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ABSTRACT

An Evaluation of Ground-Freezing Methods in the Zone of Discontinuous Permafrost,

Northwest Territories
Elzbieta Mastej Supervisor: Dr William Quinton

Wilfried Laurier University Committee Members: Michael Braverman

Dr Michael English

The Canadian subarctic has been one of the most rapidly warming regions on Earth in the
last few decades. Permafrost loss is the most conspicuous manifestation of climate change and it
is implicated in rapid landscape transition. Permafrost degradation is further exacerbated by
anthropogenic disturbances related to resource exploration. Mechanical ground cooling
approaches have been investigated in mineral-based substrates with many successful outcomes,
however, in peat-based environments they remain largely unexplored. Ground cooling systems
are used in application-oriented projects largely pertaining to civil engineering operations. As
such, their use in the remote peatland environments range from minimal to non-existent.
However, fast rates of climate change and concomitant landscape evolution coupled with
increasing socio-economic activity in the North affirm the growing need for the advancement of
ground-supporting technologies in peat-based substrates. This study examines the evolution of
seven ground cooling systems at Scotty Creek Research Station, NT. The findings of this study
will aid in advancing the adaptation of cooling technologies to highly saturated and remote

environments.
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Chapter 1: Introduction

The circumpolar region in the Northern Hemisphere is the most rapidly warming region
on Earth in recent decades (Richter-Menge et al., 2017), triggering widespread and irreversible
landscape and hydrological changes. Climate change has extensive social impacts, resulting in
increased challenges to northern communities and emphasizing the urgent need for mitigation
and adaptation strategies. Climate warming in the northern environments is manifested by the
changing dynamics of ground thermal regimes and consequent permafrost degradation (Burgess,
2000). The most striking consequence of this changing dynamic is rapid permafrost thaw-
induced landcover change, resulting from changes in both geomorphology (Olefeldt et al, 2016)

and ecology (Baltzer et al, 2014).

Permafrost underlies approximately 25% of the world's land surface exerting a critical
control on water distribution within the northern terrestrial ecosystems (Quinton, 1999) and it is
directly linked to landcover configuration (Quinton et al., 2003). Over the last 100-150 years
30%-65% of permafrost on the southern margin of discontinuous zone in north-western Canada
has degraded; in some areas the southern boundary migrated northward as far as 120 km between

1964 and 1990 (Simon and Payette, 2009).

The most apparent permafrost-thaw induced transition of forest into wetland (Quinton et
al 2011) is governed by regional climatic change as well as localized geophysical and
geocryological conditions. However, recent studies identified a positive correlation between
increased air temperatures and forest gain along a north-south transect spanning the sporadic-
discontinuous permafrost zone (Carpino et al., 2018), which has been proposed to result from

increased drainage density (Chasmer and Hopkinson 2017) and evapotranspiration (Warren et al
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2018), leading to increased tree productivity (Baltzer et al 2014). These findings emphasize the

need for long-term studies to better understand feedback processes over long timescales.

Permafrost is highly implicated in the feedbacks between the terrestrial carbon cycle and
climate, which remains one of the largest uncertainties in current projections of future climate
(Dorrepaal et al., 2009). Northern Peatlands are the long-term sink of atmospheric carbon
dioxide (CO2) (Gorham, 1991; Turunen et al., 2002) containing one-third of the world’s soil
organic carbon, equivalent to more than half the amount of carbon in the atmosphere (Gorham,
1991). Peatlands occupy approximately 12% of Canada's land area with the vast majority (97%)
occurring in the subarctic boreal region (Tarnocai, 2006). Peatlands are implicated in the surface-
atmosphere exchanges of mass and energy (Hinzman et al., 2005), greenhouse gas fluxes
(Prowse and Frugal, 2009; Schuur et al., 2015), water distribution (Connon et al., 2014) and
ecologic responses (Baltzer et al, 2014). The carbon-sink net capacity of peatlands is primarily
controlled by the water table position (Gorham et al., 1991) as well as the long mean residence
times of water in these ecosystems (Waddington et al., 2010). Lateral water flow in peatlands is
controlled by their low hydraulic gradients and the steep decline (3-5 orders of magnitude) in

hydraulic conductivity with depth (Whittington and Price, 2006).

Understanding the thermal regime of the soil profile, as well as freezing and thawing
dynamics in the context of climate change is crucial in many scientific and engineering
applications. Freezing and thawing in soils are highly non-linear processes that depend on
strongly coupled hydrologic and thermal processes. These processes are coupled through the
phenomena of phase change, cryosuction, advective heat transport, thermal conductivity
dependence on frozen and unfrozen moisture content, dissolved ion concentration, and hydraulic

conductivity dependence on ice content. The physical characteristics of peat that could affect
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their energy budgets (e.g., density, water-holding capacity) are a direct reflection of biotic
processes, i.e. plant species composition, net primary productivity and decomposition dynamics,
demonstrating a significant biotic control over internal thermal conditions as a short-term

response of peatlands to climate change (Bridgham et al., 1995).

Snow is a critically important cryogenic element of the northern environments
(Mellander et al., 2007). It has a powerful effect on the soil thermal regime depending on many
factors such as precipitation patterns within the season, snow cover depth, density, structure and
duration on the ground (Zhang, 2005). Its thermal and optical properties control local energy

regimes and can substantially influence the fate of permafrost (Zhang and Armstrong 2001).

Snow cover, stratigraphy and physical properties are naturally changing throughout the
season as a result of climate driven metamorphosis (Pomeroy et al., 2001) however, how these
natural processes are likely to be affected by climate warming and their impacts on the
environment are poorly understood. Climate warming increases the likelihood of unseasonal
thaws, later onset of snow cover, early snowmelt, consequent decreased duration of the snow-
covered period (Derksen et al., 2012), and rain on snow events (Liston and Hiemstra, 2011).
These changes impact snow properties and runoff (Semmens and Ramage, 2013) and because of
their importance to soil energy budget and to thermal gradients between soil and atmosphere,
they are critically important for the energy balance of these environments. A big challenge in
evaluating these changes and understanding their impacts arises from the fact that changes in
snow properties are not uniform across the boreal/subarctic region, and the affected processes

function and respond at different temporal and spatial scales (Bokhorst et al., 2016).



The effects of climate change in the northern environments are further exacerbated by
anthropogenic disturbance such as pipelines, winter roads and seismic lines. Those expansive
disturbances are related to past resource exploration however, other forms of exploration and
development are expected in the future. The total length of winter roads and seismic lines within
the Scotty Creek basin (which covers 152 km? and where Scotty Creek Research Station is
located, and this study was conducted) has been estimated at 133 km, which is over five times
the natural drainage density of the basin (Quinton et al 2011), indicating its implication in the
hydrology of the basin. Seismic lines are the most widespread type of human disturbances in
northern environments. They cut continuously through various terrain types and have been
shown to have a detrimental effect on permafrost (Braverman and Quinton, 2016). The incision
of the seismic line involves sequential processes of canopy removal (MacFarlane 2003),
increased solar radiation (Revel et al., 1984), ground compaction and subsidence (Haag and
Bliss, 1974). Those initial ecosystem changes result in feedback mechanisms promoting
permafrost thaw, increased hydraulic conductivity and soil moisture content (Jorgenson et al.,
2010), consequent heat and mass transfer and resulting in further permafrost degradation

(Braverman and Quinton 2017).

The recovery of the seismic lines depends primarily on the latitude of its occurrence and
the severity of the initial disturbance (Williams et al., 2013) following the trend of increasing
recovery time with decreasing duration of the vegetative season. Site-specific observations
suggest the “drifting” of the seismic lines as a result of localized simultaneous permafrost
aggradation on the south-facing slopes and degradation on the north-facing slopes. Localized

conditions can facilitate permafrost aggradation owing to the insulating properties of dry peat.



However, it is important to note that net permafrost loss associated with seismic lines appears to

be irreversible due to positive feedback mechanisms.

Mechanical ground cooling approaches have been investigated in mineral-based substrates
with many successful outcomes, however, in peat-based environments they remain largely
unexplored. Ground cooling systems are used in application-oriented projects largely pertaining
to civil engineering operations. As such, their use in the remote wetland environments range
from minimal to non-existent. However, fast rates of climate change and concomitant landscape
evolution coupled with increasing socio-economic activity in the far North affirm the growing

need for the advancement of ground-cooling technologies in peat-based substrates.

This research seeks to advance the understanding of the ground cooling systems in a peat-
dominated environment through an overarching research question: What is the most efficient
cooling system in a highly saturated peatland environment? This question was addressed by
analyzing the annual ground temperature profiles and the vertical and horizontal extent of
freezing front propagation for various systems. This investigation was conducted in three stages
and although not all factors have been explored exhaustively due to the limited scope of this

investigation, the foundation for further work has been established.

In the first stage of the investigation the main attributes of interest were physical properties
of the thermosyphon operating fluids (single-phase versus two-phase), and principles of
operation (passive versus active). Three systems were compared in a semi-qualitative manner.
The initial phase of development commenced with an installation of double-phase, passive
design in multiple configuration (7), which was later replaced with individual single-phase active

design followed by single-phase, active design in multiple configuration (4). Each subsequent



design was determined based on the semi-qualitative data assessment, i.e. the effects of each
attribute were not systemically compared amongst each design, rather ground temperature

changes generated by each design were assessed.

The second phase of the investigation evaluated the effects of snow on the ground thermal
regime as well as on the single-phase, active thermosyphon. Single-phase, active model was
selected because it has been determined to be more efficient at heat transfer than the two-phase
passive design which justified further upgrade investigation. 4 equivalent snow shading cones
were installed at different locations along the seismic line representing sites of lower and higher

saturation.

In the third phase two single-phase, passive coaxial designs were compared: with and without
inner pipe insulation, to investigate the lateral thermal gradients within the thermosyphon and the

concomitant overall efficacy.

The key research objectives of this study were to:

e Evaluate the performance of three ground cooling systems installed at Scotty Creek
Research Station, NT, between 2013-2017. These systems are: (1) two-phase, passive, 7-
thermosyphon configuration (two-phase, passive7), (2) single-phase, active
thermosyphon (single-phase, activel) and (3) single-phase, active, 4-thermosyphon

configuration (single-phase, active4)

e Evaluate the insulating effect of snow on the ground thermal regime along the seismic
line by removal and reduction of the snowpack using four individual snow-shading cones

(2018)



Investigate the combined cooling efficiency of a single phase, active thermosyphon

conjoined with a snow shading cone (single-phase, active with cone), (2018)

Compare the performance of two systems, installed in 2019. These systems are: (1)
single-phase, passive, coaxial, non-insulated thermosyphon (non-insulated coaxial) and
(2) single-phase, passive, coaxial, insulated thermosyphon (insulated coaxial). This

assessment was preliminary and requires further investigation.



Chapter 2: An evaluation of ground-freezing methods at Scotty
Creek Research station in the zone of discontinuous permafrost,

Northwest Territories

ABSTRACT: Northwestern Canada is one of the most rapidly warming regions on Earth. The
southern limit of the discontinuous permafrost zone is highly sensitive to small climatic
fluctuations and presently experiencing a rapid landscape change due to accelerated permafrost
thaw, which is further exacerbated by anthropogenic disturbances such as seismic

exploration. Recent research has begun to examine both natural and mechanical approaches to
minimize permafrost loss, although the utility of such methods in peatland environments is not
well understood. This study explored the efficiency of natural and artificial ground cooling
processes in a peatland environment by evaluating snow exclusion and thermosyphon methods.
Ground-freezing devices have been used at the Scotty Creek Research Station in the Northwest
Territories, Canada, since 2013 for experimental studies on permafrost stabilization and
regeneration. Data arising from these studies were used in the present study to evaluate the
effectiveness of specific designs and applications of such devices. The effect on ground freezing
was evaluated for 7 freezing systems deployed along the seismic line: (a) two-phase, passive, 7-
thermosyphon configuration, (b) single-phase, active thermosyphon, (c) single-phase, active, 4-
thermosyphon configuration, (d) single-phase, passive, coaxial, non-insulated thermosyphon, (e)
single-phase, passive, coaxial, insulated thermosyphon, (f) single-phase, active thermosyphon
conjoined with the snow shading cone and, (g) four individual snow shading cones. It was found
that the single-phase, active thermosyphon conjoined with the snow shading cone was the most

effective ground freezing system in a highly saturated peat environment, reaching minimum
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ground temperatures between -13.3 to -14.2 -C 80 cm below the ground surface. Natural ground
cooling by direct coupling of air and ground temperatures is strongly limited by the presence of
snow however, average ground temperatures in the snow-reduced areas remained lower by only
0.7-1.2 -C within an 80 cm vertical profile than in the snow-covered areas, which suggests that
other factors such as moisture content may exert dominant control over ground cooling range.
Nonetheless, at the end of the summer snow-reduced areas maintained a 15 cm thick frozen layer
at 60 -75 cm below the ground surface. We are proposing that systematic monitoring of
snowpack development and decay can be used as a proxy for ground thermal profile evaluation.
This study supports the feasibility of low cost, readily deployable ground freezing systems that
can mitigate permafrost thaw and improve the adaptability of engineering designs to changing

environmental conditions.



1. Introduction

Northwestern Canada is one of the most rapidly warming regions on Earth in recent
decades (Jones and Moberg 2003; Smith and Reynolds 2005; VVose et al. 2005) with significant
impacts on terrestrial and aquatic ecosystems. This has led to unprecedented permafrost thaw
(Oberman et al., 2001; Schuur and Abbott, 2011) and permafrost thaw-induced land cover
changes, catalysing extensive research on the causes, mechanisms, rates and patterns of coupled
permafrost thaw and the resulting land cover changes. Permafrost thaw is one of the most
obvious indicators of climate change (Burgess et al., 2000), triggering considerable land
cover (Haynes et al., 2018) and hydrological (Williams et al., 2013; Kurylyk et al., 2016;)
changes. The thaw of ice-rich permafrost invariably results in ground surface subsidence which
threatens the structural integrity of infrastructure with resulting negative socio-economic
consequences (Davidson et al., 2003). The southern limit of discontinuous permafrost, where
permafrost is typically isothermal at the melting point temperature throughout its 10-15 m
thickness (Kwong and Gan, 1994), is especially sensitive to small climatic fluctuations and it has
been consequently degrading as a result of increasing rates of warming in this region (Quinton et

al., 2009).

Sustained permafrost thaw is a clear indication of a warming climate (Goodison and
Walker, 1993). In the northern hemisphere, permafrost thaw-induced land cover change is
especially pronounced between the latitudes of 59° N and 62° (Johannessen et al., 2004;
Akerman and Johansson, 2008; Romanovsky et al., 2010; Quinton et al., 2011; Beck et al.,
2015). Predicting the impacts of climate warming on permafrost is complicated by the poor

understanding of possible feedbacks with other ecosystem components. An approximate

10


https://iopscience.iop.org/article/10.1088/1748-9326/aad74e#erlaad74ebib25

indicator of permafrost presence is the average annual air temperature below 0° C (Halsey et al.,
1995). On a large continental scale, increasing mean annual air temperatures (MAAT) are the
leading cause of permafrost degradation (Osborne et al., 2018). At the synoptic scale, an
increased occurrence of warm air masses over permafrost terrains contributes to local surface
energy balances through regional advection. However, other localized conditions, such as soil
moisture, ground surface albedo, vegetation, and ground heat fluxes (Smith, 1975; Smith and
Riseborough, 1983) influence local energy balance and therefore play an important role in
permafrost sustenance. For example, dry peat is an extremely effective thermal insulator
(Beilman et al., 2001; Turetsky et al., 2007) and dry peat-covered surfaces that predominate in
the southern margin of discontinuous permafrost (Kwong and Gan, 1994) thermally insulate the
underlying permafrost even where the MAAT exceeds 2° C (Camill, 1999). The rates of
permafrost thaw are often greatest where in addition to the above processes, warming of the
ground is augmented by anthropogenic disturbance, such as the roads, seismic lines and pipelines

and other infrastructure (Reynolds, et al., 2014).

There is a growing need for knowledge-based tools and methods to mitigate permafrost
thaw meant for both mitigation strategies and engineering designs in their adaptability to a wide
range of changing environmental conditions. Thermosyphons are the most widely used devices
to prevent the thaw of permafrost, the designs of which vary to suit specific
applications including stabilization of building foundations (Popov et al., 2010), road and rail
embankments (Zarling and Brayley, 1987; Forsstrom et al., 2002; Wen et al., 2005; Xu and
Goering, 2008), containment of contaminants (Edlund et al., 1998; Hayley et al., 2004) and
preservation of archeological or other culturally significant sites (Goetz, 2010). The fundamental

physical phenomenon governing the functionality of a thermosyphon is the spontaneous heat
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exchange due to the temperature gradients between the soil and the thermosyphon and the
thermosyphon and the atmosphere, making it a convective device which extracts heat from the
ground and discharges it to the atmosphere (Long and Zarling 2004). Although substantial
progress has been made in thermosyphon research and development, their effectiveness in peat-

based environments is not well understood.

Development of the most efficient designs for remote peatland environments must
address three main challenges: the exposure to the extreme temperatures, high moisture
saturation of the ground profile and prolonged periods between maintenance. Considering
climate warming in northern environments, changes in local climatic variables which might
affect permafrost must also be considered. Snow cover has a powerful effect on soil thermal
regime depending on many factors such as precipitation patterns, snow cover depth, type, and
duration on the ground (Zhang, 2005), essentially enabling it to insulate the ground from heat
fluxes due to its extremely low thermal diffusivity (Goodrich, 1982). Both local and large-scale
climatic responses are a direct consequence of the change in the land surface energy balance,

which is influenced by the presence of snow, with fall precipitation being the primary control.

Thermal and optical properties of snow control local energy regimes and snowpack
presence is therefore greatly implicated in the overall permafrost stability. The temperature of the
snow at the snow-atmosphere interface is relatively low due to high albedo, emissivity and
exposure to wind (Cline, 1997; Marshall et al., 2003; Zhang, 2015). The extremely low thermal
diffusivity of the snowpack due to its high air content restricts the diffusive heat fluxes from the
ground to the atmosphere (Cohen, 1994). As a result, permafrost tends to be warmer in areas of
higher snow accumulation and becomes more susceptible to temperature changes and consequent

degradation (Jafarov et al., 2018). Snow cover, stratigraphy and physical properties are naturally
12



changing throughout the season as a result of climate-driven metamorphosis (Pomeroy and Brun,
2001), however, these natural processes are likely to be affected by climate warming and the
implications on ground thermal regime and permafrost stability has not been exhaustively

explored.

This study aimed to increase the understanding of the efficacy of ground cooling systems
designed to stabilize permafrost in a peatland-dominated region of thawing, discontinuous
permafrost. The overarching research question was: What is the most efficient design in a highly

saturated peatland environment?

This investigation was conducted in three stages which addressed the following
considerations. In the first stage of the study the two-phase, passive models were installed which
were later replaced by a single-phase model with enhanced circulation (active), followed by a
cluster of four single-phase, active thermosyphons. During this stage it was determined that
operating fluids in two-phases are less efficient at heat transfer that in a single phase. Although
the individual effects of physical properties of the operating fluids (two-phase) and principles of
operation (active) on heat transfer were not decoupled in the single-phase, active thermosyphon,

the results established a rational direction for the advancement of the models.

The second phase of the investigation evaluated the effects of snow on the ground thermal
regime as well as on the single-phase, active thermosyphon. This model was selected because it
has been determined to be more efficient at heat transfer than the two-phase passive design
which justified further upgrade investigation. It was conjoined with the snow shading cone to
reduce the insulating effect of snow. 4 equivalent snow shading cones were installed at different

locations along the seismic line representing sites of lower and higher saturation.
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In the third phase two single-phase, passive coaxial designs were compared: with and without
inner pipe insulation to investigate the lateral thermal gradients within the thermosyphon and the

concomitant overall efficacy.

The specific objectives of this study were to: (1) assess the efficiency of 5 thermosyphon
designs and configurations along the seismic line: a) two-phase, passive7, b) single-phase,
activel, c) single-phase, active4, d) non-insulated coaxial, and e) insulated coaxial; (2)
evaluate the insulating effect of snow on the ground thermal regime along the seismic line by
removal and reduction of the snowpack; and to (3) investigate the combined cooling efficiency
of a single phase thermosyphon conjoined with a snow shading cone (single-phase, active with

cone).

2. Study Site

The Scotty Creek Research Station (61.18°N, 121.18°W) is located approximately 50 km
south of Fort Simpson, NT, and it is situated at the southern limit of the zone of sporadic-
discontinuous permafrost within the Scotty Creek watershed (Figure 1a). The watershed covers a
152 km?area in the lower Liard River valley (Figure 1b). The headwaters of the Scotty Creek
watershed are characterized by upland moraines (48%), raised permafrost plateaus (20%),
ombrotrophic bogs (19%), channel fens (12%), and lakes (2%) (Chasmer et al., 2014). In this
zone, permafrost thickness is on the order of 10 m (Burgess and Smith, 2000), isothermal around
0°C (Kwong and Gan, 1994), and remains relatively warm throughout its thickness, emphasizing

susceptibility to climate change.

The area of the Scotty Creek Research Station comprises three main land cover types

closely related to permafrost distribution (Quinton et al., 2009). These landcover classes are:
14



(1) forested peat plateaus underlain by permafrost, elevated approximately 1-2 m above the
surrounding wetland and dominated by black spruce trees (Picea mariana), ericaceous shrubs
(e.g. Rhododendron groenlandicum), lichens (Cladonia spp.), and mosses (Sphagnum spp.);

(2) ombrotrophic bogs- permafrost-free water storage features varying in size and level of
connectivity, dominated by mosses (Sphagnum balticum and S. magellanicum); (3) riparian
channel fens- permafrost-free drainage corridors, dominated by sages (Carex spp. and
Eriophorum spp.) (Garon-Labrecque et al., 2015). Peat deposits in this region range from 2-8 m
in thickness and overlie a silty-clay to clay-rich glacial till (Connon et al., 2015; McClymont et
al., 2013). All three land cover types have distinct thermal and hydrological regimes and play
important roles in routing water through this environment. The wetland is also affected by
anthropogenic impacts, which influence the hydrologic network. There are two seismic lines
dating back to the 1960s and 1980s and two winter roads incised through the landscape (Figure
1c). Their level of post disturbance recovery varies. Permafrost thaw in this region has been very
rapid (Robinson & Moore, 2000); in 1947 it occupied approximately 70% of the Scotty Creek
headwater area but had decreased to approximately 43% by 2008 (Quinton et al., 2011). As the
permafrost below plateaus thaws, the plateau ground surface subsides and becomes inundated by
the adjacent wetlands. This process results in the conversion of forest to wetland (Lara et

al., 2016; Quinton et al., 2011; Zoltai, 1993).

A section of seismic line approximating 500 m in length was used for this study (Figure
1c), representing a linear disturbance on various landcover types. Two thermosyphon
experimental sites were established: East site and West site, with an approximate distance of 200
m between them. Four additional locations were selected for the stand-alone snow shading cones

which controlled snow accumulation patterns on the ground (Figure 1c).
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East site was established in 2013, approximately in the middle of the seismic line that
traverses a peat plateau, approximately 100 m from the fen (Figure 1c). The area was vegetated
by a mixture of mosses (Sphagnum spp.), shrubs (Rhododendron groenlandicum), lichens
(Cladonia spp.), and some sparse tree seedlings (Picea mariana). It exhibited early stages of
vegetation recovery as evidenced by the presence of hummocks facilitating germination and

subsistence of shrubs and tree seedlings.

The vegetation recovery of the seismic line in the East-West direction appears as a gentle
meandering of the seismic line which, when first incised, was a straight line. However, seismic
lines are highly dynamic pathways for subsurface water flow (Braverman and Quinton, 2015)
and therefore permafrost recovery in the East-West direction is highly unlikely. There are
isolated areas on the south facing slopes of the seismic line (North-South direction) which
facilitate localised aggradation of permafrost owing to high insulating properties of dry peat.
However, because this aggradation is site specific and the stability of the new formed permafrost
is not exhaustively explored, it does not constitute the recovery of the seismic line on a larger

spatial scale.

East site is typically fully saturated at the end of the summer season with the water table
at approximately ground surface level. No permafrost was detected with a 1.5 m probe within 2
m radius of the experimental setup at the end of August 2018. The designs installed on East site
between 2013 and 2019 were: (a) two-phase, passive, 7-thermosyphon configuration, (b) single-
phase, active thermosyphon, (c) single-phase, active, 4-thermosyphon configuration, (d) single-
phase, passive, coaxial, non-insulated thermosyphon, and (e) single-phase, passive, coaxial,

insulated thermosyphon.
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West site was established in 2018, approximately 200 m west from the East site, on the
elevated north edge of the seismic line adjacent to the peat plateau. This site was selected due to
the closed talik present on the edge, which was connected to the suprapermafrost lateral talik of
the lower in elevation central channel of the seismic line. The design installed on West site was
the single-phase, active thermosyphon conjoined with the snow shading cone. The combination
of the site elevation of the north edge of the seismic line (approximately 50 cm above the central
channel of the seismic line) and the south-facing orientation was conducive to drainage and
desiccation of the top peat layer. In late August 2018 permafrost table was recorded with the 2 m
permafrost graduated probe at 137 cm below the ground surface and water table was at 70 cm
below the ground surface delineating a 67 cm thick saturation zone. Vegetation was of the same
composition as at the East site but with a higher concentration of lichens (Cladonia spp.). When
dry, highly porous peat adopts extremely low thermal diffusivity of air and becomes a very
effective insulating agent (Moore, 1987), however, proximity to the seismic line promotes talik
formation within peat plateaus due to the high saturation of the seismic lines which are acting as
water channels and consequently supply a lot of heat to the adjacent plateaus through advection
(Braverman and Quinton, 2015). At West site the combined effects of subsurface water flow and
preferential snow accumulation resulted in the formation of a talik, which was approximately 3

m long, 2 m wide and 1.6 m deep.

Conel was situated at the centre of the seismic line transecting a plateau, about 20 m
west from the fen. The vegetation was dominated by mosses (Sphagnum spp.) and shrubs,
predominantly Labrador Tea (Rhododendron groenlandicum). Some hummocks and irregularly
scattered seedlings of black spruce (Picea mariana) were present indicating a degree of recovery

of the seismic line; however, no permafrost was detected with a 1.5 m probe. Depth to the water
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table was approximately 18 cm below the ground surface at the end of August 2018. Cone2 was
also located in the middle of the seismic line adjacent to the peat plateau, about 30 m west from
Conel. Depth to the water table was approximately 23 cm below the ground surface at the end of
August 2018 and there was a mature tree (Picea mariana) located approximately 60 cm
northeast. At the northeast edge of the cone isolated permafrost patch was detected at 62 cm
below the ground level (proximity to the tree), everywhere else at this location it was
undetectable with a 1.5 m probe. Cone4 was located on the north-facing slope of the seismic line
about 25 m west from West site. The vegetation included shrubs, predominantly Labrador tea
(Rhododendron groenlandicum), lichens (Cladonia spp.) and small black spruce tree seedlings
(Picea mariana). Isolated permafrost patch was detected 70 cm east from the cone, at 80 cm
below the ground surface, whereas everywhere else within a 2 m radius from the experimental
setup it was undetectable with a 1.5 m probe. Water table was non-discernible. Isolated patches
of permafrost at Cones 2 and 4 are most likely due to the sparse raised hammocks overlaid with
dry peat which acts as an efficient insulator. Cone5 was located at the south-facing edge of the
seismic line adjacent to the bog, approximately 150 m west of Cone4. No permafrost was
detected with a 1.5 m probe. This site was dominated by mosses (Sphagnum spp.) and sporadic
sedges (Cyperaceae spp.) Depth to the water table was approximately 15 cm below the ground

surface at the end of August 2018.

3. Methods

3.1 Thermosyphons-Design Evolution

The purpose of a thermosyphon is to increase the rate of heat loss from the ground. At
Scotty Creek, numerous designs and installation configurations have been examined for their
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efficacy in this environment (Figure 2a). The general considerations for the thermosyphon design
include physical principles governing heat transfer, types of operating substance and mechanical
principles of operation (Figure 2b). The combination of extreme seasonal climatic conditions at
Scotty Creek as well as logistical and maintenance challenges during parts of the year have
propelled the expansion of thermosyphon designs. The ongoing goal is to develop a design that

will integrate and optimize performance efficiency, durability and cost considerations.

Thermosyphon research at Scotty Creek was launched in 2013 at East site with the
installation of the two-phase, passive, 7-thermosyphon configuration (two-phase, passive7)
along the southern edge of the seismic line adjacent to the peat plateau (Figure 3a). Two-phase
thermosyphon operates under the principle of phase change of the working fluid and the
concomitant heat transfer. The basic design of a two-phase thermosyphon typically consists of a
closed-ended tubular vessel partially filled with a working fluid. The vapor phase of the working
fluid fills most of the interior of the vessel, with the liquid phase filling the minority (Figure 3b).
Each thermosyphon of the original design consisted of a 6.10 m aluminum tube with the interior
diameter of 7.6 cm and a wall thickness of approximately 3 mm. Both ends were capped with
rigid plastic caps and sealed with silicon sealant. The tubes were filled with isopropyl alcohol up
to 10 cm in height. Thermosyphons were installed on top of the permafrost which ranged
between 180-218 cm from the ground surface, with the average distance of 200 cm from the
ground surface. Eight thermistor sets (Campbell Scientific 109 series) were installed adjacent to
the thermosyphons (Figure 3a) (red circles). All thermistors used in this study had a +0.2 -C
margin of instrumental error. The distance between thermistors and the nearest thermosyphons
ranged between 14-26 cm, with an average length of 20 cm. Thermistors were attached to plastic

poles, which were inserted into the ground. Each pole had three thermistors attached to it at 5, 10
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and 15 cm from the bottom of the pole, their distance from the ground surface was 185, 190 and
195 cm. All data was recorded using Campbell Scientific dataloggers (CR Series) with a

measurement interval of 60 seconds and averaged data output every 30 minutes.

In August of 2016 one of the original thermosyphons (6) was replaced with a single-
phase, active design (single-phase, activel). The 3.05 m aluminum tube was filled up with a
glycol-based coolant (commercial antifreeze), resulting in a single-phase thermosyphon. At the
bottom of the pipe a mechanical pump was installed to increase the circulation rate of the coolant
(Figure 4). This design operated under the physical principle of thermal diffusion (Soret Effect)
propelled by temperature driven density changes of the coolant (Rahman and Zaghir, 2014) and
radiative heat transfer to the atmosphere. The differential temperature and density of the fluid
within the pipe induce convection which is greatly enhanced by the addition of a pump,

consequently enhancing the rate of heat transfer, which is directly proportional to fluid velocity.

In August of 2017 three more thermosyphons (4, 5 and 7) were replaced with a single-
phase, active design equipped with an upper pump, creating a 4- single-phase thermosyphon
configuration (single-phase, active4). The installation of the pump at the upper section of the
thermosyphon allowed for the ease of access and maintenance. In August of 2018, at the West
site a single-phase, active thermosyphon equipped with an upper mechanical pump and the snow
shading cone was installed (single-phase, active with cone) (Figure 7b). The purpose of the
snow shading cone was to prevent the accumulation of snow at the ground surface. The
thermosyphon consisted of a 3.05 m aluminum tube with the interior diameter of 8.2 cm and the
outside diameter of 8.9 cm. Both ends were capped with rigid plastic caps and sealed with silicon
sealant. The tubes were filled with glycol-based coolant (commercial antifreeze) up to

approximately 20 cm from the top ridge. The base of the thermosyphon was installed on top of
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the permafrost at approximately 137 cm below the ground surface. The snow shading cone was
made of galvanized stainless steel. It had a diameter of 1m and was mounted on top of the
thermosyphon, approximately 50 cm above the ground, with the thermosyphon passing through
the top opening of the cone (Figure 5a). 3 sets of thermistors were installed at the experimental
site (Figure 5b). All thermistors were attached to the plastic poles which were inserted into the
ground. 5 thermistors (Campbell Scientific 109) were installed at the thermosyphon wall (A) at
depths of 5 cm, 25 cm, 50 cm, 70 cm and 80 cm from the ground surface (Figure 5b). This set
was monitoring the vertical ground temperature profile adjacent to the thermosyphon within the
seasonally frozen layer range. Another set of thermistors (Campbell Scientific 109) was installed
approximately 25 cm away from the thermosyphon (B), at 5 cm, 25 cm, 50 cm, 100 cm, 120 cm,
130 cm and 140 cm from the ground surface. This thermistor set was installed to monitor the
vertical ground temperature profile under the cone but at a distance from the thermosyphon wall.
A pre-existing set of thermistors (Campbell Scientific 109) at depths of 10 cm, 50 cm, 75 cm,
100 cm and 145 cm from the ground surface (C), approximately 100 cm away from the snow
shading cone was considered the control site (Figure 5b). All data were recorded using Campbell
Scientific dataloggers (CR200) with a measurement interval of 60 seconds and averaged data
output every 30 minutes. The site was equipped with the wildlife camera (Reconyx UltraFire Xr6

Covert IR Game Camera) to monitor snow accumulation patterns.

At the beginning of February 2019 two new single-phase thermosyphon designs were
installed on East site: single-phase, passive, insulated coaxial and single-phase, passive, non-
insulated coaxial (insulated coaxial, and non-insulated coaxial). Each consisted of a coaxial
pipe 3 m in length. The diameter of the external aluminum pipe was approximately 7.6 cm and

the diameter of the internal PVC pipe was approximately 2.5 cm. The internal pipe featured 5 cm
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parallel slots at the bottom. Both thermosyphons were filled with glycol-based cooling liquid
(commercial antifreeze). The insulated co-axial design had foam insulation secured with
adhesive tape around the interior pipe, while the non-insulated co-axial design was insulation-

free (Figure 6a, b).

Both designs were passive and operated under the physical principle of thermal diffusion
(Soret Effect) and radiative heat transfer. In these designs the cooled, dense liquid sinks to the
bottom of the tube along the walls of the outer tube displacing the warmer fluid through the
grooves of the inner tube (Figure 6). Insulation of the inner tube in the insulated coaxial design
facilitates larger lateral thermal gradient between the liquid in the inner tube and outside of it,
allowing for more efficient gravitational cycling and heat transfer to occur throughout the winter
season than in the non-insulated coaxial. In the absence of insulation some of the heat is lost
from the inner tube to the liquid outside of it and the lateral heat gradient is lowered. Conversely,
both systems deactivate when subsurface temperatures are lower than the air temperature and
below ground cooling liquid is cool and dense. Each thermosyphon had a set of thermistors
(Campbell Scientific CR series) attached outside of the exterior thermosyphon tube at the ground
surface, at 25 cm, 50 cm, 75 cm, 100 cm, 125 cm and 150 cm below the ground surface. All data
were recorded using Campbell Scientific dataloggers (CR300) with a measurement interval of 60

seconds and averaged data output every 30 minutes.

3.2 Snow Exclusion Experiment

Four stand-alone snow shading cones were installed along the seismic line at four sites
(Figure 1c). The cones were designed to prevent snow build-up on the ground directly under

them. The snow was deposited on the sides of the cones but in two instances (Cones 1 and 5) it
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eventually covered the opening to the atmosphere and prevented air circulation, essentially
decoupling temperatures outside and under the cones. Each cone was custom made with
galvanized stainless steel. The cone diameter and height were 1 m and 0.6 m respectively. The
top of each cone had a 10 cm opening to allow air circulation and a smaller cone with a 25 cm
diameter was attached above it on a round steel frame to prevent snow accumulation under the
cone through the top opening (Figure 7a). The average distance between the ground and the cone
base was approximately 50 cm. A pre-existing set of thermistors, located approximately 1 m
from the snow shading cones, was present at each site. The installation of the original thermistor
sets was contingent on the past permafrost presence, therefore the depths differed from the sets
installed for the snow shading experiment, which targeted upper layer of the soil profile at 5 cm,
25 cm, 50 cm, 70 cm and 80 cm below the ground surface. Intra-site assessment of both sets of
thermistors was evaluated based on depth compatibility. The locations of the snow-shading
cones were selected to represent natural spatial variability observed along the seismic line
including differences in aspect (north-facing, south-facing and centrally located), topographic
position and proximity to adjacent wetlands. Cone5 was equipped with the wildlife camera
(Reconyx UltraFire Xr6 Covert IR Game Camera) to monitor snow accumulation patterns and
snow drift since this was a relatively open location compared to other sites. There was a pre-
existing set of temperature sensors (Campbell Scientific SR50) outside Coneb, located at the
ground surface and at 10 cm, 30 cm and 50 cm above. This set was used as a proxy to estimate
snow depth at Cone5, as proposed by Danby and Hik, 2007. This method compares temperature
measured in the atmosphere and beneath the snow surface. When the atmospheric temperature
(measured at the Fen MET station) was comparable with the temperature at a given sensor

(within 2 °C) the inference was made that there was no snow at that height, according to the
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method proposed by Lewkowicz, 2008. The results were confirmed by digital images taken by
the wildlife camera which captured the sensors and snow cover development relative to them. On
3 February 2019 accumulated snow was assessed and systematically removed from each cone

and within 1 m radius of the rim.

3.3 Assessment of the simple 1-D heat conduction model (Braverman) and freezing

front development analysis

A 1D Heat Conduction Model (Braverman, Personal Communications, 2017) was used to
evaluate the depth of frozen ground under cones 1 and 2. The model computes the temporal and
spatial (1D) progression of 0 ° C isotherm (corrected for zero-point depression of -0.2 °C) as a
function of heat transfer, which is controlled by soil properties, boundary conditions and
atmospheric forcing. The zero-point depression value varies between -0.14 °C and -0.24 °C, as
proposed by Quinton et al., 2005, and depends on water content, soil matrix (porosity) and water

chemistry.

Results and Discussion

4.1 Thermosyphons

4.1.1 Two-phase, passive7

The control site outside of the experimental setup recorded average ground temperature
of 0.1 °C at 2.0 and 2.5 m for 3 consecutive winters which is typical for this type of terrain
(Tarnocai and Stolvoboy al., 2006). The original configuration of 7 two-phase thermosyphons
did not yield any significant temperature decrease during the winters of 2013 to 2015 (Figure 8)

and the temperatures between 2.2-2.4 m depth remained at approximately 0 °C (0.2 °C). This is
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likely the result of a very low latent heat exchange rate (44.0 kJ/mol) and low heat capacity (0.58
kcal/kg C at 10 ° C) of isopropyl alcohol, which resulted in small temperature gradients between
the liquid phase in the thermosyphon and the adjacent ground. A larger volume of isopropyl
alcohol would have increased the efficiency of heat transfer. Additionally, the possible formation
of homogenous, binary mixture of isopropyl alcohol and water in the vapour or liquid phase
might have contributed to the lower heat exchange rate between the thermosyphon system and
the surroundings. Although at the time of installation the tube was capped and sealed, it is very

likely that over time it became permeable to air which was the source of water.

4.1.2 Single-phase, activel

In February 2017, six months after the installation of single-phase, activel the
temperature at 0.25 m from thermosyphon 6 was approximately -1.0 °C (x0.2 °C), (Figure 8) at
depths of 2.2-2.4 m. Thermistors outside of the experimental set-up recorded the temperature of -
0.1°C (0.2 °C) and there was a comparable snow cover present in both years. It is noteworthy
that the temperature remained at approximately 0°C during the following summer, whereas in the
preceding years it peaked on average at approximately 1.5 °C (Figure 8). These results showed
that single-phase, active design was more effective than the two-phase, passive design. The
enhanced convection and a more efficient latent heat exchanges of the operating substance

(glycol-based antifreeze) are the likely causes.

4.1.3 Single-phase, active4

In August 2017 the configuration expanded to four (three more replaced from the original
single-phase7 configuration) with the pump installed at the upper section of the tube in each

thermosyphon. In December 2017 ground temperatures at depths between 2.2 and 2.4 m further
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decreased to approximately -2.0 ° C (0.2 °C), (Figure 8), suggesting a synergistic cooling effect.
As temperature gradients were created, heat fluxes increased leading to lower ground
temperatures. The installation of the upper pump allowed for expedient accessibility and

maintenance.

4.1.4 Single-phase, active with a cone

The purpose of a single-phase, active, pump-operated thermosyphon conjoined with a
snow-shading cone (installed in the fall of 2018) was to explore the combined effects of forced
convection (pump-enhanced movement of heat-carrying liquid) and the absence of snow
insulation on ground cooling. Temperature time series were analyzed for three sets of
thermistors: at the tube (A), 25 cm away from the tube (B) and outside of the experimental area,
approximately 1 m away from the snow-shading cone (Figure 5b). There was a period of battery
failure and consequent pump shut down estimated for December 2018 and January 2019. The
design failed to provide consistent snow-free area and by the end of December ground surface

under the cones was thoroughly insulated.

Considering those circumstances, the data were analysed in relevant intervals: from the
installation till the end of November (pump and snow-free, as determined by the images from the
wildlife cameras) (Figure 9c); December (no pump but ground remained snow-free)(Figure 9d);
January (no pump and snow insulation)(Figure 9e); February and March (pump reactivation and
snow removal)(Figure 9f, g). From the onset of consistent sub-zero °C temperatures within the
soil profile at the end of October, 2018 until mid April, 2019 the temperature patterns at each
depth were similar and the averaged magnitude variations between 5 depths (5 cm, 25 cm, 50

cm, 70 cm and 80 cm) were 0.4 ° C indicating consistency of heat transfer along the tube (Figure
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9a). In mid November the temperatures along the tube reached a range of -6°C to -7.3°C. In
December the ground under the thermosyphon remained only partially snow-covered which

allowed for air circulation under the cone.

Despite the pump shut-down during the month of December, there was a decreasing
ground temperature trend as evidenced by the slope of the line of best fit: y = -0.1249x + 5422.7
(Figure 9d) due to combined effects of natural convective heat transfer within the thermosyphon
and ground heat loss through the snow-free surface. In December the lowest ground temperatures
reached a range of -7.4 °C -(-8.3 °C). In January the ground became insulated by snow and
although at the beginning of January the temperatures decreased to the range of -8.3°C t0 -9.3 °
C the rate of heat transfer was impeded as evidenced by the slope of line of best fit y = -0.0767x
+ 3327.5 (Figure 9e). At the beginning of February, the snow was removed from around the cone
(approximately 70 cm in depth) and the pump was reactivated. Within two days, the
temperatures reached their minimum seasonal values in the range of -13.3 °C to -14.2 °C. These
findings emphasize the implication of snow in the efficacy of ground cooling systems and can
inform future installation considerations for individual projects. We also hypothesize that snow
compaction due to in-situ investigative activity in February 2019 increased thermal conductivity,
which might have contributed to increased rates of ground cooling. The thermal conductivity of
snow varies mostly with density, but also with crystalline structure and grain to grain contact.
When compacted, air is forced out of the snow matrix and it becomes denser with higher ratio of
grain to grain contact, allowing for the ground heat to be conducted more easily. Typically, fresh
snow has the density between 50-100 kg m=. Compacted snow could be between 300-500 kg
m-3 and up to 550 kg m™3, if some of the snow was melted and refrozen. This could result in the

increase of snow thermal conductivity between 1-2 orders of magnitude.
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The lowest temperature recorded at the depth of 140 cm below the ground level at a 0.25
m distance from the thermosyphon was -2.7 °C in January 2019, however, no later record was
available. Despite pump failure in December natural convection facilitated a consistent decrease
of ground temperatures, however, the combined effects of pump-facilitated forced convection as
well as reduction of snow cover around the thermosyphon allowed for the highest rate of ground
heat transfer. An average temperature at the tube for all depths, for the winter season (mid Oct
2018-late Feb 2019) was -5.1 °C. At the end of August 2019 there was frozen ground present
around thermosyphon/cone system at the depth of 70 cm below the ground surface ranging in
radial distance from the edge of the cone from 55 to 90 cm. These results have been compared to
previous approach proposed by Melnikov, et al., (1981) to calculate freezing radius for an Ideal

Thermosyphon without Thermal Resistance which can be computed using expression (1):
Ro =0.9%/dh? (1),

where Ro is the limiting radius of ground freezing, d is the diameter of the thermosyphon, and
h is the depth of the active layer. The predicted freezing radius ranges between 27.8 to 30.8 cm
for h values of 60 and 70 cm. The average freezing radius recorded at the end of August 2019

was 70.1 cm, which is approximately 2.4 times greater than Melnikov's approach.

During the following winter 2019/2020 the average temperature at the thermosyphon
tube for all depths was -6.2 °C. However, due to the differences in the performance of individual
components of the system (pump, battery) and research activity (timing of snow
removal/compaction) in both years, it is impossible to conclusively determine the progression of
performance of this system and the systematic rate of ground temperature changes. Nevertheless,
these results suggest that it might be possible to re-establish permafrost within the talik using
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ground cooling systems. To classify the ground as permafrost at Scotty Creek, it must remain at
or below the temperature range between -0.14 °C and -0.24 °C (freezing point depression
values) for at least two consecutive years. Considering the natural, site-specific permafrost
aggregation dependent on presence of overlying dry peat, vegetation and south-facing aspect, it
might be possible in the future to target locations that are likely to support natural permafrost
aggradation. In the context of climate change, it might be possible to use thermosyphons to lower
ground temperatures, for example in places that are undergoing desiccation, and remove them

when natural conditions become sufficient to support permafrost.

4.1.5. Insulated and non-insulated coaxial

The performance of both insulated and non-insulated single-phase, passive, coaxial
thermosyphons was assessed after a 6-week period after the installation at the beginning of
February/2019 (Figure 10). The coaxial thermosyphons operate under the principle of natural
advection with the guided fluid routing. In previously discussed designs the movement of
operating fluids (isopropyl alcohol liquid and gaseous phase, and glycol-based coolant) is
unrestrained, which can give rise to turbulent flow and decreased efficiency of heat transfer. The
inner pipe in the coaxial design has a dual purpose, it separates the rising and sinking liquid
generating lateral thermal gradients and facilitates routing of the moving fluid decreasing
turbulent mixing.

Shortly after the installation the insulated coaxial achieved lower temperatures at 75 cm
below the ground surface than the non-insulated coaxial (Figure 10a) due to more defined lateral
gradients within the thermosyphon and more efficient heat transfer. The temperature profiles

were converging for both designs during the 6-week period and in mid-March both designs
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reached similar thermal profiles (Figure 10b). As the ground cools the thermal gradient between
the inner and outer tubes in the insulated thermosyphon decreases and the rate of gravitational
cycling approaches that of the non-insulated thermosyphon. The average temperature profiles for
both thermosyphons for February and March (Figure 10c) also demonstrate the convergence of
temperature trends although more studies are needed to investigate time-evolution of thermal

processes for both designs.

4.2 Snow-shading cones

4.2.1. Inter-site evaluation (between the groups)

All cones were grouped according to the snow accumulation patterns. Conel and Cone5
appeared entirely covered by snow by February 2019, whereas Cone2 and Cone4 were only
partially covered. There was a visible snow-free area around Cone4 (approximately 4 cm wide
and 60 cm long) that allowed for air circulation and consequent temperature coupling under and
outside of the cone. Similarly, there was a direct coupling of temperatures under and outside of
Cone2. Thermal offset between the temperature of the air outside of and under the cone can be
used as a snow insulation proxy (Figure 11a, b), with the high offset indicating ground insulation
(Figure 11a). Average monthly temperatures under the cones illustrated inter-site characteristics
(Figure 11c). For the period of August 2018/March 2019 Cone2 and Cone4 showed similar
temperature profiles, whereas Conel and Cone5 displayed similar trends only after January.
Between November and January, Conel and Cone5 exhibited similar temperature trends but of
different magnitudes. These differences can likely be attributed to snow accumulation patterns

around the cones and consequent variations in ground insulation.
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The average temperature differences for Conesl (snow covered) and 2 (reduced snow),
for the period of August/2018-March/2019 ranged between 1.2 °C at the ground surface and 0.7 °
C at 80 cm below the ground surface. (These cones are used for comparison because of
physiographic similarities of both locations). There was frozen ground present at the end of
August 2019 at Cone2 only however, the difference in temperatures is not only reflective of soil
response to air temperature but as the moisture was moving towards the freezing front at Cone2
at lower depths, some of it froze and latent heat released increased the temperatures od the soil

profile.

4.2.2 Intra-site evaluation (within each group)

Temperature profiles under cones 1 and 5 exhibited similar trends after the snow removal
at the beginning of February (Figure 12a, b). Prior to February 2019 the temperature profile for
Conel appeared stable whereas for Cone5 it appeared to fluctuate which could be attributed to
early snow accumulation patterns. Cone5 was situated in a relatively open area and visual images
from the wildlife camera provided qualitative evidence that snow accumulation patterns at both
cones differed significantly. Cone5 was subjected to frequent snow drifts and snow accumulation
was less substantial as compared to more sheltered areas, such as Conel, which reduced the
thermal insulation of the snowpack. Although location of Conel was not equipped with a
wildlife camera, locations of cones 1 and 3 were comparable in terms of vegetation and
microtopographic shelter. Cone3 was equipped with wildlife camera and therefore after
comparing visual images for cones 3 and 5 the inference can be made that Conel had higher

depth of accumulated snow around it than Coneb.
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It was estimated that snow depth at Cone5 remained below 50 cm for most of the season,
whereas at Cone3(West site) it was estimated between 80-100 cm at the end of December. Cones
2 and 4 exhibited similar temperature profiles during first season (Figure 12c, d). Thermal offset
between air temperatures under and outside of the cones was low (Figure 11a), it was evaluated
by considering the annual air temperature ranges under and outside of the cones and expressing
the difference between them as a percentage of the outside range. The average difference
between both temperature ranges was 3.4% for Cone2 and 3.2 % for Cone4. These results
suggest a very good air exchange under the cones. At the end of August 2019 there was a 15 cm
thick frozen layer around both cones at a depth between 60-75 cm below the ground surface. The
radial distance of the frozen ground was on average approximately 50 cm from the edge of the

cone. There was no frozen layer around cones 1 and 5.

During the 2018/2019 winter season (Oct/2018-Feb/2019) the average temperatures for
Cone4 at 5, 25, and 50 cm were -2.1°C, -0.5 °C and -0.004 °C respectively. In the following
winter 2019/2020 those temperatures further decreased to -3.6 °C, -2.1 °C and -0.32 respectively
(Figure 12¢). Similar trend was noted for Cone2 with temperatures at 5 cm decreasing from -2.7
°Ct0-5.1°C, at 25 cm from -0.9 °C to -2.3°C and at 50 cm from 0.01 °C to -0.5°C. The
differences in magnitudes between the cones are most likely attributed to different snow
accumulation patterns. Both cones were installed in sheltered areas along the seismic line
adjacent to peat plateaus however, Cone4 was installed under a mature tree (Picea mariana),

where expected snow interception and redistribution are likely to affect accumulation patterns.
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4.2.3 Evaluation of 1-D heat conduction model for calculating depth of freeze at

Conel and Cone2

Depth of freeze estimated by 1-D heat conduction model (Braverman, Personal
Communications) for cones 1 and 2 was 47 cm and 63 cm, respectively (Figure 13a, b). It was
impossible to confirm the exact predicted freeze depth due to a lack of instrumentation at those
depths and +0.2 ° C margin of instrumental error, however, these results are consistent with the
in-situ temperature measurements. At the end of August 2019 there was a 15 cm thick frozen
layer around Cone2 at the depth between 60-75 cm below the ground surface, which is consistent
with the predicted depth of freeze. The radial distance of the frozen ground was on average

approximately 50 cm from the edge of the cone.

4.2.4 Ground insulation under Cone5 and under direct snowpack

An observed difference between the ground temperatures directly under the snowpack
(B) and under a snow-covered Cone5 (A), (Figure 14a) suggests increased insulation under the
snow-covered cone (Figure 14b). As the cone became entirely covered by snow (including the
bottom part between the base and the ground, and the top opening) air exchange was prevented.
The heat flux transmitted from the ground warmed the air above the surface which remained
trapped under the cone for the duration of the snow-insulated period. Considering low thermal
diffusivity of air and snow insulation of the cone, the dissipation of heat from under the cone was
impeded and the snow-covered cone insulated the ground more than the snowpack itself.
Average temperatures at the ground surface under the snow-covered cone were 1.8 °C warmer
than under the snow outside of the cone, with the maximum difference of 3.0 °C. Implications of

these findings can inform future snow-shading designs. Distinct annual heat transfer processes
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were observed under the cone during the snow-free period, indicated as intervals I, I1, 111, IV.
(Figure 14 b). During the initial period (I) from the end of August 2018 until mid November
2018 before stable snowcover was established, the ground temperature under the cone appeared
lower and less fluctuating than outside of the cone. The cone was shielding the ground from
direct solar radiation which is the most likely reason for this temperature difference. During
phase (I1) from the end of November 2018 till the end of December/2018 both temperatures
converged. At that time the cone became gradually covered by snow, which allowed for
stabilization of ground temperatures outside of the cone by inhibiting the ground heat fluxes.
During the snow-insulated period there was a characteristic thermal offset between the
temperatures. Ground temperatures under the cone increased as the ground heat fluxes warmed
the air trapped under the cone and became stable when the heat fluxes diminished. Snowcover
was removed from around the cone at the beginning of phase (I11) and temperatures converged
between mid February 2019 and mid March 2019. During phase (1V) temperatures outside the
cone started increasing due to unusually warm air temperatures during March 2019 and the
following seasonal warming, whereas ground level under the cone experienced an extended zero-
degree curtain period most likely due to shading preventing direct solar radiation. Exploring
these processes is recommended to better understand the thermal characteristics of a snow

shading cone under a range of climatic conditions.

4.2.5. Preliminary snow insulation assessment

The interpretation of snowpack evolution can be achieved by evaluation of temperatures
recorded by vertical array of sensors (Danby and Hik, 2007; Lewkowicz, 2008). At Cone5

seasonal convergence of air temperatures and temperatures at 50 cm above the ground suggest
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that snow cover at that location was less than 50 cm in depth. There were no wildlife camera
records available to confirm this after the beginning of January due to battery failure. Short
periods of decoupling between ambient air temperatures and temperatures at 50 cm above the
ground level were likely due to snow-drifting events and/or possible instrumental differences
between temperature sensors outside of Cone3 and at the MET station. However, thermal
profiles at 10 and 30 cm above the ground surface exhibited recurrent thermal offsets which

indicates presence of snow (Figure 15).

During the month of January, the thermal offset between the air temperature and at 30 cm
above the ground level was the greatest. At that time temperature at 10 cm below ground level
appears most stable despite air temperatures fluctuations (STDEV.S=0.29), which suggests that

during this period snow insulation was the strongest.

4.3 Recommendations

Although thermosyphon technology has been used to suit a range of applications for over
60 years and its purpose is well acknowledged, the alarming rate of climate change in the North
emphasizes the importance of new mitigation and adaptation strategies. The increasing
geographic accessibility that accompanies warming climate enables expanding resource
exploration and development of the North, simultaneously challenging pre-existing
infrastructure. Considering the increasing demand of ground thermal stabilization technologies,
the novel ground cooling systems must integrate performance and deployment efficiency,

maintenance accessibility and cost considerations.

Our evaluation of seven freezing systems emphasizes the importance of case-based

approach with careful consideration of individual application goals and environmental
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conditions. In the case of the single-phase, active thermosyphon conjoined with a snow shading
cone, the soil profile with direct shading was subjected to a large vertical temperature gradient
formed in the absence of snow. This suggests that at the beginning of the cold season there was a
significant vertical upward energy flux within the seasonally frozen layer of approximately 60
cm below the ground surface. We recommend detailed investigation, both laboratory and in situ
to further explore the thermal gradients resulting from snow removal and thermosyphon

operation.

We propose that the heat transfer and subsequent density changes affect only the volume
of the coolant adjacent to the thermosyphon wall and we recommend further studies of the extent

of those changes.

The stand-alone snow shading cone can shield the ground from direct solar radiation
hindering ice thaw in early spring and evaporation and desiccation in the summer. It could
potentially warm up on a clear, sunny day and when surrounded by thick vegetation, create a
localized warmer area which would be detrimental for permafrost stability. Further investigation
of the processes governing heat fluxes above the ground under the cone, such as turbulent
movement of air and heat exchanges between the cone material (e.g. steel, aluminum, etc.) and
the atmosphere is recommended to inform future designs. We have demonstrated that snow
accumulation patterns around the cones have significant effect on ground cooling however,
structural limitations of the design prevent more effective snow exclusion and require future
development and improvement. We recommend an auxiliary system that could aid in snow

elimination in future designs. Depending on site specific conditions these systems could include
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snow fencing around the cones, overhanging tarp coverings and dark cone screens. Larger cone

designs are also a possibility however, logistic limitations must be considered.

The coaxial designs are showing promising cooling capacity with no energy dependence
and minimal servicing needs making them an economically viable option for ground temperature
control and permafrost stabilization. Future research is needed to quantitatively compare both
designs and further examine their effectiveness in the changing peatland environment. Snow

removal is also recommended to further increase their efficacy.

5. Conclusions

Determining the thermal regime of the soil profile is crucial in interpreting ecosystem
responses to climate change and it is also very important in many scientific and engineering
applications. This study has shown that both passive and active ground freezing systems can be
utilized to control ground temperatures in highly saturated peat environments. We have
evaluated seven freezing systems. Single-phase active thermosyphon design conjoined with the
snow shading cone demonstrated highest ground cooling efficiency however, coaxial designs
appear to be very efficient and have no-energy dependency. We have shown that snow plays an
essential part in an annual ground thermal regime. Ground temperatures with snowpack present
were on average by 1°C warmer than those in snow-free areas, however, when interpreting those
temperature differences processes other than snowpack must be considered as well. The intra-
site variability for both groups of cones within seasonally frozen layer, between 0-60 cm, can be
attributed to snow accumulation patterns. Below 60 cm that variability is most likely due to the
presence of unfrozen moisture content. These findings confirm that snow influences ground

thermal responses directly by insulation, however other processes can offset this influence e.g.
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release of latent heat during freezing. Ground temperatures must be therefore interpreted with

that in mind.

We emphasize the importance of identifying localized geophysical and environmental
conditions as the basis for determining the most suitable cooling system for mitigation and
control of ground thermal profiles. We recommend developing a thorough understanding of
goals and expectations of enhanced ground cooling technology on an individual, case-based
approach for most efficient thermosyphon design selection. This investigation is projected to
support the development of low cost, readily-deployable ground cooling devices that may serve
to mitigate permafrost thaw and improve the adaptability of engineering designs to a wide range
of changing environmental conditions and aid in controlling ground temperatures in non-

permafrost regions that experience periodic freeze and thaw cycles.
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6. Appendix A-Figures
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Figure 1. (a) Map of the study area within Canada (Image adapted from Connon et al., 2018), (b)
Scotty Creek region. Basin boundaries represent the area of the basin gauged by the Water

Survey of Canada, (c) Study Site location within the Scotty Creek Research Station
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(b)

Figure 7. (a) Snow-shading cone, (b) Thermosyphon conjoined with a snow-shading cone
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Chapter 3: Conclusion

Northern ecosystems and their communities are facing increasing environmental
challenges and concurrent socioeconomic changes. Significant warming in the recent decades
has increased the accessibility of natural resources and economic feasibility of their
development. The growing need for efficient climate-change mitigation strategies to support new
and existing infrastructure has become a pivotal subject in future agendas of northern
development. New strategies must address changing dynamics of permafrost configuration.

This research aims to contribute to the understanding of cooling systems in peat-based
environments. The main objective of thermosyphon design evolution is to develop a system that
not only delivers the best cooling outcomes as expressed by the rate, magnitude and spatial
extent of cooling, but also considers annual site access, service availability and robustness of

energy sources (if needed).

This study evaluated the performance of seven ground cooling systems installed at Scotty
Creek Research Station, NT, between 2013-2019. These systems were: (1) two-phase, passive7,
(2) single-phase, activel, (3) single-phase, active4, (4) single-phase, active with a cone, (5) 4

individual snow cones, (6) non-insulated coaxial and (7) insulated coaxial.

We have shown that the single-phase designs are substantially more efficient in peat-
based substrates than two-phase designs. Two-phase systems are contingent on latent heat fluxes
during phase changes and are reliant on liquid-to-gas ratios, whereas single-phase systems utilize
the size of the system (larger amount of operating fluid) for energy transfer. However, it has been
suggested (Egorov, Personal Communications) that temperature changes occur only within the

thin film of operating fluid adjacent to the thermosyphon wall. Although enhanced circulation
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increases the rate of heat transfer, thermal gradients are the limiting factors of overall efficiency.
Coaxial designs focus on increasing the internal temperature gradients and improving the
effectiveness of liquid routing, consequently increasing heat transfer efficiency. After a limited
period of study these designs have demonstrated a noteworthy ground cooling capacity although
more long-term studies are needed to quantify their efficiency. Snow exclusion in conjunction
with thermosyphons creates vertical temperature gradients and increases heat transfer efficiency
as evidenced by the sudden drop in ground temperatures upon snow removal in early February

2019.

More extensive studies in a controlled environment are recommended to quantify cooling
efficiency of each system. We recommend determining a cooling coefficient of each system
which would express cooling efficiency as a function of maximum achievable heat transfer. We
emphasize the importance of thorough understanding of individual projects as well as operational

limitations prior to selection of the most suitable system.

We also would like to address the possibility of a cooling system (individual snow
shading cone) to exhibit analogous properties to a natural environmental component (tree), by
considering a question: Can a snow shading cone imitate a tree with respect to its effect on the

ground thermal regime?

Plant communities in permafrost environments, including trees, shrubs and mosses, play
a vital role in controlling the temperature of soil, and therefore the presence of permafrost. Plants
shade the soil from the warmth of sunlight, and their roots extract water leading to drier soils

which are better insulators.
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The potential similarity between a tree and a snow shading cone with respect to its effect
on ground thermal regime must be determined in the context of their individual impacts on the
energy balance at the soil surface, immediate atmospheric boundary layer and the soil profile
(active layer and below). Considering the complexity of the variables affecting the energy
balance those impacts vary in time and space. The most obvious physical similarity between a
tree stand and a snow shading cone is its capacity to shade the ground from solar radiation and
shelter it from snow. The most important source of energy is incident solar radiation (shortwave).
It can be reflected, absorbed or transmitted according to the physical properties of the medium
which constitute their albedo. Tree trunk (complex carbohydrates) has an albedo of 0.09,
whereas snow shading cone is made of galvanized stainless steel and has an albedo of 0.35,
reflecting substantially more shortwave radiation. However, albedo varies in time and space and
its value depends primarily on the amount of diffuse radiation (clear vs cloudy day), an angle of
incidence (season/aspect/shading), and to a lesser extent physical property of an object. Another
important parameter to consider is the emissivity, which depends on the temperature of an object
and the emissivity coefficient. The tree stand has a much higher emissivity (IR spectrum) (0.97)

(Birbeback and Birbebak, 1964) than the galvanized steel (new GSS- 0.28) (metal Index).

Tree emissivity varies with species (Leuzinger et, al, 2010), however conifers
(predominant species at Scotty Creek, NT) have small boundary layer resistances (Martin et al.
1999; Jarvis et al. 1976), leading to a rapid exchange of sensible heat and a large heat transfer,
which results in a close coupling between needle and air temperatures (Jarvis et al. 1976), and it
has frequently been assumed that conifer needle temperatures rarely differ from air temperature
by more than 1°C (Angell and Miller 1994; Jarvis et al. 1976; Kaufmann 1984). Since the

insolation (exposure to solar radiation) of both the tree stand and the snow shading cone affects
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the amount of energy absorbed and their consequent temperature, it influences their emissivity of
IR radiation. Due to their varying properties, the response to climatic variables of the tree stand
and the snow shading cone can vary substantially. However, those responses do not always affect
the ground thermal regime. For example, in certain circumstances even on a sunny day, high
emissivity of a tree can be counteracted by high wind speed (larger than 2 m/s) or high humidity,
since water vapor is the single most important absorber in the IR band (Petty 2006). Conversely,
depending on location and the insolation, the tree stand can be much warmer than the effective

brightness temperature of the sky (Spittlehouse et al., 2004).

It can be assumed that on a cloudy day in late summer/early fall when the angle of
incident radiation is relatively high and wind speed exceeds 2 m/s, a coniferous tree located on
the north facing side maintains approximate temperature of the air. The same can be assumed for
a snow shading cone if experiencing the same climatic conditions. It can be further assumed that
although the tree and the cone have different emissivities, their input into surface energy balance
might be comparable in such circumstances. However, they cannot be comparatively assessed
below the ground surface due to complex root system of a tree and because a snow cone does not

participate in mass exchange through the extraction of moisture.

It can be concluded that the similarities between the snow shading cone and a coniferous
tree stand with regards to their effects on the ground surface energy balance can be established

for a restricted set of climatic conditions and would require a detailed field investigation.

A similar conclusion can be reached with regards to comparison of a tree stand and a

deactivated thermosyphon.
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