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Freshwater ice in the Northwest Territories, Canada serves as vital transportation
infrastructure for local communities in winter. Lake ice in the Yellowknife region
is heavily relied for transportation via ice roads, crossings, and winter trails- many
of which traverse small lakes. However, there is currently a lack of in-situ data
on the evolution of lake ice in the region, particularly during freeze-up/break-up
periods when ice has a low bearing capacity. To address this knowledge gap, this
study aimed to design, construct, and deploy a floating research station equipped
with an automated ice sensor in a small subarctic lake, located ~12 km north of
Yellowknife within the Baker Creek Research Watershed. The study was
conducted between October-December 2022. Results show that freeze-up and
sequent ice growth were uncharacteristically driven by snow-ice production, in
contrast to thermal ice growth, because of extreme snowfall in October and
November 2022. The evolution of the ice cover between October-December 2022
is framed in the context of a case study for comparing ice formation and growth
during a year of significant snowfall to ice growth in a low snowfall year
(November-December 2021). Findings provide insight into potential new regimes
and evolutions of ice under shifting snowfall patterns in Yellowknife.



1. Introduction

Small lakes (<10 km?) are ubiquitous features of the landscape surrounding Yellowknife,
Northwest Territories (NWT). These lakes typically freeze in late October/early November and
commonly form a solid, primary ice cover of columnar grained, congelation ice known as black
ice. The formation of the primary ice cover on these lakes is typically fast. However, besides
testimonial accounts of ice formation in the region, limited efforts have been made to observe this
process and subsequent growth of ice. This is notwithstanding the heavy community reliance on
small lakes for winter transportation via ice roads, winter snowmachine trails, and recreation. The
lack of in-situ observations of these processes is likely due to the rapid nature of the formation of
the ice cover, and inadequate bearing capacity of the thin ice (e.g., <10 cm) required to obtain
measurements.

Past research on ice formation and thin ice growth processes on small lakes is limited. Many of
these studies have relied on modelling efforts to simulate the timing of freeze-up and subsequent
evolution of the ice cover (e.gs. Duguay et al., 2003; Kheyrollah Pour et al., 2012, 2017;
Launiainen & Cheng, 1998; MacKay, 2012; Yang et al., 2012). While lake ice models have great
utility in the absence of field observations, they often oversimply or inaccurately parameterize ice
freeze-up/break-up processes. Consequently, these models may lead to potentially inaccurate
estimates of ice thicknesses or snow depths, particularly during the early ice cover season when
ice thickness estimates are crucial for community safety.

In an initial attempt to monitor ice formation and thin ice growth in the region, we have designed,
constructed, and deployed a floating research station in a small subarctic lake in October 2022.
The floating research station houses an automated ice sensor called a Snow and Ice Mass Balance
Apparatus (SIMBA), as well as a series of instrumentation beneath and adjacent to the station to
monitor local environmental and meteorological parameters. Using this station, the primary
objective of this study was to investigate lake ice formation and thin ice growth.

During October and November 2022, Yellowknife received ~87% and 60% more snowfall relative
to the 1981-2010 climate normal (187% and 160% of normal). The magnitude and timing of this
snowfall resulted in complex processes of early season ice formation and growth led by slush and
snow-ice production. Using temperature data collected every 15 minutes from the floating research
station, the secondary objective of this study was to investigate these complex processes between
October 5- December 31, 2022, in the context of a year with heavy snowfall. As a case study, the
evolution of the ice cover during this heavy snowfall year is contrasted with ice growth between
November-December 2021, which experienced 62% and 31% lower snowfall compared to the
November-December 1981-2010 climate normal (38% and 69% of normal, respectively). With
climate change causing increases in autumnal precipitation in the region (Spence et al., 2011), this
study provides a glimpse of potential future ice growth scenarios should snowfall continually
increase in Yellowknife with this changing climate.

1.1 Site Description

This study aims to investigate the formation and growth of ice within Landing Lake, a small
subarctic lake ~12 km north of Yellowknife, Northwest Territories, Canada. Landing Lake has a
surface area of 1.07 km? and is part of the Baker Creek Research Watershed (BCRW), about 7 km
north of Yellowknife, Northwest Territories, Canada (Figure 1). The lake is morphometrically



complex, and has mean and maximum depths of 1.77 m and 4.28 m respectively (Rafat et al.,
2023). Landing Lake drains a relatively large catchment of 135 km? comprising about 85% of the
total watershed area of the BCRW (Spence & Hedstrom, 2018).

The BCRW is a small (155 km?) Canadian Shield subarctic watershed consisting of 349 small
lakes, with mean and median surface areas of 54,000 (0.052 km?) and 88,800 m? (0.088 km?)
respectively (Spence & Hedstrom, 2018). These lakes are interconnected through short channels
with highly variability connectivity (Spence et al., 2010). The watershed is drained by Baker Creek
which flows into Great Slave Lake. A Water Survey of Canada hydrometric gauge (07SB013) is
located at the outlet of Lower Martin Lake, ~5 km south of Landing Lake. The basin is located
within a region of discontinuous permafrost, with frequent transitions from permafrost to non-
permafrost conditions associated with large changes in topography, vegetations, snow
accumulation, hydrology and surficial geology (Morse & Wolfe, 2017; Phillips et al., 2011). Land
coverage in the BCRW is split between exposed bedrock (~40%), water (~22.6%), forested
hillslopes (~21.5%), and wetlands/peatlands (~15.9%). The hydrological regime in the BCRW can
be best described as subarctic nival (Spence & Hedstrom, 2018).
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Figure 1. a) Reference map: location of Baker Creek Research Watershed (BCRW) within
Canada. b) Delineation of the BCRW and Landing Lake. c) Bathymetry of Landing Lake
including the locations of the floating research station and meteorological station.

2. Methodology

2.1. Floating Research Station and Meteorological Station

A floating research station was built and deployed in Landing Lake on October 5%, 2022, at a
location 3.00 m deep (62.5628 N, 114.4047 W) (Figure 2a, b). The station was anchored ~250 m
from an existing meteorological station operated by Environment and Climate Change Canada
(Figure 2c). The meteorological station monitors all energy balance components, including
turbulent fluxes estimated through the eddy covariance method. For a detailed description of
instrumentation used on the meteorological station, the reader is directed to Spence and Hedstrom
(2018).



The floating research station was constructed on a raft with a square 2.44 x 2.44 m (8 x 8 ft) base
built using pressure treated lumber on floats (Figure 2a). A SIMBA was installed on the raft. The
SIMBA consisted of a 2.9 m thermistor chain with 145 temperature sensors spaced vertically at 2
cm. Temperature profiles through air, snow, ice, and water were taken every 15 minutes. The chain
was deployed 1.3 m away from the edge of the raft to minimize structural interference between
the raft and the ice/snow. In addition, a small structure was deployed beneath the raft on the
lakebed to measure water temperatures immediately above the sediments in the lake and water
levels using a pressure transducer (Figure 2a). Water temperatures on this structure were recorded
every 5 minutes using four (4) HOBO TidbiT MX400, while water levels were derived from a
HOBO u20 pressure transducer on an hourly basis. Two vertical wooden planks were attached to
the raft and extended into the water. One plank housed 6 additional HOBO TidbiT M X400 sensors
for monitoring water (and ice) temperatures at a 5S-minute frequency. The other plank housed 2
photosynthetically active radiation (PAR) loggers, for monitoring penetrating PAR into the water
and beneath the ice. Under-ice (water) PAR was logged at a 15-minute frequency.
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Figure 2. a) Detailed dsign of the floating research station, b) Operation of floating research
station during the open water period. ¢) Meteorological station on Landing Lake operated by
Environment and Climate Change

2.2, Air, snow, ice, and water interface detection

Air, snow, ice, and water interfaces were identified using the SIMBA. The SIMBA operated in
two modes. Mode I took direct measurements of the ambient temperatures surrounding each sensor
within the 2.9 m thermistor chain every 15 minutes. Mode II operated every 6 hours. Over a 2-



minute heating cycle, Mode II applied a 64mW constant and linear heat source to resistors housed
beside each of the 145 sensors. The associated temperature rise at each resistor was recorded by
adjacent temperature sensors every 30 seconds. Four (4) additional measurements are taken in the
proceeding 2 minutes to measure the ‘cooling’ response at each resistor as the applied power is
stopped. Mode II provided a means of roughly approximating the thermal conductivity ice and
snow, mimicking the transient hot-wire method for measuring thermal conductivity (Healy et al.,
1976; ASTM D5334) and allowed for improved interface detection (Jackson et al., 2013).
However, this study does not present the thermal conductivity estimates. The SIMBA has been
widely used in monitoring sea ice (e.gs. Koo et al., 2021; Lei et al., 2018), and more recently in
river ice (Lynch et al., 2021), and lake ice evolution (Cheng et al., 2021; Rafat et al., 2023).

The position of the ice (or water) surface was identified by combining the information from Mode
I 'and Mode II of the SIMBA. The temperature rise after 2 minutes of gentle heating was lower in
water compared to air, as water has a larger heat capacity. Likewise, the temperature rise in ice
was lower as compared to air, given ice’s comparably large thermal conductivity and density,
thereby effectively transferring heat away from the source. As compared to one another however,
the temperature rise in water, ice, and slush are relatively similar, normally ranging between 0.4°C
and 0.75°C. Snow is excluded from this range as temperature rises in snow are significantly higher.
Therefore, beginning at the top of the chain, the position of either the water, ice, or slush surface
would be the first sensor where the temperature rise after 2 minutes of heating would be between
0.4°C and 0.75°C. To delineate between water and ice, Mode I measurements at the identified
location were analyzed. If the temperature (T) at this location was < - 0.5°C, the surface was
identified as ice, if T > 0.125°C the surface was water, and if -0.5°C <T < 0.125°C, the surface
was likely unfrozen slush.

The position of the air-snow interface was identified by selecting the location where the spatial
derivative was a maximum, beginning from the top of the thermistor chain. Since snow is an
effective insulator, vertical gradients in temperatures would present a distinct peak when
transitioning from air to snow. To identify the position of the ice bottom, Mode I of the SIMBA
was used. For each measurement, the thermistor chain was searched between the bottom of the
chain and the identified ice (or water) surface. The first sensor with a temperature (T') between
- 0.5°C < T <-0.0625°C was selected to be position of the ice bottom, provided that the sensor
immediately above this identified location also fell within the noted range to reduce uncertainty.
The range was selected to account for manufacturer reported accuracies of the sensors and the
minimum resolution of the thermistors of £0.0625°C. Further details on interface detection and its
validation in Landing Lake is presented in Rafat et al. (2023).

3. Results

3.1. Extreme October and November Snowfall in Yellowknife

Total snowfall data for the 2022-2023 ice cover season (October 2022- May 2023) was recorded
at the Yellowknife Airport Meteorological Station, ~10 km south of Landing Lake. The first
snowfall of the season was recorded on October 11, 2023, at 3pm MST. Between October 11 -
31%, ~40 ¢cm of snowfall occurred, amounting to 222% and 187% the mean October snowfall of
the preceding 30-year record (1992-2021) and climate normal period (1981-2010), respectively
(Figure 3a). A similar pattern of increased snowfall was observed in November 2022, with 176%



and 160% the preceding 30-year record and the climate normal snowfalls, respectively. The
relatively extreme snowfall events followed a period of unusual low snowfall in the year previous
between September- December 2021.

To determine the presence of a long-term trend in monthly snowfall totals over the available record
(1942-2022), a Mann-Kendall analysis was conducted. Results indicated that there was no
significant trend in September, October, and December snowfall totals at a 5% significance level,
failing to reject the null hypothesis. However, snowfall totals in November showed a significant
increasing trend between 1942-2022 (p=0.01, a=0.05), particularly during the early record (1942-
1960) (Figure 3b). Sen’s slope estimator was calculated to be 0.18 cm yr™!' for November snowfall.
Total snowfall recorded between September to December over the 1942-2022 record showed an
increasing trend (p=0.02, a=0.05) of 0.32 cm yr! (Figure 3c).
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Figure 3. a) Monthly snowfall amounts between October-December 2022 (blue triangle) relative
the 1981-2010 climate normal (black boxplot) and the preceding 30-year record (1992-2021; red
boxplot). b) Long-term increasing trend in November snowfall recorded at the Yellowknife
Airport Meteorological Station. ¢) Time series of snowfall from 1942-2022 highlighting the
proportion of total snowfall (black line) between September - December.

3.2. Evolution of ice cover

3.2.1. Freeze-onset: skim ice production and melt

Landing Lake remained largely unfrozen between October 5™ to 22" 2022. During this time, the
lake was fully mixed. The initial occurrence of ice formation (freeze-onset) was on October 121,
2022, where a brief period of skim ice was measured on the surface of the lake. Subsequently,
three additional skim ice events were observed at the location of the floating research station, with
durations ranging from 0.5-5.0 hours (Table 1; Figure 4). The formation of skim ice was initiated
by rapidly declining air temperatures below the freezing point (Figure 4).



Lake surface temperatures cooled out of phase from the air temperature signal, as expected. The
observed phase lags between variability in the air temperature and that of the surface waters
typically ranged from 30 minutes to a couple of hours, depending on the initial temperature of the
water.

Table 1. Timing of rapid formation and melt of skim ice on Landing Lake after freeze-onset and
before ice-on.

Event | Skim Ice Formation Skim Ice Melt Duration
(MST) (MST) (Hr)
1 Oct.12,2022 22:30 Oct.13, 2022 03:30 5.0
2 Oct.16, 2022 02:45 Oct.16, 2022 03:15 0.5
3 Oct.18, 2022 02:15 Oct.18, 2022 05:15 3.0
4 Oct.18,2022 17:30 Oct.18,2022 22:00 4.5
15 a) ‘ bl Event 1: Oct. 12-13%"
Ta 2 i
10 I:IIT; S;«s :W: %
st . V 2
_ CC”“ 19:30 22:00 00:30 03:00 05:30
8 A " Y g) Event 2: Oct.16% 5
—~ U : AR g '
= h = 1
g v l\/ 18 é g 0.5 o~
g g =, =
g 16 % - “ 0o 2
E a 0.5
|°:’ -10 YO as it
E : 01:45 0215 0245 03:15 0345 04:15
ce-on 12 Qo vents 3 and 4: Oc! th
T
V c) T/J 12 o s /J\ﬂ 1 o
20 - T d) :m —— 0 E
b) -4 0 W1
25— 2

‘ - ] 5 )
OC}Q(OOC‘} ’\OC}Q 0(‘} '\Qoé\\oé\rbof}'\%oc}’\rooc‘,\'\%oc} \%06\ flz\oé"l,q’oc}q,b‘oc}%(ooc}‘l:\oc} "190(}”_9 01:15 0515 0915 13:15 17115 2115
Figure 4. Rapid formation and melt of primary skim ice on Landing Lake prior to ice-on at
October 23rd at 01:00. a) Lake surface temperatures (blue line) and air temperatures (red line)
recorded by the SIMBA between October 51-31%, The presence of skim ice is denoted by the
light blue shading beneath the 0°C horizontal line. Note, the volume of light blue shading does
not indicate the thickness of the skim ice. Figures b), ¢) and d) provide an enhanced view of the
timing of the skim ice events. All times are presented in MST.

In Event 1 (Table 1), the formation of ice was directly driven by rapid surface cooling in response
to two distinct periods of rapidly declining air temperatures. Between October 10" 14:30 and
October 111 01:15 (10.75 hours), air temperatures fell 11.4°C, resulting in a 1.8°C drop in the
surface waters of Landing Lake (top 2 cm) (Figure 4). This temperature drop was equivalent to



141 J m? of energy transferred to the atmosphere, or roughly 3.9 kW over the lake. Skim ice
initiation was brought on by the subsequent fall in air temperatures from 2.3°C to -5.3°C between
October 12" 15:45 and October 13" 02:00.

Event 2 was extremely short lived, with skim ice being present for only 30 minutes during the
overnight periods when air temperatures fell below freezing to a low of -5.4°C. A phase lag of 30
minutes between the decline in air and surface water temperatures signals was identified. However,
minimum water surface temperatures were reached 1.5 hours out of phase from minimum air
temperatures. This increase in phase lag was likely attributed in part to a small latency effect from
the formation (and melt) of the skim ice. Air and surface water temperatures quickly
resynchronized as air temperatures continually warmed above the freezing point.

Events 3 and 4 occurred within 12.25 hours of one another. Lake water surface (and bulk; not
shown) temperatures were cold (<2.3°C) and hence more sensitive to skim ice onset. As a result,
skim ice was formed nearly in tandem with the onset of below freezing air temperatures. Notable
fluctuations in air temperatures above and below 0°C drove the brief ice-free period between
Events 3 and 4.

3.2.2. Freeze-up, slush, and snow-ice production

A stable ice cover began to form on Landing Lake after October 22" after 12:00 MST within the
southern and southwestern arms of the lake (Sentinel 2A optical image; not shown). The ice front
progressed northward towards the deeper, central basin of the lake, with ice forming at the floating
research station at 01:00 MST on October 23" (Figure 5). The primary ice layer consisted of
extremely thin skim ice, comprised of ice needles and dendrites (Figure 5b, ¢). The dendritic
surface, rapid crystallization, and cool air temperatures (dropping to -8°C) on a calm water surface
suggests the formation of P2 structured primary ice (Michel & Ramseier, 1971). The ice cover
remained stable for a period of 17 hours. At 16:00, snowfall begin to fall and accumulate on the
lake. By 18:00, the weight of accumulated snow became sufficient to induce cracking of the thin
ice near the shoreline (Figure 5d).



LANDING LAKE

Figure 5. The freeze-up of Landing Lake- south facing from the northern shore of the lake. The
images show a) open-water, b) border ice, progressing from the southern, shallower portions of
the lake, ¢) a solid, stable cover of skim ice, and d) the onset of slush formation along the
shoreline due to increasing snow loads on the lake surface.

Between October 24" and November 4", a considerable amount of snowfall, totaling 43.6 cm had
fallen. The thickness of ice at the research station on October 23™ was only ~3 cm. As a result, the
significant snowfall events (Figure 6) led to the production of substantial volumes of slush, which
subsequently froze to produce snow-ice. Snow depths over the lake near the research station ranged
between 3 and 20 cm as snow was consumed constructively for the growth of the snow-ice layer.
The formation of snow-ice was evident through the upward movement of the ice surface position
(Figure 6a), and through observing changes in ice thicknesses over time as shown in Figure 6b.
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Figure 6. a) Interfaces between water, air, ice, and snow delineated using the SIMBA. Dotted lines
and labels delineate periods where ice growth was primary driven by snow-ice production. b) Ice
thicknesses between October 23™ and December 31%, 2022. Red circles represent the mean ice
thickness surrounding the floating research station, measured through drilling boreholes in the ice.
Error bars show the deviation in ice thicknesses at cardinal (N, S, W, E) directions around the
station.

Field observations of near-shore (~5 m offshore) ice conditions on October 31 revealed complex
ice stratigraphy, consisting of layers of snow-ice, unfrozen slush, and primary congelation ice
(Figure 7). The total thickness of the near-shore ice was ~10 cm. The top of this layer was a 2.5
cm (1") layer of low-density frozen slush. The bottom layer of the ice was 2.5 cm (1") of
congelation ice, while the middle ~5 cm (2") consisted of high-water content unfrozen slush. By
November 30", ice thicknesses had reached 32 cm, of which 20 cm was snow-ice. The remainder
of the ice growth for the duration of the study period was exclusively from bottom ice growth,
ranging between 0-1.3 cm d™!.
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Figure 7. Stratigraphy of ice near the northern shore of Landing Lake observered on October
31%, 2022. a) Total thickness of ice (in inches) along a measuring rod. b) Photograph of frozen
and unfrozen slush layers within the ice. ¢) Photograph of horizontal, low density, high porosity
snow-ice (on chisel), and congelation ice (within within hole), and d) conceptual figure of the
stratigraphy of the nearshore ice on October 31, 2022.

3.2.3. Comparing lake ice evolution in 2021 and 2022

Ice thicknesses during the 2021-2022 ice cover season were previously monitored in Landing Lake
between December 2021- March 2022 (Rafat et al., 2023). However, the device was not built on
a raft and hence was deployed when the ice cover was 35 cm thick on December 6™, 2021. The
evolution of the ice cover in December 2021 was very similar to December 2022 (Figure 8), despite
significant differences in October and November snowfall between the years (Table 2). It should
be noted that the SIMBA in 2021 was located ~500 m southwest of the location of the floating
research raft presented in this study. However, the depth of the lake at both locations was nearly
identical at ~3 m.

Although ice thicknesses in December were similar between the two years, the composition of and
evolution of the ice prior to December were vastly different. This finding highlights the strong
influence of early season ambient weather conditions on the evolution of ice cover in Landing
Lake. In 2021, freeze-up was estimated to occur on November 4% 2021 (Rafat et al., 2023)
following a warm October (Table 2). The ice growth that followed was extremely rapid, reaching
19.4 cm by November 24™ and 35 cm by December 6™, 2021. In contrast, freeze-up in 2022
occurred nearly 2 weeks earlier, on October 23", 2022. The earlier freeze-up was however met
with significant snowfall, which delayed and slowed the growth of congelation ice but contributed
constructively to the formation of snow-ice. The two distinct paths in the growth of ice in October
and November converged along a similar trajectory in December. Air temperatures in November
and December were similar in 2021 and 2022. The later freeze-up in 2021 was attributed to
significantly warmer October air temperatures in 2021 (Table 2). The ice cover in 2021 consisted



of almost exclusively of black ice, while that of 2022 was estimated to consist of up to ~63% snow-
ice by the end of November.
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Figure 8. Comparison of the evolution of the ice cover in Landing Lake between 2021 and 2022.
Circles represent borehole measurements taken from the ice cover at the floating research station
in both 2021 and 2022.

Table 2. Comparison of air temperatures and snowfall between 2021, 2022, and the 1981-2010
climate normal

Mean Daily Air Temperatures [°C]" Monthly Snowfall [cm]
Climate Climate
Month Normal 2021 2022 Normal 2021 2022
(1981-2010) (1981-2010)

September 7.2 8.7 9.7 3.5 0 0

October -1.7 2.6 0.72 20.9 1 39.9
November -13.7 -11.1 -11.8 36.5 13.9 59
December -21.8 -27.7 -25.5 23.5 16 19.6

*Measured at the Yellowknife Airport Meteorological Station

4. Discussion and Implications

Snowfall between 1942-2022 for October-December showed an increasing trend. This trend was
largely a result of a statistically significant increasing trend in November snowfall in Yellowknife
(Figure 3). This finding is complementary to those presented in Spence et al. (2011), which showed
a decreasing monthly precipitation trend in October and increasing precipitation trend in
September.

With the freeze-up of small lakes in Yellowknife typically occurring in late October/early
November, increasing November snowfall has direct implications for the composition and



evolution of ice covers in the region. It is well known that in regions of significant snowfall, snow-
ice may form a significant proportion of the total ice cover (e.g. Cheng et al., 2021). It is also
understood that the bearing capacity of snow-ice is lower than congelation ice (Barrette, 2011;
Masterson, 2009). Therefore, with increasing November snowfall, it may be reasonable to
speculate that early season ice covers in Yellowknife may in the future consist of greater
proportions of snow-ice as part of the total ice thickness. When ice covers are still thin, the
formation of low density, high porosity snow-ice (Figure 7), combined with a reduced solid bottom
fiber of congelation ice, may present a heightened risk of breakthrough accidents, through
increasing the probability of breakthrough occurrences for a given date. However, during the
spring melt, clear ice deteriorates faster than snow-ice due to its greater penetration depth and
snow-ice’s higher backscattering of solar radiation.

The evolution of the ice cover in December 2022 was shown to be peculiarly similar to that of
December 2021 (Figure 8), despite significant differences in freeze-up dates, and snowfall between
September-December (Table 2). This result suggests that despite a strong path dependency for the
evolution of the ice cover in Landing Lake between the two years, the total thickness of the ice
was nearly identical by the end of the study period. This result may be linked to similarities in air
temperatures in November and December between the two years (Table 2) suggesting a strong air
temperature dependence on ice growth (as expected). It is acknowledged however that ice growth
is influenced by several competing environmental and meteorological conditions.

The presence of snow-ice in small lakes also influences lake thermal properties by significantly
increasing the extinction coefficient (Bolsenga et al., 1996; Maguire, 1975) and surface albedo
(Bolsenga, 1977) compared to clear congelation ice. The higher albedo delays break up processes
(Leppéranta, 2015; Svacina et al., 2014), while the extinction coefficient controls the energy
attenuation at the surface. These factors, in turn, impact convective mixing regimes within the lake
during the ice cover season, particularly in the spring when the snow cover has melted.

5. Conclusion

This study investigated the formation and growth of the ice cover of Landing Lake, a small
subarctic lake located ~12 km north of Yellowknife, Northwest Territories within the BCRW.
Measurements of air, snow, ice, and water temperatures were collected at high spatial (2 cm) and
temporal (15 minute) resolutions between October 5- December 31, 2022, which encompassed the
open water, freeze-up, and early ice thickening periods in Landing Lake. This was achieved
through designing and deploying a floating research station on the lake outfitted with an automated
ice sensor called SIMBA. As a case study, the formation and growth of ice in October and
November 2022 during a heavy snowfall year was contrasted with measurements obtained during
a low snowfall year (October-December 2021).

Results from this study showed:
1) Total snowfall between 1942-2022 for the September-December period is increasing (p=0.02,

0=0.05) at a rate of 0.32 cm y!, with an increasing trend in November snowfall (p=0.01,
0=0.05) of 0.18 cm yr.



2) The timing and magnitude of snowfall influenced the composition of the ice cover and its
subsequent growth. Heavy snowfall occurring during and immediately following freeze-up
induced significant snow-ice formation and reduced congelation ice growth.

3) The evolution of ice in December 2022 in Landing Lake was very similar to that of December
2021, despite significant differences in snowfall and freeze-up dates between the years.

Results presented have implications for ice safety and the usage of ice covers as transportation
infrastructure. Should an increasing trend in November snowfall in Yellowknife continue, a shift
in the composition of early season covers may follow suite. As snow-ice has lower bearing capacity
than congelation ice, an additional design constraint and consideration may be necessary for the
safe use of ice covers in the early season under a continual changing climate.
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