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Abstract
Recent warming of northern; high-latitude regions has raised alarms-critical concerns regarding fer-the safsafetye

and efficientreliability use-of frozen lakes for winter transportation and recreation. This eencern-issue is particularly
significant in Canada’s Northwest Territories (NWT), where seasonally constructed roads over lakes, rivers, and
land (winter roads) span thousands of kilometers and act as vital links to isolated communities and resource
development projects. Current climate change and weather variability is altering the evolution of lake ice,
challenging predictions of freeze-up, ice growth, and ice decay. The accurate simulation of ice evolution is
imperative for safe and efficient planning, operation, and maintenance of winter roads under a changing climate and
heightened weather variability. This is particularly significant in the early winter period when ice road planning and
design is undertaken. Here, we investigate the effects of weather variability on ice formation, growth, and evolution
in a small lake near Yellowknife, NWT, Canada. High-resolution measurements of air, snow, ice, and water
temperatures were collected continuously from a floating research station between October and December in 2021,
2022, and 2023 and variability in ice evolution and weather examined. Combinations of above and below average
snowfall and winter air temperatures resulted in variability of up to 17 days in freeze-up dates (FUD) and 8 days in
freeze-up durations. By the eEnd of December, ice thicknesses (h;) varied up to 12 cm, while the duration between
the FUD and h;=30cm varied up to 10 days. Ice thicknessh; were-was effectively simulated (RMSE=1.11-2.33 cm)
using empirical relationships developed using cumulative freezing degree days (CFDD) and seasonally cumulative
snowfall (S;), while snow-ice thicknesses simulated (RMSE=0.83-1.21 cm) using CFDD and daily snowfall.
Developed relationships between air temperatures, snow, and ice thicknesses can be used for predicting minimum
ice thicknesses threshold required for commencing ice road planning and construction ;-and-te-assist-in-the-effective
management ef-construction-activitiesunder increasingly variable climatic conditions.
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1. Background

Ice covers act as critical infrastructure for northern regions by means of seasonally constructed roads over lakes,
rivers, and land (winter roads). Winter roads allow for the cost-effective transportation of vital goods and services to
isolated communities (Barrette et al., 2022) and remote mining projects (Hayley and Proskin, 2008). Winter roads
support critical resource development projects across Canada and contribute substantially to the Canadian economy
(Prowse et al., 2009). Further, the presence of snow and ice over lakes inherently affects lake ecological and
geochemical processes (e.gs. Huang et al., 2021; Song et al., 2019) and are used as indicators of climate change
(Kheyrollah Pour et al., 2014a; Kheyrollah Pour et al., 2014b; Palecki & Barry, 1986; Skinner, 1993).

Phenological changes in lake ice covers have been explored across many northern, high-latitude regions and

strongly relate to weather conditions (Huang et al., 2019; Latifovic and Pouliot, 2007; Leppéranta et al., 2017;

Attiah et al., 2023), There is coherence amongst most published literature that lakes across the northern hemisphere

are experiencing earlier break-up dates (BUDs), with some exceptions depending on time periods analysed,

significance levels attributed to trends, and specific regions. Trends of earlier BUDs have been observed in Canada
between 1961-1990 -(Duguay et al.,—{2006) } }

-Sweden between 1870-2010 (Hallerbéck et al., 2022; L’Abée-Lund et al., 2021)-, Poland E*Abée-Lund-et-al;

lakes-in-Sweden—The-trend-extends-to-18-lakes-Poland-(1961-2010; Choinski et al., 2015), Lake Baikal (1869-1996;

Todd & Mackay, 2003}), and the-65-lake-lakes in the Laurentian Great Lakes Region (1975-2004, Jensen et al.
2007). Meta-analysesd conducted by Newton and Mullan (2021) and studies derived from the Global Lake and
River Ice Phenology (GLRIP) Dataset produced by Benson et al. (2002) . for-678-lakes-spread mostly across North

America and northern Europe show similar results..—as—de

Trends in freeze-up dates (FUDs) have shown much greater spatial variability, as ice formation depends strongly on

local topography, lake morphology, and lake heat storage (Leppdranta, 2015). -which-are-net-commenly-reported-
Regional trends in FUDs are often masked out, under-represented, or are not available, particularlypartictarihy in

meta-analyses where a majority of lake may show later FUDs- (e.gs— Sharma et al., 2021; Basu et al., 2024), Within
meta-analyses i i !

definitions used for delineating FUDs, and methods of observation of ice formation vary in space and with time

creating a challenge for drawing accurateaeeruate conclusions Jhe@eﬂmﬂensasedrfepdehneanweeﬁhenele@eal

y-(Catchpole and Moodie,
1974; Wynne, 2000), as does the—TFhe -length of available data record-has—alse—been—noted-to—the—estimated
maghitudes-of trends- (Benson et al., 2012; Supplementary Material; Sharma et al., 2021; Supplementary Material ).
NSeveral-notable examples of lakes with earlier observed trends in FUDs ean-befound-in-thepublished-Hterature
ineluding—in Finnish Lapland (1930s-1960s; Korhonen, 2006), Xinjiang (2001-2018; Cai et al., 2020), eastern
Canada (1961-1990) and the Great Lakes-St. Lawrence regions (1951-1980) (Duguay et al., 2006),
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Kazakhstankazakistan and Tajikistan (2002-2022; Hou et al., 2022), Latviakativa (1945-2002; Apsite et al. 2014),
Poland (1960-1989; Girjatowicz et al., 2022), Sweden (1913-2014; Hallerback et al., 2022), and in the Qinghai-
TibetanFibetian Plateau (2002-2021; Sun et al., 2023; 2000-2011; Yao et al., 2016). Trends of earlier FUDs in the

last 30 years are of particular interest as they largely contrast findings presented in Newton and Mullan (2021) and

Sharma et al. (2021) who argue synchronicity in later freeze-up dates. Recenthy,—Basu-et-al—(2024)-extended-on

ween19 020 mosthsin-North-Ame nd ope

To better understand interactions between weather and climate and ice formation and growth, high-frequency, in-

situ observations of interactions between air, snow, ice, and water should be monitored. Conventionally, high

frequency manual measurements of ice thicknesses and snow depths are constrained by finances, labour, site -access

and ice safety and often result in discontinuous datasets. Numerical modelling provides a gcontinuous, alternative to

frequent in-situ measurements; however, /nodels may be computationally constrained and still require frequent in-

situ_observations for appropriate calibration, The use of a Floating Research Station addresses, these limitations

through offering a cost-effective method to measure ice thicknesses and snow depths at high frequencies, without
safety constraints, and can provide the necessary, in-situ data to calibrate numerical models. Being-se-alowsforThis

approach facilitates the development of physics-based and/or empirically derived understandings of ice-atmosphere
interactions for integration in lake models and global upscaling. In particular, improved understanding of ice
formation and growth in early winter (October-December) can be essential for the effective and safe scheduling of

the operating windows, choice of construction equipment, and the hazard control plans for ice road design.

In this study, we investigate the effects of inter--and-intra—annual and seasonal variability on ice formation and
growth in a small subarctic lake in the Northwest Territories (NWT), Canada. We compare weather variability in
three early winter periods (September-December 2021, 2022, and 2023) against the historical climate record (1942-
2023) to understand driving forces in variability in freeze-up, ice-onset, and ice growth. Empirical relationships
between snow-ice, total ice, and snowfall are developed using the acquired data for practical consideration for ice

road design process.

2. Study area and floating research station

This study aims to relate weather variability with ice formation and growth within Landing Lake, a small subarctic
lake ~11 km north of Yellowknife, NWT, Canada (Fig. 1). Landing Lake has a surface area of 1.07 km?, and mean
and maximum depths of 1.77 m and 4.28 m, respectively (Rafat et al., 2023). The lake drains a relatively large
catchment of 135 km? (Spence and Hedstrom, 2018) and is part of the larger Baker Creek Research Watershed
(BCRW). BCRW is a well-studied, 155 km? Canadian Shield subarctic watershed consisting of 349 small lakes
(Spence and Hedstrom, 2018). The watershed is drained by Baker Creek which flows into Great Slave Lake. The
basin is located within a region of discontinuous permafrost and large changes in topography, vegetation, hydrology,
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and surficial geology (Morse and 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%) (Spence
and Hedstrom, 2018).

Yellowknife has a subarctic continental climate (Képpenkeppen Dfc). Annual precipitation is 288.6 mm, with 157.6
cm of snowfall. Snow begins to accumulate in October and melts in April- (Spence and Hedstrom, 2018). Climate

normal (1981-2010) mean annual air temperatures are —4.3°C_(Environment Canada, 2025).. Summers are cool with

peak mean daily air temperatures in July of 17.0°C. Winters are cold and dry. Below freezing air temperatures

persist for > 6 months of the year, with January mean daily air temperatures of —25.6°C.
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Figure 1: Site map of Landing Lake, Northwest Territories, including photographs of the Floating Research Station
(FRS), and perspectives from trail cameras (1, 2, and 3). Photographs 1, 2, and 3 were taken on October 23, 2023, at 09:00
120 local time_and present three perspectives of the lake during the freezing process-

In October 2022, a Floating Research Station (FRS) was built and anchered-deployed in Landing Lake to monitor
the annual evolution of ice and snow. The FRS was anchored at a-lecatienthe depth of 3.00 m-deep (62.56 N, 114.40
W) and consisted of-a 2.44 xx 2.44 _m floating structure. The FRS was itnstrumentatiened attached-to-the FRS
neludedwith a Snow and Ice Mass Balance Apparatus (SIMBA) thermistor chain, 2-two pressure transducers (1 in
125 water, 1 in air), 10-ten digital temperature sensors near the lakebed, a CTD sensor (YSI EXO2 Sonde), two



130

photosynthetically active radiation (PAR) sensors within the water, and a weather station tripod which measures
wind speeds and directions, air temperature, relative humidity, and incoming and outgoing shortwave radiation.
PAR sensors were installed within the water column at heights 0.85 m and 1.27 m above the sediments. A larger
meteorological station located 100 m east of the raft on an island in Landing Lake provides supplemental
measurements of turbulent and radiative heat fluxes (Spence and Hedstrom, 2018). Figure 2 presents a schematic of

the FRS.
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Figure 2: Instrumentation onboard the Floating Research Station_(FRS), Landing Lake, Northwest Territories.
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3. Methodology
3.1. Interface detection and manual observations

Air, snow, ice, and water interfaces were identified using the SIMBA. The SIMBA operated in two modes. Mode |
took direct measurements of the ambient temperatures surrounding each sensor every 15 minutes. Mode Il operated
every 6 hours. Over a 2-minute heating cycle, Mode 11 applied a 64 mW 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 were taken in the proceeding 2 minutes to
measure the cooling response at each resistor as the applied power is stopped. Mode Il provided a means of
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). 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 | and Mode 11 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 similar, normally ranging between 0.4°C and
0.75°C. Snow is excluded from this range as temperature rises in snow are-were 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 | measurements at the identified location were analyzed. If the temperature (T) 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

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 | 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 -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 the manufacturer-specified
reported-accuracies of the sensors and the minimum resolution of the thermistors of +0.0625°C. Ice thicknesses were

calculated as the difference between the identified ice bottom and surfaces, while snow depths calculated as the

difference between the snow and ice surfaces. If the ice surface is identified at a position that is higher up the chain

than its original position, snow-ice has formed. Therefore, snow-ice thicknesses could be calculated as the difference
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in these positions. Further details on interface detection and its validation in Landing Lake are presented in Rafat et
al. (2023).

3.1.1. Manual and pre-FRS observations

No direct measurements of air, surface, or water temperatures were available prior to the first installation of the
SIMBA in Landing Lake on December 6%, 2021. For determining the freeze-up date (FUD) and date of ice-onset
(10),_daytime values from the MODIS/Aqua Land Surface Temperature/Emissivity Daily L3 Global 1km SIN Grid
product (MYD11A1) and -MODBIS-derived-surface-temperatures-and-Sentinel-2 optical imagery were usedutilized.
FUDs measured in-situ at the FRS in 2022 and 2023 were verified using the same approach for validation. Imagery
was acquired from Sentinel Hub’s EO browser (https://www.sentinel-hub.com/). In this study, we-defined-the

freeze-up duration is defined as the period between the first occurrence of ice (ice-onset,; 10), and the formation of a
solid ice cover over the entire lake (FUD). Manual measurements of snow depth; and ice thickness were taken

between November and -December 2021, 2022, and -2023 for comparison with the SIMBA measurements. Three

trail cameras (RECONY X Hyperfire 2) were installed-deployed along the shoreline of Landing Lake to capture the

freeze-up process_(Camera 1, Fig. 1),—One-camera was installed in October 2022, (Camera-1Fig—1)-whileand two
more cameras were-instated-in-October2023-(Cameras 2 and 3, Fig. 1) were installed in October 2023.

3.2. Air and snow parameters and frequency analysis

To understand-assess the influence of weather variability on ice growth, air temperature and snowfall parameters
between September-December 2021, 2022, and 2023 were compared with in-situ measurements of ice and snow
evolution. Several air temperature and snowfall parameters were selected in this study for achieving this objective.
For air temperatures, daily mean air temperatures (Ty,,,,) measured from the Yellowknife Airport elimate-weather

station, located 11 km south of Landing Lake, were chosen. {T,,,,, are averaged for each month between September-

December, and for the bulk September-December 4 month period. As a first-order approximation of ice growth
potential, the cumulative freezing degree days (CFDD) in each month and for the September-December period were
calculated. FDD is ubiquitously used for estimating ice growth using Stefan’s equation. For evaluating interannual
variability in snowfall, several parameters were selecteding including the day of which the first snowfall occurred
(Son), the cumulative snowfall (S7), the peak hourly snowfall rate in a given day in each month (S,), and the
number of snowfall days (S;). Snowfall was recorded at the Yellowknife Airport weather station_using high-

frequency measurements of freshly fallen snow collected either manually (prior to ####) or using an SR50

ultrasonic ranging —kasensor. In this study, we define the timing of zero-degree isotherm as the first date when mean

daily air temperatures fell and remained below freezing (0°C) for 3 consecutive days.

The severity of a given snowfall parameter (Sr, Son, Sy, and Sy) was evaluated using a frequency analysis
conducted on the entire observational data record from the Yellowknife Airport weather station (1942-2023). For a
given parameter, the probability of exceedance (P,) in any given year was determined using Eq. (1), where m is rank

of the data, and n is the length of the data record (82 years). The return period (Rp) was determined using Eq. (2).
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A Log-Pearson Type Il (LP3) distribution was fit to the ranked data. LP3 is a well-studied distribution commonly
used in hydrological applications and has been extensively used in flood frequency analysis and forecasting (Bobée,
1975). The logarithm of each parameter Y was determined using Egs. (3a-c). The antilog of Y values are evaluated

following Eq. (3c) for interpretability.

2 G1G 3
K=E{(|:Z—€]g+ 1) —1} (3a)
_ n o (log(¥) —log(T)\’
G_(n—l)(n—Z);< oy ) (3b)
Log(Y) =log(Y) + Ko (3¢)

Where G is the skewness coefficient, K is the frequency factor depending on the return period and skewness, n is the

length of record, log(Y) and g, are the mean and standard deviation of the logarithm of snowfall totals for any given

month over the entire data record, and z taken as the standard normal deviate.

3.3. Heat storage

Freeze-up is directly related to the heat storage within a lake. Hence, it is necessary to estimate the heat storage
withing the water column of a lake to understanding the ice freeze-up and growth process. The rate of change in heat
storage (E) within Landing Lake was estimated using measurements of temperature at each sensor along SIMBA’s
thermistor chain located on the FRS (Eq. 4). h; p.,, represents the ice bottom (or water surface if no ice has formed),
zy the lowest measurement points along the thermistor chain, p,,=1000 kg m* and c,,,, =4186 J Kg* °C™* represent
the density and heat capacity of freshwater, and T,, represents the SIMBA-measured water temperature. £ is

presented in units W m2,

zT
. a
ET:& fpwcplew(z)dz (4
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4. Results

4.4.1.  Variability in weather_and climate-and-climate “ [ Formatted

225 Mean daily air temperatures and cumulative snowfall between September-December 2021, 2022, and 2023
displayed large interannual variability and variability in reference to the climate normal and preceding 30-year
periods (Fig. 3, Table 1). T), in September, October, and November 2021-2023 were significantly greater than the
1981-2010 climate normal and 1992-2021 periods (Table 1). Both December 2021 and 2022 were colder than the
climate normal and 1981-2010 periods by >3°C while December 2023 had anomalously high T;,=-13.6°C, being

230 ~8°C warmer on average than both reference periods. October 2021, 2022, and 2023 T),, had above freezing
temperature in contrast to both the climate normal and preceding 30-year record where T,,<0°C (Table 1). 2021,
2022, and 2023 also showed notabley variability in minimum (Ty;,,) and maximum (Ty,.,) daily air temperatures,
particularlypartieutarity in October 2021 where T),;, >0°C and Ty, being 3.3°C and 3.9°C greater than the climate

normal and the preceding 30-year record, respectively. With-To=0
235 i i

is—dramatically-hindered—Despite interannual and long-term variability in Ty, and Ty, the range between, Ty q,-

Tuin, remained similar in reference to the climate normal and preceding 30-year periods.
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Figure 3: Comparison of a) cumulative monthly snowfall and b) mean daily air temperatures for the September-
December period in 2021, 2022, and 2023 against the climate normal (1981-2010) and preceding 30-year record (1992-
2021) periods.

Except for December 2021 and 2022, CFDD in all months between September-December 2021-2023 were lower
than normal, indicating warmer than normal conditions. October 2021 was particularly warm (and dry) having
CFDD =_7.9°C Day (Table 1). The same year saw colder than normal conditions by the end of December with
CFDD = 803.2°C Day being-(123% of normal). In 2023, conditions were exceptionally warm, resulting —in end of
December CFDD = 422.4°C Day, reaching only 65% of normal.

Snowfall between September-December 2021-2023 was highly variable (Fig. 3, Table 1). October 2021 had nearly
no snow (1 cm), while October 2022 and 2023 had 39.9 cm and 8.7 cm, respectively. Sy by the end of October 2021
was only 4% of normal while October 2022 was 186% (39.9 cm). Similar variability was recorded in November
2021, 2022, and 2023 having 13.9, 59.0, and 51.3 cm (38%, 160%, and 139% of normal) respectively. 2021 was
dry, with only 30.9 cm of snowfall falling over the entire September-December period, as compared to 85.1 and 77.3
cm for the climate normal and 1992-2021 periods, respectively. This resulted in the second-lowest recorded October
Sy, surpassed only by October 1944, which had a total recorded snowfall of 26.1 cm. Between September-December
2022, Sy was 118.5 cm or, 139% and 153% of the climate normal (85.0 cm) and preceding 30-year period (77.2 cm),

respectively. In 2023, S was 90.7 cm, or these-values-deecreased-t0-107% and 117% relative to the same periods,
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respectively. —On a monthly basis, October and November of 2022 had the largest difference from the respective
climate normal S, being 186% (39.9 cm), and 160% (59.0 cm) of their respective climate rermatnormals (21.4 cm

and 36.9 cm).-

Table 1. Comparison of air temperatures and snowfall between 2021, 2022, and the 1981-2010 climate normal

Air Temperatures: Ty (Tyin- Tyax) [°Cl

Climate
Month Normal: 1992-2021 2021 2022 2023
1981-2010),
Sept 7.2 1.7 8.7 9.7 10.6
. (4.1,10.5) (4.3,11.1) (5.1,12.1) (4.7,14.5) (6.7, 14.9)
Oct -1.7 -0.80 2.6 0.72 1.8
. (-4.0,1.1) (-3.3,1.7) (0.1,5.0) (-2.9, 4.4) (-1.1,4.7)
Nov -13.7 -12.4 -11.1 -11.8 -9.6
: (-17.1,-9.7)  (-16.0,-8.8)  (-14.7,-75)  (-15.0,-85) (-13.2,-6.0)
Dec -21.8 -21.7 -27.7 -25.5 -13.6
: (-25.8,-18.1) (-25.4,-17.9) (-31.3,-24.1) (-29.3,-21.6) (-18.1,-9.1)
-7.4 -6.8
Sept.- -6,69, -6.7, 3.524
Dec. ('%if' - ('13(.);1%' T (99.-34)  (106,-27)  (-7.2.025)
Cumulative Freezing Degree Day [°C-day]
Climate
Month Normal: 1992-2021 2021 2022 2023
(1981-2010)
Sept. 1.6 16 0 0 0
Oct. 75.4 68.7 7.9 57 61.4
Nov. 373.2 367.1 333.9 353.6 289.1
Dec. 654.5 656.3 803.2 764.2 422.4
Snowfall [cm]
Climate
Month Normal: 1992-2021 2021 2022 2023
{1981-2010)*
3.6 2.6
Sept. 0, 18.0) (0.0, 18.0) 0 0 0
21.4 18.0
Oct. (1.6, 46.7) (1.0, 46.7) ! 399 8.7
36.9 33.6
Nov. 9.6, 85.6) (9.6, 85.6) 13.9 59.0 51.3
23.2 231
Dec. (7.0,440)  (6.0,44.0) 16 19.6 307
Sept- 85.0 77.2
Dec.  (52.0,128.7)  (30.9, 128.7) 30.9 1185 9.7

Values in parentheses represent the minimum and maximum monthly cumulative snowfall or daily air temperature within each

reference period.

*,

Interannual variability in

total monthly snowfall ca

n be decomposed into variability in total number of snowfall days

per month, Sy, and the maximum daily snowfall magnitude in each month, S,(Fable-2}. Both parameters can be

contextualized for each season by evaluating the timing of the first snowfall of a given winter (Soy). Values of ,S;.

Sp.and Sy are presented in Table 2. -
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Table 2: Interannual Variability in daily snowfall, the number of snowfall days in each month, and the timing of the first
winter snowfall.

S, [cm d?] S, [days]
1981- 1992- 2021 2022 2023 1981- 1992- 2021 2022 2023
2010 2023 2010 2023
Son 272 276 279 289 279 - - - - -
[DOY]
Sept. 2.0 1.0 0.0 0.0 0.0 1 1 0 0 0
Oct. 7.0 6.0 1.0 13.0 3.4 9 9 1 9 7
Nov. 8.0 8.0 2.8 9.6 9.0 16 15 11 18 18
Dec. 6.0 5.0 2.6 6.2 6.6 12 13 15 10 14
Sept.- - - - - - 38 38 27 37 39
Dec.

When-A frequency analysis of snowfall parameters showedevaluating—the—severity—of-the—snowfallparameters
agatnst-the-historical-record-most-parameters-have return periods of less than 10 years (Fig. 4; Table 3). A notable
exception is for the total monthly snowfall in November 2022 where a return period of 21 years was estimated.
Figure 4 plots fitted LP3 distributions for each of the snowfall parameters for October, November, and December.

September snowfall parameters were neglected as snowfall in September is on average insignificant.

LP3 distributions showed excellent fits to observed data for all snowfall parameters. Errors generally increased with
increasing Rp. For Sy, root mean square errors (RMSE) ranged 1.91- 3.00 cm. Sp had relatively low RMSE of enly
0.38-1.10 cm d* but increased for R, >-10 years where less data existed. Fitted distributions in all months, when
averaged, had accuracies in S, values within 5 days of observations. However, there is large variability between
years resulting in the assignment of multiple return periods for the same number of snowfall days (Fig. 4b). The first
day of recorded snowfall in any given winter was accurately represented using the LP3 distribution with an RMSE
of 1.50 days.

Table 3: Return period for snowfall parameters recorded in 2021, 2022, and 2023 as compared to the historical record
(1942-2023).

Return Period (Yr)

2021 2022 2023
Oct Nov Dec Oct Nov Dec Oct Nov Dec
St 1.0 11 15 75 21 2.1 1.3 8.3 1.1

14
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Figure 4: Frequency analysis of snowfall parameters. a) Total monthly snowfall, b) number of snowfall days, ¢) maximum
daily snowfall magnitude, and d) timing of the first snowfall of the year. Log-Pearson Type 3 distributions (lines) are fit to
observations (circles). Each circle represents observations in any given year for October, November, and December
respectively.

51.4.2. Freeze-up

The timings of ice-onset (10) and freeze-up dates (FUDs) between 2021-2023 were highly variable (Table 4).
Between 2021 and 2022, 10 varied by 20 days while FUDs varied by 15-17 days. In 2021, 10 was estimated to
occur on November 1 with the FUD occurring between November 7-9™, 2021. T,,,,, recorded at the Yellowknife
Airport weather station, first fell below freezing overnight on October 8. Diurnally variability above and below 0°C
in hourly T, are-expectedthoughtto-have-preducedlikely led to significant lake cooling-ef-the-lake-water, which was
expected to have had warmer than normal water temperatures based on above average September and October T,,.

15
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MODIS-derived surface temperatures during October 2021 supported this claim, ranging between 1.7-8.8°C
between October 3-23. A notable cooling event likely occurred on October 18 when hourly air temperatures reached
a low of -5.4°C. Despite frequent sub-freezing temperatures,— mean daily T, remained >0°C with the exception of
October 11 (-0.6 C) and October 18 (-1.1°C), until tFthe zero-degree isotherm was crossed on October 29* (Fig. 5a).
A lag time of 3 days was observed between the crossing of the zero-degree isotherm and 10. The lag time extended
to ~10-13 days for the FUD with an uncertainty of 2-3 days.

In 2022, 10 occurred on October 12 (Fig 5b). Diurnally oscillating air temperatures above and below freezing from
October 12-21 caused a series of freeze-melt cycles over 11 days culminating in a FUD of October 23, 2022, 3 days
following the crossing of the zero-degree isotherm. Lake surface temperatures closely followed changes in air
temperatures until the FUD where the surface remained slightly below freezing, while air temperatures varied
between -27.5 and -0.1°C. The freeze-up duration was 11 days. In 2023, no freeze-melt cycles were recorded prior
to the FUD (Fig. 5¢). Air temperatures reached slightly below freezing on only two occasions before crossing the
zero-degree isotherm on October 21, 2022:3 October Oct-6 at -01:30 (-0.38 °C) and Oct. 17% 02:30 (-0.62°C). Ice-
onset was coincident with the crossing of the zero-degree isotherm on October 21, 2023. Note that in 2022 and 2023
air temperatures presented here were measured directly by the SIMBAs but in 2021 air temperatures were measured
at the Yellowknife Airport w/eather sStation. A summary of 10 dates, FUDs, and freeze-up durations in 2021,
2022, and 2023 are presented in Table 4.

Table 4 : Interannual variability in freeze-up duration, date, and ice-onset

Timing of Zero- .. ;cet Freeze-up Date Freeze-up
degree isotherm (DOY) (DOY) Duration
(DOY) (Days)
Oct. 29* Nov. 1* Nov. 7-9" "
2021 (302) (305) (311-313) -9
Oct. 21 Oct. 12 Oct. 23
2022 (294) (285) (296) 1
Oct. 21 Oct. 21 Oct. 24
2023 (294) (294) (297) 3

*Measured by the Yellowknife Airport Meteorological-weather sStation
*Estimated ice onset and freeze-up dates based on Sentinel 2 imagery and MODIS-derived surface temperatures
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Figure 5: Interannual variability in ice-onset (10) and freeze-up dates (FUD) between a) 2021, b) 2022, c) 2023. Air
temperatures (T,) and surface temperatures (Ts) measured by SIMBA are presented as black and blue lines respectively.
Note that in a) MODIS-derived T and air temperatures obtained from the Yellowknife Airport weather station are
presented as no SIMBA was installed prior to December 6, 2021. The grey window in a) represents a 2-day uncertainty in
the FUD in 2021. Surface temperatures in 2022 and 2023 were measured directly by the SIMBA by noting the

345
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temperature reading at the identified air-water interface along the SIMBA thermistor chain.
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The zero-degree isotherm was crossed on the same date in 2022 and 2023 (October 21) yet, 10 dates differed by 9
days. Mean daily air temperatures in the first 2 weeks of October 2023 were significantly lower than in 2022 (Fig.
6a). Mean water (T,) and surface temperatures remained similar until October 12. Between October 4-11
differences in T,, between 2022 and 2023 (AT,,) were < 0.9°C (Fig. 6b). Changes in heat storage (E) varied between
-320.9 to 322.6 W m? in 2022 and -442.4 to 249.0 W m (unsmoothed) in 2023. Between October 10-18, AT,,
began to diverge significantly as T,, in 2023 remained high (6.00-7.60 °C), slightly warming between October 10-
14.T,, in 2022 declined beginning October 10 at a mean rate of 1.24°C d, or 0.30°C per degree decrease inT,.
Warming T,, in 2023 led to a slight net energy gain in the water column (10.4 - 38.4 W m?) while rapid losses were
observed inT,, and T, in 2022. Difference in E between 2022 and 2023 peaked on October 12 with a difference of
184.4 W m2. A maximum AT,,=5.25°C between 2022 and 2023 was observed on October 16" (Fig. 6b). Fhe

T,, remained elevated in 2023 until October 20. T, began to decline at a rate of 1.45°C per day from 6.00°C on
October 20 to 0.20°C on October 24 with surface temperatures falling below zero on October 21, 2023, leading to

the first appearance of ice. Note that T,, was not available in 2021.
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Figure 6: Variability in a) 15-minute air temperatures (T,), and b) mean water temperatures (T,,) and c) mean hourly
heat storage in 2022 and 2023 recorded at the FRS. Values in a) and c) are smoothed over a 1-day period. The solid black
line represents the difference in water or air temperatures between 2022 and 2023.

In all years, the formation and progression of the ice cover during freeze-up occurred in a similar fashion. Ice first
appeared as border ice in the shallower southern sections of Landing Lake and along the shoreline. Mean lake depths
in these southern arms were typically less than 1.5 m deep_(Fig. 1). The ice front processed inwards from the

shoreline and northward towards the deeper, central body of the lake until the entire lake was ice covered. Weather
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5.2.4.3. Evolution of ice and snow

Ice and snow evolution in 2021, 2022, and 2023 were distinct. In 2021, ice growth following freeze-up was<
extremely fast, ~6-8 cm per week as a result of low snowfall (Table 1, Rafat et al., 2023). Ice thicknesses reached 10

cm on November 15, ~6-8 days after the FUD (Table 5). Ice growth remained fast as dry conditions persisted in

November 2021 with only 14.9 cm of cumulative snowfall having been recorded by the end of November 2021 and

manually measured snow depths <10 cm. 30.9 cm of total snowfall was recorded by December 31, 2021. Ice

thickness reached 30 cm 31-33 days after the estimated FUD, and 52 cm by January 1, 2022.

Table 5 : Comparison of ice evolution 2021-2023

Date Duration (days) h; (cm)
Freeze-up
Freeze-up h;=10cm  h;=30cm Date to Freeze;up Date  Nov. o1 gan1
Date _ to h;=30 cm 1

h;=10 cm

2021  Nov.7-9°  Nov.15" Dec. 2" 6-8 31-33 N/AX 28 52

2022 Oct. 23 Nov. 3 Nov. 26 11 34 8.2 33 52

2023  Oct. 24 Nov. 2 Dec. 4 9 41 9.9 27 40

“Interpolated values pre-deployment of SIMBA on December 6%, 2021
10 and FUDs in 2022 were significantly earlier (~2 weeks) than in 2021; however, freeze-up durations were similar
(11 vs 7-9 days). Earlier 10 in 2022 did not result in thicker ice when compared to recorded ice thicknesses in
December 2021 due to high snowfall and deeper snow on Landing Lake (Fig. 7a). aterestingly—Tthe duration
between the FUD to h;=30 c¢cm in 2022 was nearly identical to 2021 as were the ice thicknesses recorded on
December 1 and January 1 (Table 5). Cumulative snowfall in 2022 surpassed 30.9 cm (cumulative snowfall up to
December 31, 2021) on October 29, 2022, only 6 days following the FUD. i i

fraomtha ClIN A L —10 ~m
7 =

Freeze-up occurred quickly in 2023 taking 3 days from 10 to the FUD. Cumulative snowfall values were greater
than in 2021, but less than in 2022. However, snow depths recorded on Landing Lake were significantly higher than
in 2022 (Fig. 7a)_from —TFhis-may-be-explained-by-frequent slushing events that were recorded following freeze-up
in 2022 resulting in relatively shallow snow depths ander from snow redistribution effects. Ice thicknesses were
lower in 2023 than in both 2022 and 2021. CFDD was greater than 2021 in October and most of November but
lower than 2022. In December, warm air temperatures resulted in a significant reduction in CFDD by the end of the
month (Table 1). Low CFDD and moderately high snowfall resulted in low ice thicknesses and slow ice growth,

taking 41 days for ice thicknesses to reach 30 cm from the FUD and only growing 13 cm in December.

19

[ Formatted: Space After: 0 pt




400

405

410

Snow Depth [cm]
S o

f

2023]
‘

2022

N
=]
T
1

Ice Thickness [cm]
B w
o o
—
L

o
=]
T
1

1 1 1 1 1 1 1 1 1 1 1

2%

> 3 Q \J 2 © O © i3
Oo\q‘ Oo\q’ \\\o‘l@\\\od\ \\\@l\ \\\odq' \\\@lq’ Oeogb( oeo\ 0‘30’\ 0307' o

Figure 7. SIMBA-derived a) snow and b) ice evolution in Landing Lake in 2021, 2022, and 2023 from the freeze-up date
through to December 31. Open and closed circles represent the mean value of manual measurements of snow and ice
respectively. Error bars show measured spatial variability around the SIMBA. Ice and snow measurements are smoothed
over a 3-day sliding window.

6:4.4.  Relating air, snow, and ice evolution «

Variability in air temperatures and snow resulted in three unique responses in the timings of 10s, FUDs, and the
growth of ice. 2021 was classified as a high CFDD, low snowfall year. 2022 showed near-normal (+ 15% of 1982-
2010 climate) CFDD but showed above-average (>15%) total-snowfal-S;. 2023 presented the case where end of
December Sy was only 106% of normal, but end of December eumulative-CFDD was only 74% of normal. The
effects of air temperature on ice growth are commonly represented using Stefan’s Equation (Eq. 5a). CFDD was
observed to have an exponential relationship with Sy (Fig. 8a) in the form of Eq. (5b). Hence, ice thicknesses may
be explicitly modelled as an exponential function of snowfall (Eq. 5c), and indirectly as a function of time. Equation

6¢c may be further simplified into a two-constant model by setting € = « (\[% ) Y&, such that Equation 5¢ becomes

h; = Ce®5PST (Eq. 6).  was determined by minimizing the root mean square error (RMSE) of modelled and
measured ice thicknesses in 2021, 2022, and 2023.

hi=a |~ CFDD (52)

i

CFDD = yaebst (5b)
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415 g—Equations 5c
and 6 do not explicitly include a melt or retardation factor to account for air temperatures >0°C and consider 10
equivalent to FUDs. Hence, sub-zero air temperatures which occur well before observed FUDs (as in 2021 and
2022) result in modelled FUDs to be well in advance to observed FUDs. Meoreover-this-approach-does-not-consider
atenev-pbebaeen Range in ake Y ace-\Wate emperature and ' emperatures: A emperature maV a below
420
formation—To account for these-latency effects-within-Landing-Lake, -the the baseline temperature (BT) for which
CFDD is calculated was reduced from 0°C to -105°C _to select an optimal BT which minimizes errors in FUDs.
Variations in the value of all constants under varying BTs are presented in Table 6 and errors in FUDs presented in
425 - [ Formatted: Left
Table 6: Sensitivity of modelled FUD, @, and RMSE to CFDD baseline temperature (BT) (°C)
FUD RMSE a y b_(x10) c
E) 2021 2022 2023 | 2021 2022 2023 | 2021 2022 2023 | 2021 2022 2023 | 2021 2022 2023 | 2021 2022 2023
0 | Octil Oct12 Octl7 | 1.08 304 195 | 046 043 041 | 5020 466 4500 | 960 460 340 | 0990 0073 0671
-1 Oct 11 Oct 15 Oct 21 1.09 3.01 1.93 0.46 0.43 0.41 59.10 4.62 44.93 9.60 4.60 3.40 0.997 0.072 0.670
2 | Oct30 Octi5 Oct2l | 110 298 193 | 047 043 041 | 57.02 450 4493 | 970 465 340 | 0974 0070 0.670
-3 Nov 05 Oct 15 Oct 21 1.07 2.72 1.93 0.47 0.43 0.41 55.32 3.09 44.54 9.79 4.77 3.40 0.945 0.048 0.664
4 | Nov08 Oct22 Oct2l | 111 241 188 | 047 044 041 | 5287 335 4296 | 9.90 489 343 | 0903 0054 0.640
-5 Nov 08 Oct 22 Oct 22 111 2.33 1.64 0.47 0.44 0.43 52.87 291 36.86 9.90 5.01 3.57 0.903 0.047 0.576
6 | Nov08 Oct30 Oct27 | 111 243 195 | 047 046 044 | 5287 165 3300 | 990 547 367 | 0903 0028 0528
7 | Nov08 Oct30 Oct27 | 117 261 205 | 047 047 047 | 5147 100 27.01 | 997 58 380 | 0879 0017 0462
8 | Nov08 Oct31 Oct27 | 123 289 335 | 048 048 049 | 4693 070 1991 | 102 600 409 | 0819 0012 0355
-9 Novi15 Oct3l Nov02 | 1.38 2.89 5.20 0.49 0.48 051 | 4348 070 1593 | 104 6.16 429 | 0775 0012 0.295
210 | Novi5 NovO0l Nov02 [ 138 313 512 | 049 049 053 | 4348 041 1425 | 104 659 436 | 0.775 0007 0275
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a_showed no sensitivity for decreasing CFDD BT from 0°C to -5°C but linearly increased from -5°C to -10°C. The

greatest sensitivity was observed in 2023 in the range -5°C to -10°C with « increasing by an average of 4.9% per °C

reduction in BT.  Sensitivity in 2021 and 2022 was marginal but slightly larger than in 2022.
yeashowed a strong decreasing trend with decreasing baseline temperatures across all years.-A-simiartrend-was

11.6% per°C-between-10°C to-5°C. b showed slight increasing trends with decreasing baseline temperatures over
the entire range of tested BT. The magnitude of C decreased with decreasing BT across all years (Table 6AL).

BT=-5°C was selected as it provided the lowest error (RMSE and deviation) in modelled versus observed h; and
FUDs in the range of -10°C < BT < 0°C (Fig. 8). Optimized values of @, v, b, and C for years 2021, 2022, and

2023 are summarized in Table 7. The finalized empirical model using BT= -5°C is presented in Fig. 98. Initial

RMSE between modelled and measured ice thicknesses were small (<< 2.333.1 -cm), and but-deviations in FUDs
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Figure 89: Relationships between cumulative freezing degree days (CFDD), cumulative snowfall (St) and ice thicknesses<— [ Formatted: Caption

(h;) for 2021 (blue), 2022 (red), and 2023 (black). Dashed, solid, and dotted horizontal lines in a) represent values of o in
450 years 2021, 2022, and 2023 respectively. Dashed and solid lines in b), ¢) and d) represent modelled and measured ice

thicknesses respectively. Points represent values of CFDD and Sy _recorded at the Yellowknife Airport weather station. [ Formatted: Font: Italic
Table 7: Constants for (¢FDD model using BT = -5°C b [Formatted: Font: 9 pt
Year [ Formatted: Centered
Constant 2021 2022 2023
a 0.47 0.44 0.43
Y 52.87 291 36.86
b 0.099 0.050 0.036
C 0.903 0.047 0.576

““ [ Formatted: Normal
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455 FUDs in the range of -10°C < BT < 0°C (Fig. 9). Optimized values of «, a, b, and € for years 2021, 2022, and

a_and b from the the-final-model decreased with decreasing end of December CFDD and generally decreased with
increasing S;. This agreed with the understanding that « decreases with-increasing snow-and flow (Michel, 1971;
460 Shen—2010).—The sensitivity of @ and b to S;_is not linear however, as a and b_in 2022 were slightly larger than in
2023 despite end of December S_in 2022 being larger than in 2023. « and b were observed to decrease consistently

with increasing h, {Fig—#)}-and snow-ice (hg;) (Sect. 4532). i } i [Formatted: Not Highlight
generatly_increa ‘ hs-overta itwith-significa Hity)-which—i o likeli ( Formatted: Not Highlight
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Year
Constant 2021 2022 2023
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b 6.099 0050 0.036
€ 6903 0.047 0576
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Snow depths (h) over lake ice were linearly related to Sy in all years (Fig. 10). Correlations were strongest in 2021
(r=0.82) and 2023 (r?= 0.75), and the weakest in 2022 (r?=0.59).

ueed-and-generalhy-lew-S-—Both 2022 and 2023 had mean proportions of snow-
500 ice to total ice (ﬂ) of 18% (0-54%) and 33% (0-44%). Interestinghy—Tthe correlation between h; and S; was

hi

stronger in 2023 than in 2022, despite % being greater in 2023:

etal—2023) Moderately positive correlations (r?=0.50, 0.67, and 0.76 for 2021, 2022, and 2023) were also
505 observed between hg and h;—Fhis-finding-was—as—partialyunexpected-as-deeper-snow-over—ice-slows—ice—grow
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Figure 810: Correlations between a) snow depths, and b) proportions of snow-ice to total ice against total snowfall.
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eevers=it-was-observed-that-hg; in both 2022 and 2023 could be effectively reproduced using a simple multi-linear
regression model in the form of hy; = D; + D;S44, + D3h;. The model consisted of 3 constants (D, D, and D5) and

510

only 2 variables, daily snowfall (non-cumulative, S44,) and h;. (Fig. 11). Using the model, RMSEs in 2022 and
2023 compared against measured hg; were 1.21 and 0.81 cm respectively. The accuracy of the simulations was

515 further evaluated using the Nash-Sutcliffe efficiency (NSE) parameter, with both years showing excellent simulation
strength (NSE=0.86 and 0.95, 2022 and 2023 respectively). Values of constants Dy, D,, and D5 are presented in
Table 87.

2022 b 2023
10-2) 1402
RMSE=1.21cm RMSE=0.83 cm
NSE=0.87 Mo B} 12 NSE=0.96
’ 10
T | T 8
©, S,
) N
4
2 yASRY
odelled 2 Modelled
— — Observed — — Observed
0 0
Oct 01 NovO01 Dec 01 Jan 01 Oct 01  Nov01 Dec01 Jan 01

520 Figure 92%: Modelled versus observed snow-ice thicknesses

Table 78: Value of constants for the linear snow-ice model
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525

hg; was more accurately simulated in 2023 as compared to 2022. -

Year

Constant 2022 2023
Dy 0.0826 0.3917
D, 0.0521 0.0100
Dy 0.1821 0.2980

—In 2023, higher snowfall was closely followed by snow-ice

formation (Fig.12b) suggesting near-critical submergence conditions (low freeboard). This contrasts with 2022

where between November 4-18, 23.1 cm of snowfall was recorded but no snow-ice was produced (Fig. 12a)

suggesting that ample freeboard was present in the ice cover to support significant snow loading without

submergence. This phenomenon is reflected in Fig. 12a where modelled hy; was not able to accurately capture the

rapid snow-ice formation between November 19-25 when the available freeboard was thought to be exceeded. Fae
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Figure 1012: Interactions between snowfall, snow depths, and snow-ice in a) 2022 and b) 2023.

5. Discussion

Variability in air temperatures and snowfall conditions controlled the variability in observed 10s and FUDs. Warmer

than average T, , WAth-T,,;,>0, and predicted warmer than normal water temperatures in September and October /[Formatted
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dramatieally-. In contrast, cooler T), and earlier cooling of the lake in 2022 resulted in an 10 20 days and 9 days
earlier than 2021 and 2023 respectively. The earlier 10 resulted in a prolonged freeze-up duration of 11 days caused

by frequent air temperature variability above and below 0°C, with T, remaining >0°C until the crossing of the zero-
degree isotherm on Oct. 21, 2022 (Table 4).

Following FUDs, ice growth was jointly controlled by the effect of by air temperatures through CFDD_and snowfall
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observed that using a BT=-5°C for calculating CFDD _minimized RMSE between modelled and simulated h; and

errors in FUDs (Table 7; Fig. 8). The selection of BT=-5°CThis-suggests-that-diurnal-variability-in-weather was-not
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ity '“‘ ice-covers snow-ice, emplrlcal models were developed in_this studv usmq a multl-
Ilnear reqresswn (Fig. 11). Slmulatlons of hy; were more accurate in 2023 than in 2022. This was —Fhis
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Estimates of snow-ice thicknesses and proportions of snow-ice to total ice thickness are significant for: 1) estimating

future bearing capacity of ice covers and for adaptation of ice road designs, 2) predicting future BUDs, and 3)

understanding possible changes to under-ice ecological processes.

Following 1), Gold’s formula remains the standard approach for bearing capacity estimates for ice road design, with

a reduction to the effective ice thickness to compensate for snow-ice of lower quality (less dense; Masterson, 2009).
Hence, estimates of snow-ice proportions may be used (with caution), as a first-order approximation of future
changes in load bearing capacities. However, this approach has limitations. While the strength of snow-ice under
confinement may be lower than congelation ice, the strength of an ice sheet undergoing bending or punching failure.
composing of varying proportions of snow and congelation ice is not-well investigated. Additionally, the effects of
varying ice layers on ice flexural strength are thought to be variable (Daly et al., 2023). Note that snow-ice may be
considered equivalent in strength to congelation ice for densities >880 kg m-® (Masterson, 2009) highlighting the
nuances of snow-ice in bearing capacity estimation. There is hence a growing need to re-visit and modernize Gold’s

formula in response to current climate change, perhaps through reproducing large-scale breakthrough testing
conducted in Canada prior to the 1960s (Gold, 1960) taking into account ice-composition. Future efforts to

and van Rensburg, 2024) and adopt a limit stress based approach (Masterson, 2009).

Following 2), gGreater snow-ice thicknesses may delay BUDs in lakes as snow-ice effectively scatters insolation

and may slow internal melting and deterioration. Rapid deterioration of ice in the spring leads to increasing porosity
and rapid collapse of the ice sheet (collapse failure) as was evident during the decay process in Landing Lake in

May 2023 (Rafat et al., 2024). Greater snow-ice thicknesses may also prevent this failure mechanism through
reducing the candling of the ice cover. This effect may be exploited for late season ice road operations. For instance

one lane of road traffic can be closed and covered with compacted snow or flooded to form to snow-ice while the
other lane is used. Once the active lane is degraded, traffic can be re-directed to the snow-ice/snow covered lane

(upon clearing) (Strandberg et al., 2012). Said lane will have its strength properties largely intact due to reduced

30

[Formatted: Not Highlight

[ Formatted: Not Highlight




635

640

645

650

655

660

665

internal melt and deterioration. Following 3), fFor snow-ice thicknesses greater than 30 cm, the magnitude of

hotosynthetically active radiation that is able to penetrate the ice cover is-approaches zero (Kirillin et al., 2012).

This directly influences under-ice aquatic ecology through influencing lake mixing and primary productivity
(Hampton et al., 2017).

Landing Lake using snowfall and air temperatures recorded from the Yellowknife Airport weather station, located

11 km south of Landing Lake. Relationships between CFDD,and S;,(Fig. 9) can be considered as regional

relationships which can be applied to other Yellowknife-area small lakes with similar lake depths (e.g, < 5 m), and

surface areas (e.g, < 5 km?) for first order estimates of ice thicknesses. Further, the same methodology can be

applied for establishing values of &,y, b, C, D;, D,, and D,,in other regions of the Northwest Territories if

measurements of snowfall, air temperatures, and a few measurements of ice thickness are available. This analysis is \

not intended for use in large and deep lakes whose latency effects during freeze-up would require unique treatment.

Multi-year monitoring in other regions of the Northwest Territories can aid in establishing regional curves such as

those presented in Fig. 9 for determining inter-annual and regional variability in model parameters. Understanding

1.6. Conclusions «

Tin-this study we-investigated the influence of weather on the ice evolution ef-ice-in a small, -and-shallow subarctic
lake between-during the early winter periods (September-December) of 2021, 2022, and 2023. Weather variability
Combinations—Distinct combinations of
varying air temperatures and snowfall conditions resulted in three unique responses in the timings of 10s, FUDs, and
the growth of ice for 2021, 2022, and 2023 respectively. Variability of up to 20 days in 10s, 17 days in FUDs, and 8

was deseribed—characterized using air temperature and snowfall_data.

days in freeze-up durations were observed. The duration between FUDs and when ice thicknesses (h;) reached 30
cm varied between 31-41 days, while the timing from FUDs to h; =10 cm varied between 6-11 days. Ice thicknesses
on December 1 varied by only 6 cm between the years (27-33 cm) but doubled by December 31 to 12 cm (40 - 52
cm). Changes in water temperatures closely followed changes in air temperatures which controlled the timing of
FUDs, yet the crossing of the zero-degree isotherm was observed as not being a reliable indicator for use in
predicting 10s or FUDs.

Variability in ice evolutions between 2021, 2022, and 2023 were effectively explained using an empirically derived
(Sy) in the form of

model involving cumulative freezing degree days ( CFDD ) and snowfall
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ki . . .
hi=a (J%)ae“bﬁ = Ce%5PST |, where @, a, and C are constants. h; were effectively simulated in all years
13

with RMSE < 2.33 cm, with accuracy in estimated FUDs of < 2 days when calculating CFDD using a -5°C
threshold. A simple model for simulation of snow-ice thicknesses using CFDD and daily snowfall (S4q,) in the
form of hg; = Dy + D;Sgqy + Dsh; proved effective (RMSE < 1.21cm), where Dy, D, and D5 are fitted constants.
Snow depths over lake ice were found to be linearly related to S; (r>=0.59-0.82) with the strength of the correlations
decreasing with increasing S;. Developed empirical relationships may be site-specific, but are simple, and useful
means of anticipating ice growth given short term forecasts of snowfall conditions and air temperatures_which can

be applied on small watershed scales. With-seattered-measurements—of-ice—thicknesses—in—a—particular—year—the

Under future climate change, winter precipitation and air temperatures in northern Canada areis projected to increase

(Zhang et al., 2019). Future projections can be used with the presented empirical relationships to understand, to a

first order, variability in early winter ice formation and growth for application to ice road design. Empirical

relationships between CFDD and S may allow engineers to select approach construction methods and equipment,

establish appropriate quality and hazard control plans, and determine if critical conditions may exist to warrant

expanded stress-state analyses or interventions during ice road constuction. While the study was conducted in a

small lake near Yellowknife, the empirical relationships developed in this study can be adapted to other northern

high-latitude regions with similar climatic conditions. Given that CFDD and snowfall are widely monitored

meteorological variables, the model framework can be extended for regional-scale assessments, provided

appropriate local calibration. This enhances its potential utility for winter road planning and operational decision-
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Code and data availability

Data used to generate conclusions in this study ean-be-found-will be made available in an appropriate repository

including measurements of - aAir temperatures and snowfall measurements between 1942-2023 fromat the

Yellowknife Airport. —wea
730 (httpsHclimate-weatherge.cal)—Code used for conducting analyses in this study are available from the
corresponding author upon request.

Author Contribution

AR: data collection, data processing, writing-original draft, HKP: Supervision, resources, Writing - Review &
Editing.

33



735

740

745

750

755

760

765

Competing interests:

One of the authors is a member of the editorial board of The Cryosphere.

Acknowledgements:

This research was supported by the Government of Northwest Territories, Environment and Climate Change,
Cumulative Impact Monitoring Program (CIMP-212), Natural Sciences and Engineering Research Council of
Canada (NSERC) Canada Research Chair (CRC) and Discovery Grant (RGPIN-2020-05573) to HKP, the Polar
Knowledge Canada Northern Scientific Training Program (NSTP), and the NSERC Vanier Graduate Scholarship to
AP.

References

Attiah, G., Kheyrollah Pour, H., & Scott, K. A. Four decades of lake surface temperature in the Northwest

Territories, Canada, using a lake-specific satellite-derived dataset. J. Hydrol.: Reg. Stud., 50, 101571.
https://doi.org/10.1016/J.EJRH.2023.101571, 2023,

Apsite, E., Elferts, D., Andrejs, Z., and Latkovska, I.: Long-term changes in hydrological regime of the lakes in
Latvia’, Hydrol. Res., 45, 308-321, https://doi.org/doi.org/10.2166/nh.2013.435, 2014.

Barrette, P. D., Hori, Y., and Kim, A. M.: The Canadian winter road infrastructure in a warming climate: Toward
resiliency ~ assessment and resource prioritization, ~Sustain.  Resilient Infrastruct, 7, 842-860,
https://doi.org/10.1080/23789689.2022.2094124, 2022.

Basu, A., Culpepper, J., Blagrave, K., and Sharma, S.: Phenological Shifts in Lake Ice Cover Across the Northern
Hemisphere: A Glimpse Into the Past, Present, and the Future of Lake Ice Phenology, Water Resour. Res., 60,
€2023WR036392, https://doi.org/10.1029/2023WR036392, 2024.

Benson, B. J., Magnuson, J. J., Jensen, O. P., Card, V. M., Hodgkins, G., Korhonen, J., Livingstone, D. M., Stewart,
K. M., Weyhenmeyer, G. A., and Granin, N. G.: Extreme events, trends, and variability in Northern Hemisphere
lake-ice phenology (1855-2005), Clim. Change, 112, 299-323, https://doi.org/10.1007/s10584-011-0212-8, 2012.

Bilello, M. A.: Formation, Growth, and Decay of Sea-Ice in the Canadian Arctic Archipelago, ARCTIC, 14, 2-24,
https://doi.org/10.14430/arctic3658, 1961.

Bilello, M. A.: Maximum thickness and subsequent decay of lake, river and fast sea ice in Canada and Alaska,
Hanover, New Hampshire, CRREL, 1980.

Bobée, B.: The Log Pearson type 3 distribution and its application in hydrology, Water Resour. Res., 11, 681689,
https://doi.org/10.1029/WR011i005p00681, 1975.

Cai, Y., Ke, C.-Q. Q., Yao, G., and Shen, X.: MODIS-observed variations of lake ice phenology in Xinjiang, China,
Clim. Change, 158, 575-592, https://doi.org/10.1007/s10584-019-02623-2, 2020.

34

[ Formatted: English (United States)




770

775

780

785

790

795

Catchpole, A. J. W. and Moodie, D. W.: Changes in the Canadian definitions of break-up and freeze-up,
Atmosphere (Basel)., 12, 133-138, https://doi.org/10.1080/00046973.1974.9648379, 1974.

Cheng, B., Cheng, Y., Vihma, T., Kontu, A., Zheng, F., Lemmetyinen, J., Qiu, Y., and Pulliainen, J.: Inter-annual
variation in lake ice composition in the European Arctic: observations based on high-resolution thermistor strings,
Earth Syst. Sci. Data, 13, 3967-3978, https://doi.org/10.5194/essd-13-3967-2021, 2021.

Choinski, A., Ptak, M., Skowron, R., and Strzelczak, A.: Changes in ice phenology on polish lakes from 1961 to
2010 related to location and morphometry, Limnologica, 53, 42—49, https://doi.org/10.1016/j.limno.2015.05.005,
2015.

Daly, S., Connor, B., Garron, J., Stuefer, S., Belz, N., and Bjella, K.: Design and operation of ice roads, Fairbanks,
Alaska, 2023.

Duguay, C. R., Prowse, T. D., Bonsal, B. R., Brown, R. D., Lacroix, M. P., and Ménard, P.: Recent trends in
Canadian lake ice cover, Hydrol. Process., 20, 781-801, https://doi.org/10.1002/hyp.6131, 2006.

Fitzgerald, A. and van Rensburg, W. J.: Limitations of Gold’s formula for predicting ice thickness requirements for

heavy equipment, Can. Geotech. J., 61, 183-188, https://doi.org/10.1139/cgj-2022-0464, 2024.

Frederking, R. and Sudom, D.: Ice Trends in seasonal near-shore ice thickness in the Canadian Arctic, in: 27 IAHR

International Symposium on Ice, 9-13, 2024.

Girjatowicz, J. P., Swiatek, M., and Kowalewska-Kalkowska, H.: Relationships between air temperature and ice
conditions on the southern Baltic coastal lakes in the context of climate change, J. Limnol., 81,
https://doi.org/10.4081/jlimnol.2022.2060, 2022.

Gold, L. W.: Field Study on the Load Bearing Capacity of Ice Covers, Woodlands Rev. Pulp Pap. Mag. Canada, 61,
3-7, 1960.

Gow A. J. and Govoni, J. W.: Ice growth on Post Pond, 1973-1982., Cold Reg. Res. Eng. Lab. Rep., 83, 4, 1983.

Hallerbéck, S., Huning, L. S., Love, C., Persson, M., Stensen, K., Gustafsson, D., and AghaKouchak, A.: Climate
warming shortens ice durations and alters freeze and break-up patterns in Swedish water bodies, Cryosph., 16,
2493-2503, https://doi.org/10.5194/tc-16-2493-2022, 2022.

Hampton, S. E., Galloway, A. W. E., Powers, S. M., Ozersky, T., Woo, K. H., Batt, R. D., Labou, S. G., O’Reilly,
C. M., Sharma, S., Lottig, N. R., Stanley, E. H., North, R. L., Stockwell, J. D., Adrian, R., Weyhenmeyer, G. A.,
Arvola, L., Baulch, H. M., Bertani, I., Bowman, L. L., Carey, C. C., Catalan, J., Colom-Montero, W., Domine, L.
M., Felip, M., Granados, 1., Gries, C., Grossart, H. P., Haberman, J., Haldna, M., Hayden, B., Higgins, S. N., Jolley,
J. C., Kahilainen, K. K., Kaup, E., Kehoe, M. J., MaclIntyre, S., Mackay, A. W., Mariash, H. L., McKay, R. M.,
Nixdorf, B., Noges, P., Ndges, T., Palmer, M., Pierson, D. C., Post, D. M., Pruett, M. J., Rautio, M., Read, J. S.,
Roberts, S. L., Riicker, J., Sadro, S., Silow, E. A., Smith, D. E., Sterner, R. W., Swann, G. E. A,, Timofeyev, M. A,,
Toro, M., Twiss, M. R., Vogt, R. J., Watson, S. B., Whiteford, E. J., and Xenopoulos, M. A.: Ecology under lake
ice, Ecol. Lett., 20, 98-111, https://doi.org/10.1111/ELE.12699, 2017.

35



800

805

810

815

820

825

830

Hayley, D. W. and Proskin, S.: Managing the Safety of Ice Covers Used for Transportation in an Environment of
Climate Warming, in: Proceedings of the 4th Canadian Conference on Geohazards: From Causes to Management,
5-11, 2008.

Healy, J. J., de Groot, J. J., and Kestin, J.: The theory of the transient hot-wire method for measuring thermal
conductivity, Phys. B+C, 82, 392-408, https://doi.org/10.1016/0378-4363(76)90203-5, 1976.

Hou, G., Yuan, X., Wu, S., Ma, X., Zhang, Z., Cao, X., Xie, C., Ling, Q., Long, W., and Luo, G.: Phenological
Changes and Driving Forces of Lake Ice in Central Asia from 2002 to 2020, Remote Sens., 14, 1-15,
https://doi.org/10.3390/rs14194992, 2022.

Huang, W., Cheng, B., Zhang, J., Zhang, Z., Vihma, T., Li, Z., and Niu, F.: Modeling experiments on seasonal lake
ice mass and energy balance in the Qinghai-Tibet Plateau: A case study, Hydrol. Earth Syst. Sci., v 23, n 4, p 2173-
2186, https://doi.org/10.5194/hess-23-2173-2019, 2019.

Huang, W., Zhang, Z., Li, Z., Leppdranta, M., Arvola, L., Song, S., Huotari, J., and Lin, Z.: Under-Ice Dissolved
Oxygen and Metabolism Dynamics in a Shallow Lake: The Critical Role of Ice and Snow, Water Resour. Res., 57,
https://doi.org/10.1029/2020WR027990, 2021.

Jackson, K., Wilkinson, J., Maksym, T., Meldrum, D., Beckers, J., Haas, C., and Mackenzie, D.: A novel and low-
cost sea ice mass balance buoy, J. Atmos. Ocean. Technol., 30, 2676—2688, https://doi.org/10.1175/JTECH-D-13-
00058.1, 2013.

Kheyrollah Pour, H., Duguay, C. R., Solberg, R., and Rudjord, @.: Impact of satellite-based lake surface
observations on the initial state of HIRLAM. Part I: evaluation of remotely-sensed lake surface water temperature
observations, Tellus, Ser. A Dyn. Meteorol. Oceanogr., 66, https://doi.org/10.3402/TELLUSA.V66.21534, 2014a.

Kheyrollah Pour, H., Rontu, L., Duguay, C., Eerola, K., and Kourzeneva, E.: Impact of satellite-based lake surface
observations on the initial state of HIRLAM. Part Il: Analysis of lake surface temperature and ice cover, Tellus A
Dyn. Meteorol. Oceanogr., 66, 21395, https://doi.org/10.3402/TELLUSA.V66.21395, 2014b.

Kirillin, G., Leppdranta, M., Terzhevik, A., Granin, N., Bernhardt, J., Engelhardt, C., Efremova, T., Golosov, S.,
Palshin, N., Sherstyankin, P., Zdorovennova, G., and Zdorovennov, R.: Physics of seasonally ice-covered lakes: a
review, Aquat. Sci., 74, 659-682, https://doi.org/10.1007/s00027-012-0279-y, 2012.

Koo, Y., Lei, R., Cheng, Y., Cheng, B., Xie, H., Hoppmann, M., Kurtz, N. T., Ackley, S. F., and Mestas-Nufiez, A.
M.: Estimation of thermodynamic and dynamic contributions to sea ice growth in the Central Arctic using ICESat-2
and MOSAIC SIMBA buoy data, Remote Sens. Environ., 267, 112730, https://doi.org/10.1016/j.rse.2021.112730,
2021.

Korhonen, J.: Long-term changes in like ice cover in Finland, in: Nordic Hydrology, 347-363,
https://doi.org/10.2166/nh.2006.019, 2006.

L’Abée-Lund, J. H., Asbjgrn Vgllestad, L., Brittain, J. E., Kvambekk, A.S., and Solvang, T.: Geographic variation
and temporal trends in ice phenology in Norwegian lakes during the period 1890-2020, Cryosph., 15, 2333-2356,

36



835

840

845

850

855

860

865

https://doi.org/10.5194/tc-15-2333-2021, 2021.

Latifovic, R. and Pouliot, D.: Analysis of climate change impacts on lake ice phenology in Canada using the
historical satellite data record, Remote Sens. Environ., 106, 492-507, https://doi.org/10.1016/J.RSE.2006.09.015,
2007.

Lei, R., Cheng, B., Heil, P., Vihma, T., Wang, J., Ji, Q., and Zhang, Z.: Seasonal and Interannual Variations of Sea
Ice Mass Balance From the Central Arctic to the Greenland Sea, J. Geophys. Res. Ocean., 123, 2422-2439,
https://doi.org/10.1002/2017JC013548, 2018.

Leppdranta, M.: Freezing of Lakes and the Evolution of their Ice Cover, Springer Berlin Heidelberg, Berlin,
Heidelberg, 1-301 pp., https://doi.org/10.1007/978-3-642-29081-7, 2015.

Leppéranta, M., Lindgren, E., and Shirasawa, K.: The heat budget of Lake Kilpisjérvi in the Arctic tundra, Hydrol.
Res., 48, 969980, https://doi.org/10.2166/nh.2016.171, 2017.

Lynch, M., Briggs, R., English, J., Khan, A. A., Khan, H., and Puestow, T.: Operational Monitoring of River Ice on
the Churchill River, Labrador, in: 21st CRIPE Workshop on the Hydraulics of Ice-covered Rivers, 2021.

Masterson, D. M.: State of the art of ice bearing capacity and ice construction, Cold Reg. Sci. Technol., 58, 99-112,
https://doi.org/10.1016/J. COLDREGIONS.2009.04.002, 2009.

Michel, B.: Winter regime of rivers and lakes, U S Army, Cold Reg Res Eng Lab, Monograph, 1971.

Morse, P. D. and Wolfe, S. A.: Long-Term River Icing Dynamics in Discontinuous Permafrost, Subarctic Canadian
Shield, Permafr. Periglac. Process., 28, 580-586, https://doi.org/10.1002/ppp.1907, 2017.

Newton, A. M. W. and Mullan, D. J.: Climate change and Northern Hemisphere lake and river ice phenology from
1931-2005, Cryosph., 15, 22112234, https://doi.org/10.5194/tc-15-2211-2021, 2021.

Palecki, M. A. and Barry, R. G.: Freeze-up and break-up of lakes as an index of temperature changes during the
transition seasons: a case study for Finland., J. Clim. Appl. Meteorol., 25, 893-902, https://doi.org/10.1175/1520-
0450(1986)025<0893:FUABUO>2.0.CO;2, 1986.

Phillips, R. W., Spence, C., and Pomeroy, J. W.: Connectivity and runoff dynamics in heterogeneous basins, Hydrol.
Process., 25, 3061-3075, https://doi.org/10.1002/hyp.8123, 2011.

Pouw, A. F., Pour, H. K., and MacLean, A.: Mapping snow depth on Canadian sub-arctic lakes using ground-

penetrating radar, Cryosphere, 17, 2367-2385, https://doi.org/10.5194/TC-17-2367-2023, 2023.

Prowse, T. D., Furgal, C., Chouinard, R., Melling, H., Milburn, D., and Smith, S. L.: Implications of Climate
Change for Economic Development in Northern Canada : Energy , Resource , and Transportation Sectors, 38, 272—
281, 2009.

Rafat, A., Kheyrollah Pour, H., Spence, C., Palmer, M. J., and MacLean, A.: An analysis of ice growth and
temperature dynamics in two Canadian subarctic lakes, Cold Reg. Sci. Technol., 210, 103808,
https://doi.org/10.1016/j.coldregions.2023.103808, 2023.

37



870

875

880

885

890

895

Rafat, A., Kheyrollah Pour, H., Spence, C., and Palmer, M. J.: A field study of lake ice decay, in: 27th IAHR
Symposium on Ice, 2024.

Sharma, S., Richardson, D. C., Woolway, R. I., Imrit, M. A., Bouffard, D., Blagrave, K., Daly, J., Filazzola, A.,
Granin, N., Korhonen, J., Magnuson, J., Marszelewski, W., Matsuzaki, S. I. S., Perry, W., Robertson, D. M.,
Rudstam, L. G., Weyhenmeyer, G. A., and Yao, H.: Loss of Ice Cover, Shifting Phenology, and More Extreme
Events in  Northern  Hemisphere Lakes, J. Geophys. Res. Biogeosciences, 126, 1-12,
https://doi.org/10.1029/2021JG006348, 2021.

Shen, H. T.. Mathematical modeling of river ice processes, Cold Reg. Sci. Technol., 62, 3-13,
https://doi.org/10.1016/j.coldregions.2010.02.007, 2010.

Skinner, W. R.: Lake ice conditions as a cryospheric indicator for detecting climate variability in Canada, World
Data Cent. A, Glaciol. (Snow Ice), 204-240, 1993.

Song, S, Li, C., Shi, X., Zhao, S., Tian, W., Li, Z., Bai, Y., Cao, X., Wang, Q., Huotari, J., Tulonen, T., Uusheimo,
S., Leppdranta, M., Loehr, J., and Arvola, L.: Under-ice metabolism in a shallow lake in a cold and arid climate,
Freshw. Biol., 64, 1710-1720, https://doi.org/10.1111/fwb.13363, 2019.

Spence, C. and Hedstrom, N.: Hydrometeorological data from Baker Creek Research Watershed, Northwest
Territories, Canada, Earth Syst. Sci. Data, 10, 1753-1767, https://doi.org/10.5194/essd-10-1753-2018, 2018.

Strandberg, A. G., Spencer, P. A., Strandberg, G. M., and Embacher, U.: Extended season ice road operation, in:
International Conference and Exhibition on Performance of Ships and Structures in Ice 2012, ICETECH 2012, 378
383, https://doi.org/10.5957/icetech-2012-147, 2012.

Sun, L., Wang, B., Ma, Y., Shi, X., and Wang, Y.: Analysis of Ice Phenology of Middle and Large Lakes on the
Tibetan Plateau, Sensors, 23, https://doi.org/10.3390/S23031661/S1, 2023.

Wynne, R. H.: Statistical modeling of lake ice phenology: issues and implications, SIL Proceedings, 1922-2010, 27,
2820-2825, https://doi.org/10.1080/03680770.1998.11898182, 2000.

Yao, X, Li, L., Zhao, J., Sun, M., Li, J., Gong, P., and An, L.: Spatial-temporal variations of lake ice phenology in
the Hoh Xil region from 2000 to 2011, J. Geogr. Sci., 26, 70-82, https://doi.org/10.1007/S11442-016-1255-
6/METRICS, 2016.

Zhang, X., Flato, G., Kirchmeier-Young, M., Vincent, L., Wan, H., Wang, X., Rong, R., Fyfe, J., Li, G., and Kharin,
V. V.: Changes in Temperature and Precipitation Across Canada; Chapter 4 in pp 112-193, in: Canada’s Changing
Climate Report. Government of Canada, Ottawa, Ontario, edited by: Bush, E. and Lemmen, D. S., 112-193, 2019.

38



Appendix A

FUb

b-<20%

2021 2022

B oo bbb bbbk ofR

BEEEEEEEEEIR

39




