to flocs. Irregular particles
were observed in flocs from both the KR and PR (most pro-
nouncedly in deployment KR-E1, as shown in Fig. 7d). Irreg-
ularly shaped particles are formed by unstable disc growth,
which is known to be caused by the formation of temperature
gradients in the water surrounding the particles (Kallungal
and Barduhn, 1977). This suggests that during the KR and PR
deployments, frazil ice particles probably spent some time
in relatively quiescent water, where the turbulence intensity
was so low that temperature gradients could form in the wa-
ter surrounding the particles. Another possibility is that the
particles were temporarily transported to the river surface,
exposing them to cold air, which may also lead to unstable
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disc growth. In addition, broken fragments of skim ice or
border ice that were entrained into the water column are an-
other possible source of irregular particles in flocs. Clark and
Doering (2009) observed in the laboratory that flocs could
become denser over time when the turbulence intensity was
higher. During deployment KR-E1, although the locally mea-
sured depth-averaged velocity near the FrazilCam was rela-
tively low at 0.22ms ™!, the water velocity ~ 70 m upstream
of the deployment site was visually observed to be very tur-
bulent due to the presence of four groins and a narrow chan-
nel width. This may have contributed to the denser flocs that
were observed during this deployment.

The data presented in Table 4 and Fig. 8 are the first quan-
titative measurements of frazil floc sizes and concentrations
in rivers. The mean floc size averaged over all deployments
was 3.80 mm, which was close to the mean values observed
for most of the individual deployments except for deploy-
ments NSR-L3, NSR-L6, and KR-E1, which had mean floc
sizes of 1.87, 1.19, and 5.64 mm, respectively. As noted in
Sect. 5.1, flocs observed during deployments NSR-L3 and
NSR-L6 were composed of much smaller disc-shaped indi-
vidual particles (Fig. 7b) than the rest of the deployments
(Fig. 7a). Deployment NSR-L3 took place during a princi-
pal supercooling event in which the observed small frazil
ice particles were likely newly formed and still growing,
which could be the reason why the flocs were smaller and
composed of significantly smaller particles. In addition, de-
ployment NSR-L3 took place as the crest of a hydropeaking
wave was passing the site, resulting in a mean water depth
of 1.24 m, which is 37 % to 55 % larger than the depths dur-
ing the other NSR deployments (Table 3). The significantly
higher water depth reduced the fractional height at which the
images were collected, which could also result in smaller
floc sizes. This would be consistent with measurements by
Reimnitz et al. (1993) that showed that larger flocs have
higher rise velocities. Deployment NSR-L6 occurred during
the 2022 freeze-up season, which was the shortest freeze-
up in ~ 10 years, lasting only 3 d. Significantly smaller flocs
were observed during this deployment (see Fig. 7b), and this
may be because relatively young smaller flocs were gener-
ated during this rapid freeze-up process. The largest mean
floc size, maximum floc size, and concentration (see Table 4)
were observed during deployment KR-E1 (Fig. 7d). As dis-
cussed previously, the particles that formed flocs during KR-
El included irregularly shaped particles, and this could have
resulted in larger flocs compared to flocs formed entirely by
disc-shaped particles.

The mean floc size and standard deviation ranged from
1.19 to 5.64 mm and from 0.88 to 5.03 mm, respectively, as
shown in Table 4. The 95th percentile of floc size ranged
from 2.47 to 14.28 mm, and the largest floc found was
99.69 mm in size. Schneck et al. (2019) conducted labora-
tory experiments in a frazil ice tank with an average tur-
bulent dissipation rate of 0.034 m?s~3, which falls within
the range of the values estimated in the three rivers in this
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study (0.005-0.207 m? s3). They found that in freshwater,
the size distribution of flocs followed a lognormal distribu-
tion, and the mean size, 95th percentile of floc size, and max-
imum size were 2.57, 6.91, and 95.1 mm, respectively. The
mean and 95th percentile sizes fall within the range of val-
ues observed in this study. However, the overall mean floc
size observed in the field was 3.80 mm, which is 48 % larger
than the mean measured in the laboratory. The maximum floc
sizes observed in the laboratory and field are comparable. It
is worth noting that the largest floc size of 99.69 mm was just
slightly smaller than the FOV dimensions and considerably
larger than the 3.6 cm gap, indicating that the floc size mea-
surements may have been physically limited by the FOV and
the gap between the polarizers. Therefore, further increases
in both the FOV and the gap between the polarizers may be
needed in future studies to allow even larger flocs to be im-
aged and measured.

The size distributions obtained from different rivers are all
a reasonable visual fit to a lognormal distribution, as shown
in Fig. 8, which is consistent with the laboratory measure-
ments (Schneck et al., 2019). However, when the chi-square
test for goodness of fit was applied, none of the size distribu-
tions were quantitatively confirmed to fit a lognormal distri-
bution at the 5 % significance level. This could be primarily
due to the use of the cut-off size to eliminate sediment par-
ticles which produced a sharp cut-off in the distributions. In
addition, the small number of samples in some deployments
resulted in noisy size distributions, making it unlikely that
they would be a good quantitative fit to a smooth lognormal
distribution. Nonetheless, the qualitatively good correspon-
dence of the floc size distributions measured in the field with
theoretical lognormal distributions in Fig. 8 does suggest that
if the sample size was larger and sediment particles could be
filtered out, floc size distributions in rivers would also closely
follow a lognormal distribution.

The average floc number concentration Cy, ranged from
1.80 x 107* to 1.15x 10~'ecm™3 (Table 4). Schneck et
al. (2019) measured a peak floc number concentration of
2.5x10~" cm™3 in freshwater laboratory experiments, which
is similar in magnitude to the upper limit of values mea-
sured in the field. The average floc volumetric concentration
Cy, ranged from 2.05 x 1077 to 4.56 x 1073 (Table 4). Pre-
vious studies reported suspended-ice volumetric concentra-
tions ranging from 2 x 107 to 6 x 1073 (Tsang, 1984; Marko
and Jasek, 2010; Richard et al., 2011). These measurements
were made using comparative-resistance probes and acous-
tic devices, which in theory detect all of the ice suspended
in the water. The upper range of previous concentration mea-
surements is comparable to that reported in this study. How-
ever, the lower range is 1 order of magnitude larger than this
study, which may be due to the fact that the previous studies
reported the total volume of frazil flocs and particles.

The time series of frazil floc properties in Fig. 9 indicate
that during the principal supercooling phase, floc number,
and mean size started to increase significantly just prior to
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peak supercooling and reached a maximum near the end of
principal supercooling, whereas the floc volumetric concen-
tration only started to increase significantly after peak su-
percooling occurred. Deployment NSR-L3, which captured
almost the entire principal supercooling phase, also showed
a similar trend (see Fig. S3). The increasing trends in the
mean floc size and the floc number concentration generally
agree with previous laboratory measurements (Schneck et
al., 2019; Pei et al., 2023). However, the laboratory-measured
mean floc size and floc number concentration stopped in-
creasing significantly shortly after peak supercooling, while
they stopped increasing later in the field — near the end
of the principal supercooling phase. For example, Schneck
et al. (2019) observed that the mean floc size and the floc
number concentration in freshwater stopped increasing sig-
nificantly at dimensionless times of 7/f, = 1.13 and 1.27,
respectively, compared to ¢/f. =2.00 and 1.81 for NSR-
L4 (t. is the time interval between the start of supercool-
ing and peak supercooling, and ¢ is the time). The peak
floc number concentration measured during the three prin-
cipal deployments in this study ranged from 9.3 x 10~ to
3.1x1073 cm™3, more than 2 orders of magnitude lower
than the 2.5 x 107! cm™—> measured in the laboratory tank
by Schneck et al. (2019). These significantly lower floc con-
centrations suggest that particle concentrations in the field
were also much lower compared to laboratory measurements.
At lower suspended-frazil concentrations, the collision fre-
quency of frazil particles would be reduced, increasing the
time needed for flocs to gain mass via collision-induced
particle—floc aggregation, which might explain the longer
time period over which the mean floc size and the floc num-
ber concentration were observed to increase in the field.
Figure 10 shows that during KR-F1, the mean floc size
was approximately constant prior to the arrival of the hy-
dropeaking wave during the residual supercooling phase.
Similarly, there were no observed trends in floc size in five
other residual deployments: NSR-L2, NSR-L5, KR-E1, PR-
F1 (see Figs. S2, S4, S7, and S6), and PR-F2 (Fig. 11). Mc-
Farlane et al. (2019b) found that in rivers, the mean particle
size remained approximately constant during the residual su-
percooling phase if the environmental conditions were rel-
atively stable. Therefore, it follows that flocs observed dur-
ing the residual supercooling phase would also have a stable
mean size unless hydraulic and/or meteorological conditions
changed significantly. The mean floc size was most stable
during deployment KR-E1 (Fig. S7), with a fluctuation range
of only 1.5mm, which could be in part due to the signifi-
cantly larger sample size of 187 288. The only two residual
deployments that did not have a stable mean floc size were
NSR-L6 and KR-F2 (Figs. S5 and S8), and in both cases the
size decreased, and this coincided with minor increases in
Ty (~ 0.005 °C). These results indicate that during the resid-
ual phase, the mean floc size does not typically vary signif-
icantly — even at the end of the supercooling event, when
T rises above zero, as was the case in PR-F1 and PR-F2.
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During the two PR deployments, the floc properties did not
change significantly during the 1.3 and 2.5 h time periods be-
tween the end of supercooling and the end of measurements.
This is likely because the zero-degree isotherm had moved
upstream of the deployment site but the frazil being gener-
ated upstream of it was still advecting past the FrazilCam
(i.e., the zero-degree isotherm was not so far upstream that
the advecting frazil had time to melt.)

As shown in Fig. 10, during KR-F1, the residual super-
cooling water temperature remained mostly approximately
constant at approximately —0.01 °C. An approximately con-
stant residual supercooling temperature was also observed in
NSR-L2, KR-El, and NSR-L5 (see Figs. S2, S7, and S4).
This means that during the residual supercooling phase ice
was still growing and releasing latent heat that balanced the
heat loss from the water surface in order to maintain the
approximately constant water temperature. In this study, al-
though the mean floc size did not vary significantly during
most of the measured residual supercooling deployments,
fluctuations and trends in the floc number and volume con-
centration time series were observed. These indicate that
these frazil ice particles may have still been forming and
growing, releasing latent heat to help balance the surface heat
loss. In addition, during the residual phase, anchor ice, bor-
der ice, and surface ice pans were likely also growing and
releasing latent heat, helping to maintain the stable residual
supercooling temperature.

The time series of water temperature 7, and net heat flux
Oy, provided an opportunity to theoretically estimate the to-
tal ice growth in the water column, which could be compared
to the measured floc volumetric concentration Cy, to estimate
the fraction of ice sampled by the FrazilCam. Assuming there
were no significant water temperature gradients in any direc-
tion (i.e., the river had a uniform temperature) and that the
water depth was constant, the thermal balance of the water—
ice mixture is given by

dTy On d¢;
Pcp?— 7+,01L1?7 (15)
where p is the water density, C), is the specific heat of wa-
ter, p;j is the ice density, L; is the latent heat of fusion of ice,
and C; is the total ice concentration due to thermal growth
(Souillé et al., 2023). Equation (15) was then used to es-
timate C; for deployment NSR-L4, which captured the en-
tire principal supercooling phase. The result showed that the
FrazilCam was only sampling at most 2 % of the total ice
that was forming in the water. It should be noted that the
0O, used in the calculation does not account for the effect of
surface ice due to a lack of accurate surface ice data. In ad-
dition, the mean water depth d was used, while in reality the
water depth varied spatially and temporally. These approx-
imations create considerable uncertainty in the calculations
of the total heat loss from the surface and the volume of the
water being cooled. Given all the simplifying assumptions
that were made, the uncertainty in the calculated Cj is poten-
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tially quite large but is likely not greater than a factor of 2 or
3. Therefore, despite this potential large uncertainty, the cal-
culations suggest that the FrazilCam was only sampling less
than ~ 5 % of the total ice being formed in the river. Simi-
lar calculations were also performed using data collected in
a laboratory frazil ice tank experiment using the laboratory
version of the FrazilCam. In the laboratory environment, the
water depth is a constant, the tank has been shown to be well
mixed, and the surface heat loss can be quantified from the
water cooling rate with reasonable accuracy. These results
showed that Cj calculated using Eq. (15) was comparable
to the volumetric concentration of suspended ice calculated
from the FrazilCam images prior to when flocs began rising
to the surface. This demonstrates that the FrazilCam does
provide accurate measurements of the suspended-ice con-
centrations. However, the only time the FrazilCam would be
sampling a significant fraction of the total ice being formed
in a river would be when suspended frazil is the only ice that
is actively growing.

The effect of the surface heat flux on floc properties was
investigated. A positive mean net heat flux Q, was ob-
served for all deployments, indicating a net heat loss from
the surface. The magnitude of Q, ranged from 95.4 to
318.8 Wm~2, as shown in Table 4. The dominant positive
heat flux was Qjy and Qg for six and five deployments, re-
spectively, while the dominant negative heat flux in all de-
ployments was Qgy, which is consistent with previous stud-
ies (McFarlane and Clark, 2021; Boyd et al., 2023). Efforts
were made to correlate the mean net heat flux Q, with the
measured floc properties listed in Table 4 (i.e., columns 5—
11). No significant correlations were found when using data
from all deployments or when only the data from the six NSR
deployments that have 10 min heat flux data were used. It is
worth noting that the heat flux analysis in this study did not
account for varying surface ice concentrations and neglected
several heat fluxes (e.g. sediment—water). Clearly, more com-
prehensive and frequent measurements of heat fluxes and sur-
face ice properties are needed in future studies to more fully
understand the impact of varying heat fluxes on frazil floc
properties.

To investigate the effect of hydraulic conditions on the
mean floc size uf, the local Reynolds number Re is plot-
ted versus pr in Fig. 12 along with the following linear-
regression equation:

7F = 6.82 — 3.05 x 10™Re. (16)

As Re increases from ~ 40000 to ~ 160000, s decreases
from approximately 5.5 to 2 mm and the coefficient of deter-
mination (R?) is 0.69, indicating that the two are moderately
correlated. Clark and Doering (2009) found that a higher tur-
bulence intensity inhibited the formation of large flocs. This
finding is consistent with the correlation presented in Fig. 12
if it is assumed that turbulence intensity increased with Re
in the three study rivers. However, this is not necessarily the
case. An alternate explanation for the observed correlation
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Figure 12. Relationship between the local Reynolds number Re and
mean floc size ff in mm.

0.01 T T T T T
0.001 | E
1E-4 | 3
1E-6 | 4
A A NSR J
1E-7 E e PR 4
= KR 3
Power law fit| ]

1E-8 1 1 1 1 1

0.0 0.1 0.2 0.3 04 0.5 0.6
d,/d

Figure 13. Relationship between the fractional height dm /d and the
average floc volumetric concentration Cyy.

is that as Re increased, the flocs experienced higher shear
strain rates (i.e., larger velocity gradients) and more violent
floc—floc collisions, which would tend to rupture larger flocs
and reduce their mean size.

The effect of water depth on the floc volumetric con-
centration was investigated by correlating the average volu-
metric concentration with the fractional height dy, /d, where
dm = 0.198 m is the height above the bed at the centre of the
FrazilCam FOV and d is the mean water depth. Figure 13
presents a scatter plot of the fractional height dy,/d versus
the average floc volumetric concentration Cy,. Results show
that there is a strong nonlinear correlation given by the fol-
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lowing power law equation:
. A\ 909
Crv = 4.80(%) : (17)

where the R? value equals 0.99. Ye (2002) and Morse and
Richard (2009) reported measurements of vertical frazil con-
centration profiles and found that the Rouse equation (Rouse,
1937), previously used to characterize suspended-sediment
concentration profiles, could be used to describe the frazil
ice concentration profile. Equation (17) is similar in format
to the Rouse equation, indicating that the vertical concen-
trations of both frazil particles and flocs may be accurately
described by power law equations.

7 Conclusions

A submersible high-resolution camera system was deployed
during supercooling in three rivers from 2021-2023. Images
from the 11 deployments were analyzed to investigate frazil
floc properties and their evolution. Images showed that frazil
flocs observed in the North Saskatchewan River were pre-
dominately formed by disc-shaped particles, while flocs in
the Peace River and Kananaskis River were composed of
various ice crystal shapes, including disc-shaped, needle-
shaped, and irregular particles. A lognormal distribution is a
reasonable description of the floc size distributions in rivers.
The mean floc size ranged from 1.19 to 5.64 mm and the
overall mean floc size was 3.80 mm. The mean floc size in
rivers was found to be 48 % larger than was previously ob-
served in the laboratory by Schneck et al. (2019), while the
maximum floc sizes in the laboratory and field were com-
parable. The average floc number concentration ranged from
1.80x 107% to 1.15 x 107! cm~3, and previous laboratory
measurements fall within the range of the values observed in
this study. The estimated average floc volumetric concentra-
tion ranged from 2.05 x 1077 to 4.56 x 1073, with the upper
bound being comparable to previous total ice volume con-
centration measurements while the lower bound is an order
of magnitude smaller.

Time series analysis indicated that during the principal
supercooling phase, floc number concentration and mean
size increased significantly just before peak supercooling and
reached a maximum near the end of principal supercooling.
This increasing trend was also observed in previous labora-
tory measurements (Schneck et al., 2019; Pei et al., 2023),
but the duration of the increasing trend was longer in the
field. During the residual supercooling phase, the mean floc
size did not typically vary significantly, even 2.5 h after the
water temperature rose above 0°C. The effect of the air—
water heat flux on floc properties was investigated by con-
ducting a linear-regression analysis. However, no significant
correlations were found, and this may be due to the limited
dataset or the complexity of the field environment, where
heat fluxes can vary temporally and spatially. Future field
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measurements of floc properties, especially those made dur-
ing the principal supercooling phase and made continuously
along multiple sites along a study reach, are needed to more
fully understand the factors that govern their size and con-
centration.

Analysis of the influence of local hydraulic conditions on
frazil floc properties showed that as the local Reynolds num-
ber increases, the mean floc size decreases linearly. The re-
sulting equation can be used to estimate mean floc sizes in
rivers using estimates of the mean velocity and depth. It was
also shown that the averaged floc volumetric concentration
can be related to the fractional height above the bed through
a power law equation. This relationship may be useful for
describing the vertical concentration profiles of frazil flocs.

The detailed measurements of frazil floc properties and
their evolution in rivers presented in this study could be used
in several ways to enhance the numerical modelling of river
ice processes in order to improve predictions of river freeze-
up. At the present time, the frazil rise velocity is treated as
a calibration parameter in comprehensive river ice process
models (e.g. Shen, 2010; Blackburn and She, 2019). How-
ever, it could now be directly estimated by first using Eq. (16)
to predict the mean floc size using the local Reynolds num-
ber, and then the rise velocity could be predicted using the
measurements in Reimnitz et al. (1993). In addition, the re-
ported lognormal size distributions of flocs as well as the
time series evolutions of the mean floc size and the con-
centrations, measured in rivers for the first time, could pro-
vide opportunities to incorporate floc dynamics into numeri-
cal models with the goal of improving how realistically they
simulate frazil ice evolution and surface ice progression.

In the future, it would be of interest to deploy the Frazil-
Cam in lakes and oceans, where the flow regime and salin-
ity may be considerably different, to investigate frazil parti-
cle and floc properties in these different environments. The
FrazilCam system can, in principle, be deployed in any suf-
ficiently transparent waters; however, the system would need
to be modified to automate the polarizer rinsing process. This
would be challenging but might be possible using a mechan-
ical wiper, which would allow deployments on the bottom
of deeper water bodies. In addition, the system could be at-
tached to an uncrewed or autonomous underwater vehicle to
allow observations to be made at various depths in the water
column in lakes and oceans.

Code and data availability. Some of the meteorological data used
to carry out heat flux analysis were obtained from the Al-
berta Climate Information Service (ACIS) (2023; http://agriculture.
alberta.ca/acis/weather-data-viewer.jsp), Environmental and Cli-
mate Change Canada (ECCC) (2023; https://climate.weather.gc.ca/
historical_data/search_historic_data_e.html), and the University of
Calgary Biogeoscience Institute (2023; https://research.ucalgary.ca/
biogeoscience-institute/research/environmental-data). Historic sed-
iment data for the North Saskatchewan River at Edmonton and the
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Peace River at Dunvegan Bridge can be accessed from Water Survey
of Canada historical hydrometric data (2023; https://wateroffice.ec.
gc.ca/mainmenu/historical_data_index_e.html). All other data and
code used in this study are available from the authors upon request.
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