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Abstract 

Snow depth is an essential climate variable critical to global energy balance, basin scale hydrology, 

vegetation change and human livelihoods. It holds special significance in Indigenous northern communities 

such as those found in Nunatsiavut, NunatuKavut and Nitassinan (Labrador) where changes to snow depth 

can be hazardous to infrastructure, travel and cultural activities. The energy exchange between snow and 

ground thermal regime is of particular concern as permafrost distribution has been found to be highly 

influenced by snow onset/melt and redistribution in Labrador. Our understanding of snow and the impact 

it has on vegetation and permafrost is hindered by large spatial and temporal gaps in snow measurement 

and biases toward urban centers that may not be representative of environmental conditions. This thesis 

expands our understanding of snow characteristics through development of a new, low-cost snow 

observation technique and through the application of a numerical model that links snow variability to 

ecosystem and ground thermal processes. 

This thesis introduces the snow characterization with light and temperature method (SCLT) for 

determining snow depth using vertically arranged light and temperature loggers. SCLT data was collected 

for one year at six remote field sites located in forest and shrub-tundra environments in eastern Labrador. 

Three different approaches to analyze SCLT data are presented and results are compared to a temperature-

only approach applied by prior studies. The results show that SCLT can definitively be used to estimate 

snow depth accurately. A sensitivity analysis is then performed using the Northern Ecosystem Soil 

Temperature (NEST) model to consider snow-vegetation-permafrost interactions in Labrador. Preliminary 

simulations at two sites in coastal Labrador show no significant ground temperature warming over 1979-

2018 at the top of permafrost/ base of the freeze-thaw layer for most snow/ vegetation conditions. Findings 

support previous research that wind scouring controls permafrost distribution at the southern end of the 

discontinuous permafrost zone. This thesis demonstrates the need to integrate snow, geomorphological and 

ecosystem science together and that measurement of snow depth in diverse environments is required to 

anticipate changes in the cryosphere in Nunatsiavut, NunatuKavut and Nitassinan. 
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Chapter 1 

Introduction 

1.1 Introduction 

Snow is a critical component in the surface energy budget, helping regulate heat exchange between 

the earth surface and atmosphere. Anthropogenically forced changes in global climate are having notable 

impacts on snow depth and duration; however, spatial and temporal snow depth variability is uncertain 

(Kunkel et al., 2016). In Canada, snow has the largest spatial extent of any component of the cryosphere 

with a corresponding influence on climate and hydrology (Brown et al., 2003). Nationally, snow cover 

duration has decreased by 5% to 10% days per decade across most of Canada from 1981 to 2015 (Fig. 1.1) 

(Derksen et al., 2019); however, natural variability can complicate interpretation of trends in snow duration, 

depth and cover at global, national and regional scales (Kunkel et al., 2016; Pulliainen et al., 2020). Factors 

such as ocean currents, elevation change, micro-climates, wind-scouring and vegetation accumulation can 

also alter the seasonality, extent, depth and properties of snow (Gray & Male, 1981). 
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Figure 1.1: Seasonal rate of snow cover fraction change (% per decade). Retrieved from Derksen et 

al. (2019). 

Snow influences and is influenced by rapid shrub growth in the tundra causing enhanced snow 

trapping, warming of ground temperatures and subsequent thawing of permafrost that favours further shrub 

expansion (Callaghan et al., 2011). The interwoven changes to snow, vegetation and permafrost will impact 

traditional Indigenous livelihoods (Pearce et al., 2015), the extent and depth of permafrost (Way & 

Lewkowicz, 2018), further vegetation growth (Sturm et al., 2001), and wildlife habitats and migration 

patterns (Berteaux et al., 2016). These basin-level changes are not represented on national-scale analyses, 

thus local networks of snow monitoring sites are needed to understand how changes to snow cover are 

linked to ecological and geomorphological processes. 
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Analysis of snow characteristics across large spatial scales (National/North American/Eurasian) is 

also challenged by measurement bias towards populated regions thus leading to reduced spatial and 

temporal representation of snow changes in the Subarctic and Arctic (Kunkel et al., 2016) (Fig. 1.2). A 

combination of remote sensing, modelling and in situ data assimilation are commonly used to gain a better 

understanding of snow changes (Bevington et al., 2019); however, both remote sensing and modelling are 

dependent on in situ measurements for validation and calibration (Goodison, 2006). In northern Canada, 

the network of in situ snow monitoring stations is sparse (Fig. 1.2) (Mekis et al., 2018), has decreased from 

2015-2020 (Mercer, 2019) and is spatially clustered in larger population centres or at airports (Goodison, 

2006). 

 

Figure 1.2: North American and European analysis of change in annual maximum snow depth 

(%/decade) for cold season periods between 1960/1961 – 2014/2015. Number of stations available for 

analysis are represented by the number in the grid-box. Retrieved from Kunkel et al. (2016). 

In Nunatsiavut, NunatuKavut and Nitassinan (within the provincial boundaries of Labrador), recent 

studies have shown that Indigenous people are particularly concerned by the impacts of climate change on 

snow conditions and what it means for their livelihoods (Cunsolo Willox et al., 2013). Unpredictable snow 

conditions have dramatic impacts on infrastructure (Callaghan et al., 2011), transportation (Hamdy et al., 

1987; O’Neill & Burn, 2017) and cultural practices (Anderson et al., 2018). Interactions between snow and 

permafrost are largely understudied, further exasperating the risks associated with changing conditions. 
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Further snow measurement is required to contextualize the influence of snow depth redistribution on 

permafrost and seasonal frost in the discontinuous permafrost zone (Barrette et al., 2020; Way & 

Lewkowicz, 2018). There are currently only two long-term (30+ years) snow monitoring stations in 

Labrador, one of which (Cartwright) has been recently discontinued (Mercer, 2019). These stations are 

unlikely to be representative of snow conditions throughout much of Labrador thus better measurement is 

needed to assess interactions between snow, permafrost and vegetation in the sporadic discontinuous 

permafrost regions (Barrette et al., 2020). 

This thesis applies a fundamental understanding of how energy is transferred through a snowpack 

to measure and understand eastern Subarctic snow cover and the influence it has on the ground thermal 

regime. We aim to reduce northern snow measurement gaps in Nunatsiavut, NunatuKavut and Nitassinan 

by proposing a novel low-cost method for measuring snow depth in remote regions. This method uses the 

light and temperature profile in a snowpack to determine the depth of snow throughout the year. In the 

second half of this thesis, I investigate the impacts of snow cover on local ground thermal regime through 

the application of a one-dimensional model at a northern and southern site of coastal Labrador mountains. 
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1.2 Background Literature 

1.2.1 Snow Fundamentals 

Snow is defined as precipitation in the form of small ice crystals, singly or in flakes (Fierz et al., 

2009), and is a critical component of local and global surface energy balance (Déry & Brown, 2007; 

Trishchenko & Wang, 2018), hydrology (Mazurkiewicz et al., 2008), ecology (Grünberg et al., 2020), 

biology (Schmelzer et al., 2020), society and economy (Gray & Male, 1981). In this research, “snow” refers 

to deposited snow, following the classification established by the ICSI-UCCS-IACS Working Group on 

Snow Classification (Fierz et al., 2009). Snow on the ground is a highly porous, sintered material that 

consists of accumulation from snowfall (snow as precipitation during a given time period) and re-distributed 

snow. 

Snow is typically described using a standard set of metrics; these include snow cover, snow cover 

extent, snow cover duration, snow height/depth, snow water equivalent (SWE) and snow density. Snow 

cover (SC) is comprised of the net accumulation of snow on the ground from snowfall, ice pellets, hoar 

frost and frozen water from rainfall (Fierz et al., 2009). SC is dependent on several factors including the 

atmospheric ambient conditions, the nature and frequency of storms, non-stormy weather conditions, 

metamorphism and ablation of fallen snow, and surface topography, physiography and vegetative cover 

(Gray & Male, 1981). Snow Cover Extent (SCE) is the total area of snow cover summed over a given region 

(Mudryk et al., 2018). Snow Cover Duration (SCD) describes the timing of the onset of snow cover in 

fall/winter until melt in the spring. This includes mid-season melt and is typically represented as the total 

number of snow-covered days per year (Environment and Climate Change Canada, 2018).  

Snow Height, or Snow Depth (SD) as it is commonly referred to throughout this thesis, is 

considered an essential climate variable (ECV) by the World Meteorological Organization (WMO) (World 

Meteorological Organization, 2017). SD quantifies the gravitational vertical length of the snow to a 

reference datum (typically ground surface) typically measured in centimeters (cm). SD should be 

differentiated from snow thickness (D), where thickness is based on the normal to the surface, particularly 
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of a sloped surface (Gray & Male, 1981). SD is highly variable based on latitude, elevation, atmospheric 

circulation, climate, topography, wind effects, land cover and vegetation (Dyer & Mote, 2006). 

Other critical measurements used in snow-related ecosystem services include snow density and 

snow water equivalent (SWE). The density of snow is defined as the mass of snow in a reference volume 

and is related to the effective thermal conductivity by empirical equations developed from gravimetric and 

heat pulse probe measurements of snow (Sturm, 2002). SWE is defined as the depth of water if a snowpack 

is completely melted. SWE is related to the bulk density of a snowpack (ρb) at a given point and snow 

height (SD) by: 

SWE = SD * ρb / ρw,       (1-1) 

where SD is the snow depth measured in centimeters, ρb is the bulk density in grams per centimeters cubed, 

ρw is the density of water (1 g/cm
2
) and SWE is snow water equivalent in centimetres of water (Gray & 

Male, 1981). 
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1.2.2 Energy Flux through a Snowpack 

The snowpack is a stratified body that undergoes energy exchanges with its surrounding 

environments and interfaces (Fig. 1.3). For a 1-dimensional single element analysis, the black-box energy 

budget for a snowpack can be defined as: 

∂Q/∂t = K + L + H + LE + R + G,        (1-2) 

where, ∂Q/∂t is the net energy flux into snowpack, K is the net shortwave radiation flux, L is the net 

longwave radiation flux, H is the turbulent sensible heat flux, LE is the turbulent latent heat flux, R is the 

heat input from rain and G is the conductive exchange of sensible heat (with ground surface) (Mazurkiewicz 

et al., 2008). 

 

Figure 1.3: Energy budget diagram. Retrieved from Pogliotti (2011). 

1.2.2.1 Shortwave Radiation Flux 

The net shortwave radiation flux (K) is dependent on the albedo of the snow surface, and assuming 

a steady state process, can be expressed by the equation: 

K = Kin(1-α),      (1-2) 
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where Kin is incoming shortwave radiation and α is the surface albedo. The albedo (ratio of all incoming 

solar radiation to outgoing radiation) is generally high (~0.8) for fresh clean snow (T. Zhang, 2005). 

However, snow albedo is highly variable, dropping to 0.2 for dirty snow and 0.4 for melting snow and 

below as snow undergoes metamorphosis (Corripio, 2004). Since snow is primarily a mixture of air and 

ice, photons re-emerge from snow not just from surficial interactions, but by successive refraction through 

subsurface snow grains. Each air-ice interface allows photons to change direction or be absorbed, depending 

on the snow grain size (r) (Warren, 2019). Fine grained snow, with combined reflectance and absorbance 

of ~1.0, transmits minimal light below the snow surface whereas a coarse-grained snowpack will permit 

greater light transmittance (the fraction of the incident downwelling irradiance that is transmitted through 

the snow) (Perovich, 2007). 

Shortwave radiation received on a surface in the form of visible light (380 to 700 nm) is termed 

illuminance (light intensity falling on a surface). Illuminance is measured in units of luminous flux per unit 

area, expressed as: 

E = ΦA,      (1-3) 

where E is light intensity in lux (lm/m
2
), Φ is luminous flux (the quantity of light emitted by a light 

source (lumen, lm)) and A is a given area (m
2
) (NOAO, 2015). It is analogous to energy flux !̇ [W/m

2
] 

however power is dependent on each given wavelength therefore does not have a proportional relationship 

(Hiscocks, 2011). Common outdoor daylight light levels range from 1075 lux (overcast day) to 10752 lux 

(full daylight) (Table 1.1) (NOAO, 2015). 
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Table 1.1: Light intensity (lux) for outdoor sky conditions. Retrieved from NOAO (2015). 

Condition Light Intensity (Lux) 

Direct Sunlight 107527 

Full Daylight 10752 

Overcast Day 1075 

Very Dark Day 107 

Twilight 10.8 

Full Moon 0.108 

Quarter Moon 0.0108 

Starlight 0.0011 

Overcast Night 0.0001 

 

1.2.2.2 Longwave Radiation Flux 

The net longwave radiation flux is expressed as, 

L = σεaTa
4
 -σεsTs

4
      (1-4) 

and is dependent on ambient (Ta) and surface temperature (Ts) and the emissivity of the atmosphere (εa) 

and surface (εs) respectively, where σ is the Stefan-Boltzmann constant. In the thermal, infrared part of the 

electromagnetic (EM) spectrum, snow acts as a near “black-body” with an average emissivity of 0.98 (T. 

Zhang, 2005), which is generally higher than any other land cover. However, high emissivity implies high 

absorptivity (Wallace & Hobbs, 2006) resulting in cloud cover effects on snow characteristics and duration 

from enhanced downwelling longwave radiation (Sicart et al., 2006). 

The thermal conductivity of snow is largely dependent on the ratio of ice to air. The thermal 

conductivity of pure ice is 2.24 W m
-1

 K
-1

 (ρ of approximately 917 kg m
-3

) and the thermal conductivity of 

air is 0.025 W m
-1

 K
-1

 (ρ of approximately 1.23 kg m
-3

) (Sturm et al., 1997). Sturm et al. (1997) found that 

the thermal conductivity of snow is primarily a function of snow density and can vary significantly with 

snow climate class type and temperature (estimates of 0.1 W m
-1

 K for low density snow to 0.5 W m
-1

 K 

for dense, late-winter snow) (Bertermann et al., 2018; Domine et al., 2016; Sturm, 2002). Snow is an 

excellent insulator between ambient conditions and ground surface due to its low thermal conductivity (Fig. 

1.4) (T. Zhang, 2005). This insulation plays a significant role on the ground thermal regime (further 

discussed in Section 1.1.4). 
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Figure 1.4: Schematic of thermal energy balance through a snowpack with variable shrub cover 

where the total thermal insulance of the snowpack is proportional to the total thermal conductivity 

of the material between two surfaces (where k1 represents the total thermal conductivity of the 

snowpack and k1a and k1b represent the total combined thermal conductivity of the shrub and snow 

covers). 

  

k1 

k1a 

k1b 

k1 
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1.2.3 Measurement of Snow Characteristics 

1.2.3.1 Remote Sensing 

Due to the generally high reflectivity and emissivity of snow, snow presence/absence and its 

specific properties can be determined from optical, near-infrared, and microwave sensors on polar-orbiting 

and geostationary satellites. The National Ocean and Atmosphere Association (NOAA) maps the areal 

extent of snow cover weekly with a satellite-derived record of over 30 years (Rango et al., 2000). There 

have also been significant advances and improved algorithms in mapping SCE, snow albedo, snow grain 

size (r), SWE, melt detection and SD (Nolin, 2010), providing key information on snow processes. 

However, SWE algorithms are not currently considered reliable over mountainous and dense forest, and 

SWE retrieval over tundra is affected by highly variable snow distribution, wind slab, lake ice and the 

presence of wet snow (Lievens et al., 2019). 

The measurement of snow depth varies depending on instrument availability and the required 

spatial resolution. The most straightforward way to measure snow depth through remote sensing is the 

differentiation of permanent aerial markers using photogrammetric techniques. This can be completed from 

light aircraft and remotely piloted aircrafts (RPA) (Dietz et al., 2012) and Lidar systems mounted on 

satellites (Deems et al., 2013). At a higher resolution, optical satellite imagery can be used in areas of 

shallow snow (less than 25 cm) and passive microwave has been employed with an empirical relationship 

in flat, non-vegetated regions (Hall et al., 1987). To date, remote sensing of snow depth faces significant 

difficulty with complex terrain, cloud cover and vegetation and requires in situ validation and calibration 

(Dietz et al., 2012; Goodison, 2006; Kinar & Pomeroy, 2015) 

1.2.3.2 Modelling Snow and Reanalysis Products 

Modelling is a critical tool for understanding snow depth, snow properties and the future impacts 

of changing snow cover. Helmert et al.’s (2018) review of snow assimilation models summarized three 

major classes of snowpack models employed for varying levels of complexity and application: 1) single 

layer snow scheme, 2) scheme of intermediate complexity and 3) detailed snowpack models. These methods 
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vary in parameterization, properties, scale and application (Table 1.2) (Bokhorst et al., 2016). Models are 

used at a number of different scales and spatial resolutions depending on the output requirements. 

Table 1.2: Anticipated changes to snow, impacted organisms, processes or activities and modelling 

requirements for particular use. Adapted from Bokhorst et al. (2016). 

Changes Affected groups/processes Modelling requirements 

Snow insulation Soil organisms, dwarf shrubs, 

ecosystem CO2 fluxes, shrubs and 

trees 

  

Snow depth, snow density, snow type, 

stratigraphy, and snow metamorphism 

Ice-layer formation Humans, Subarctic 

agroecosystems, vegetation, small 

rodents and caribou 

  

Timing, duration, compaction, and 

extent 

Avalanche risk Society, infrastructure, large 

grazers, and mountainside 

vegetation, especially trees 

  

Snow stratigraphy/stability 

Snow accumulation Infrastructure/society, water 

supply, large grazers and 

hydrological purposes 

Snow depth, snow water equivalent, 

timing of heavy snowfall events, and 

snow distribution by wind 

  
Snow-cover duration 
and timing 

Agriculture, freshwater 

ecosystems, terrestrial 

ecosystems, energy use, food 

security, transportation, and 

recreation 

Snow depth, timing of snow deposition 

and snowmelt 

 

There are a wide range of models that are tailored to fit the specific demands of a given region or 

use. For example, SnowModel focuses on modelling drifts and snow accumulation over landscapes with 

shrub patches (Liston et al., 2002). Models such as the Distributed Blowing Snow Model (Essery & 

Pomeroy, 2004; Pomeroy et al., 1997) have demonstrated relatively accurate results in snow erosion and 

accumulation in Hydrological Response Units (HRUs) for large scale hydrological modelling, but lack the 

ability to model snow depth across complex topographies and vegetation zones. In a study conducted by 

Domine et al. (2019), two detailed snow models (Crocus and SNOWPACK) incorrectly simulated the 

stratigraphy of an Arctic snowpack, showing basal layers with high density and high thermal conductivity, 

and top layers with low values for both variables (directly opposing field results). This error did not directly 
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impact the overall heat conduction through the snowpack, but the low hydration of the basal layer caused 

by upward water vapor leads to a larger latent heat loss. Arctic snowpack snow metamorphism rates lead 

to a lower Alpine snowpack albedo, contributing to a warmer ground surface (Domine et al., 2019). 

At a macro scale, gridded estimates are regularly used to determine the spatial distribution of snow 

depth. For example, Brown et al. (2003) used a simple snowpack model forced by air temperature and 

precipitation reanalysis data from the European Centre for Medium-range Weather Forecasting (ECMWF) 

ERA5 to generate a 0.3° latitudinal/longitudinal grid across the Northern Hemisphere (Fig. 1.5). This first 

guess field is then combined with field observations to create an informed estimate of snow depth across 

North America. This dataset is frequently updated and employed operationally at the Canadian 

Meteorological Centre (CMC) (Brown et al., 2003). 

Northern environments are typically snow covered for most of the year, therefore snow 

characteristics can dominate the ground thermal regime. Process-based permafrost models such as the 

Northern Ecosystem Soil Temperature model (NEST) incorporate climate, vegetation, ground features and 

hydrological dynamics and integrate them on the basis of energy and mass transfer in the soil-vegetation- 

atmosphere systems (Y. Zhang, 2005, 2013; Zhang et al., 2003, 2008). Despite advances in snow and 

permafrost modelling, efforts remain limited by uncertainties in modeling parameterization schemes and 

input forcing (Girotto et al., 2020; Rango et al., 2000). 
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Figure 1.5: Northern Hemisphere snow depth between October and April 2018-2019 from the CMC 

gridded estimate dataset retrieved from Brown et al. (2003). 

1.2.3.3 In situ Snow Measurement 

Most snow data used to inform or validate remote sensing or model-based snow estimates is derived 

from meteorological stations located in open urban locations such as airports and cities. These locations 

can be subject to warming and dirtying of snow from pollution and pavement heat effects which may not 

be representative of surrounding regions (Kinar & Pomeroy, 2015). Fallen snow has been measured 

manually with a standard wooden snow ruler since the beginning of the Environment and Climate Canada 

(ECCC) observation period in Canada (1869); however, snow depth measurement was automated in the 

1990’s with the adoption of the Campbell Scientific SR50/SR50A ultrasonic snow depth sensor (Mekis et 

al., 2018). This sensor is costly to purchase individually and for compatibility reasons requires larger, more 

advanced data logging instruments thus increasing the total cost for acquiring snow measurements 

(Goodison, 2006).  

Presently, the options for direct measurement of in situ snow depths in remote environments are 

limited to field studies (snow thickness probing) or the establishment of costly ultrasonic sensors 



 

 

 

15 

(Goodison, 2006). A common cost-effective technique widely used in ecological and permafrost studies 

uses statistical analysis of vertically arranged temperature loggers (typically Thermochron iButtons, Model 

DS1921G) (Danby & Hik, 2007; Lewkowicz, 2008) to estimate snow depth (Fig. 1.6). The data from each 

of the vertically arranged sensors is used to determine the date of snow coverage over each of the sensors 

by applying heat transfer theory to raw temperatures values and diurnal temperature variability 

(Lewkowicz, 2008). While this method is cost effective and accessible to northern researchers, 

interpretation of iButton data is often challenged by their relatively low precision (±0.5 °C) and short battery 

life, resulting in a coarse sampling frequency (4-h sampling rate for a year of data). Further, iButtons 

commonly exhibit data errors and gaps due to internal clock slippage, imperfect waterproofing and 

inconsistent output formatting (Lewkowicz, 2008). 
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Figure 1.6: iButton stake as part of the Permafrost Monitoring Program. Picture taken by Robert 

Way (2017). 
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Table 1.3: Observation methods used to measure various snow parameters. Retrieved from 

Bokhorst et al. (2016). 

Target 
parameter(s) 
  

Method(s) 

Destructive ground-based snow 
observations 

Non-destructive ground-based snow 
observations 

Snow depth  Simple (avalanche) or semi-

automated probes (Sturm et al., 

2006) 

Acoustic snow-depth sensors, ultrasonic 

methods, lasers (Mekis et al., 2018), manual 

readings at stakes, temperature logger stakes 

(Lewkowicz, 2008), and automatic readings 

utilizing time-lapse cameras (Fortin et al., 

2015) 

 

Snow Water 
Equivalent 

Federal sampler (snow cover of 

specific volumetric size) (Fierz et 

al., 2009) 

 

Snow pillows or snow scales (Kinar & 

Pomeroy, 2015) 

Specific surface 
area (SSA) (i.e. 
the surface area 
of ice per unit 
mass) 

Near-infrared photography and 

infrared reflectance methods 

(Arnaud et al., 2011; Gallet et al., 

2009; Matzl & Schneebeli, 2006; 

Montpetit et al., 2012) 

  

- 

Snow density 
(direct and 
derived), 
resistance, grain 
size  

 SnowMicroPen (Proksch et al., 

2015; Schneebeli & Johnson, 

1998) 

 Upward-looking ground penetrating radar 

(upGPR), combination of upGPR with buried 

GPS sensors and time domain reflectometer 

(TDR) (Avanzi et al., 2014; Heilig et al., 

2015; Mitterer et al., 2011; Schmid et al., 

2014; Stacheder, 2005) 

 

Snowfall/new 
snow 

 Snow board (board is placed on 

the snow surface and revisited 

every 24 h to read the additional 

snow height) (Fierz et al., 2009) 

  

- 

Liquid water 
content in snow 

 ‘Denoth capacity probe’ or 

‘Finnish Snow Fork’ (Denoth, 

1994; Sihvola & Tiuri, 1986) 

  

Upward-looking ground penetrating radar 

(upGPR) 

Snow albedo -  Net radiometer (Michel et al., 2008) 

   

Snow-cover 
fraction 

- Derived from hourly-daily digital photos 

acquired from automatic time-lapse digital 

cameras (Bernard et al., 2013) 
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1.2.4 Snow, Vegetation and the Ground Thermal Regime 

1.2.4.1 Interactions between Snow and Vegetation 

Over the past several decades enhanced vegetation growth in northern environments has led to an 

increase in the height and density of shrubs (known as shrubification) (Blok et al., 2011). The transition of 

Arctic environments from tundra to shrub-dominated environments has implications for local environments 

as shrubs have a large physical presence of and adaptability to a changing climate (Sturm et al., 2005). 

Upright shrubs trap fallen or redistributed snow (Sturm et al., 2001) and subsequently insulate the ground 

throughout the winter and early spring (Myers-Smith et al., 2011). Insulated soils can provide optimal 

conditions for further shrub growth (Sturm et al., 2005) and increases to mean annual ground temperature 

(MAGT) (Nicholson, 1979). Recent studies have demonstrated that regions throughout northern Labrador 

are experiencing shrubification (Davis et al., 2020) with possible implications for greater snow 

accumulation and permafrost thaw (Way & Lewkowicz, 2018). 

1.2.4.2 Interactions between Snow and Permafrost 

The ground thermal effects of changes to snow cover and vegetation can alter the development, 

persistence and stability of permafrost (Callaghan et al., 2011). The existence of permafrost is commonly 

attributed to atmospheric conditions; however, recent studies have found that in the discontinuous 

permafrost zone, snow depth, not mean annual air temperature (MAAT), was the greatest determinant of 

MAGT with inter-site variability closely linked to ecotypes (Way & Lewkowicz, 2018). Snow-ground 

interactions are impacted by snowfall timing and duration, micrometeorological conditions, local 

microrelief, vegetation, and topography (Grünberg et al., 2020; Johansson et al., 2013; Sturm et al., 2001). 

O’Neil and Burn (2017) used a one-dimensional numerical model to demonstrate that a delayed snow onset 

and prolonged duration could reduce thaw depths in continuous permafrost environments. They also found 

that reducing snow depths in areas of low vegetation can raise the permafrost table, lower ground 

temperatures and promote cooling of the ground over multiple subsequent years (O’Neill & Burn, 2017). 

The interactions between snow, permafrost and climate warrant further investigation in Labrador.  
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1.3 Study Area 

1.3.1 Cultural Landscape 

1.3.1.1 Demographics, Transportation and Municipalities 

Labrador has a population of less than 27,000 people (Statistics Canada, 2017). The most populated 

centres are Happy Valley-Goose Bay (8,109; Statistics Canada, 2017) and Labrador City-Wabush (11,089; 

Statistics Canada, 2017), connected to each other and surrounding provinces by the Trans-Labrador 

Highway. The town of Happy Valley and the District of Goose Bay were established in 1941 with a 

significant military presence during the Second World War and was officially incorporated in 1973 (Town 

of Happy Valley Goose Bay, 2020). The community of Labrador City was established to support the local 

iron ore industry and its population has slowly risen over time. The Trans-Labrador Highway connects 

Quebec through Western Labrador to Happy Valley – Goose Bay to the southern coast of Labrador (Fig. 

1.7) and northeastern communities of Quebec. Communities along the north coast of Labrador have no 

established road connection but are accessible by land during the winter by snowmobile trails. The road 

and trail network in Labrador include the Trans-Labrador Highway, paved roads, forest access roads, and 

registered ATV and snowmobile trails. Many coastal communities are primarily accessed by boat or plane. 
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Figure 1.7: Map of human activity centres and transportation routes across Labrador. 
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1.3.1.2 History and Culture 

Labrador is rich with cultural identity and history, with complex intertwining of three separate 

Indigenous populations, settlers and settler descendants. The legislative boundaries of Labrador are the 

traditional homelands to the northern Labrador Inuit (Nunatsiavummiut), the Southern Inuit of 

NunatuKavut (formerly the Labrador Inuit-Metis) and the Innu. Nunatsiavummiut are descendants of the 

Thule people and are presently represented by the Nunatsiavut Government with an established land claim 

over the northern coast of Labrador (Fig. 1.7). Currently, the primary Inuit communities in Nunatsiavut 

include Nain, Hopedale, Postville, Makkovik and Rigolet (Fig. 1.7); however, there is a long history of 

Inuit occupation and land use throughout coastal Labrador. Inuit community spaces have been influenced 

by settler colonial contact through mandatory relocations, sedentarization, land dispossession, enforcement 

of residential schools and cultural assimilation (Petrasek MacDonald et al., 2015; Procter, 2016). 

NunatuKavut is an unsettled land claim region representing the Inuit of Southern Labrador. Communities 

claimed by the NunatuKavut Community Council include those found in central and southeastern Labrador 

(NunatuKavut Community Council, 2020; Procter, 2020; Rompkey, 2005). On July 12, 2018, the 

Government of Canada and the NunatuKavut Community Council entered into discussions of Indigenous 

recognition and self-determination (NunatuKavut Community Council, 2020). 

The Labrador Innu were traditionally a nomadic people of Nitassinan (covering interior Labrador 

and north eastern Quebec) comprised of two distinct groups, the Montagnais and Naskapi (Mailhot, 1986). 

Post-contact, they were forced into settlement and are now both represented by the political organization, 

Innu Nation, with a constituency of approximately 3200 people (Innu Nation, 2020). The two primary Innu 

communities in Labrador are Sheshatshiu and Natuashish (Tytelman, 2016). A land claim agreement in 

principle (AIP) was signed on November 18, 2011; however, final land claim and self-government 

agreement negotiations between Canada, Newfoundland and Labrador and Innu Nation are ongoing 

(Labrador Innu Land Claims Agreement-in-Principle, 2011). 

Being on the land is a way of life in Labrador and the effects of climate change are being felt 

disproportionately by these northern communities (Cunsolo Willox et al., 2013; Ford et al., 2014; Hovelsrud 
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et al., 2011). Along the northern Labrador coast and in two communities in eastern Labrador, there is no 

road access, therefore these communities rely on air or boat travel in summer or snowmobile travel in 

winter. With a shorter and more variable snow season, snow and ice travel has become more dangerous and 

unpredictable (Barrette et al., 2020). There are also increasing regional infrastructure concerns from 

thawing permafrost (Way, 2018), dynamic snow loads and changes to snow melt timing and quantity 

(Callaghan et al., 2011).  

One of the remarked concerns with a changing snow cover is the ability to reliably hunt in the 

winter (Pearce et al., 2015). These concerns surround not only transportation to hunting sites, but species 

populations and migration patterns (Berteaux et al., 2016). Changes to snow depth and the associated 

impacts to permafrost can have pronounced impacts on animals and plants of cultural significance (Mudryk 

et al., 2018) including caribou (Schmelzer et al., 2020), moose (Lundmark & Ball, 2008; Rosa et al., 2020) 

and berries (Anderson et al., 2018). Boreal woodland caribou and migratory caribou are a traditional hunt 

for the Innu and Inuit peoples of Labrador; however, caribou populations in the region have been declining 

and recent studies have identified a link between less snow precipitation, fractional snow cover and more 

freezing rain with the survival of adult female caribou (Schmelzer et al., 2020; Snook et al., 2020).  

1.3.2 Physical Geomorphology of Labrador 

1.3.2.1 Topography 

Labrador is situated at the easternmost section of the Canadian Shield. The highest elevations are 

primarily in Northern Labrador within the Torngat Mountains (1652 m ASL [1]) with a number of other 

high elevation alpine regions including the Harp Lake Complex (~750 m ASL [2]), the Red Wine 

Mountains (~850 m ASL [3]), the Romaine Hills (~950 m ASL [4]) and the Mealy Mountains (~1130 m 

ASL [5]) (Fig. 1.8) (Riley et al., 2013). Lowlands primarily occur along the coastline and river valleys 

including the Labrador Sea, the Ungava coastline and the Gulf of St. Lawrence. 



 

 

 

23 

 

Figure 1.8: Topographic map of Labrador with high elevation regions highlighted. (1) Torngat 

Mountains, (2) Harp Lake Complex, (3) Red Wine Mountains, (4) Romaine Hills and (5) Mealy 

Mountains. 
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1.3.2.2 Geology and Landform 

The bedrock geology of Labrador is mostly Precambrian igneous and metamorphic (> 570 million 

years old), with bedrock that exceeds 3,700 million years in age in the northern section (Liverman et al., 

2001). During the Quaternary Period, ice sheets advanced and retreated across Labrador multiple times. At 

the last glacial maximum (~22,000 years ago) the Laurentide Ice Sheet (LIS) covered Labrador (Marquette 

et al., 2004). The deglaciation process smoothed and polished wide upland areas, eroded lake basins, and 

carved deep valleys while depositing extensive drumlins, eskers, megaflutes, moraines and ribbed moraines 

(Dyke et al., 2002; Way, 2017).  The surficial geology of Labrador is shaped from the ice retreat process, 

distributing till and gravel washed out by melting glaciers. The Quebec north shore and southern Labrador 

consist of a glacio-fluvial and glacio-lacustrine surface cover, while exposed bedrock dominates the upland 

coastal and mountainous environments in Labrador-Ungava (Newfoundland and Labrador Geological 

Survey, 2014). Layers of frost-susceptible, fine-grained marine and glaciomarine sediments were deposited 

along coastal Labrador with the retreat of the LIS (Bell et al., 2011; Staiger et al., 2005). The marine limit 

increases from north to south along the coast, with limits of 40 m ASL near Nain (Johnston, 1969) and 135 

m ASL close to HVGB (Fulton & Hodgson, 1979; Vacchi et al., 2018). Marine limits are highest in 

southeastern Labrador, at about 150 m ASL in the Pinware area (Daly, 1921; Grant, 1992). 

1.3.2.3 Land Cover 

Labrador is a sparsely inhabited region with less than one percent of the area developed for urban 

human activity. The regional land cover is mostly taiga forest (55%) with barren tundra, rock land or steep 

slopes covering coastal and mountainous regions (20%) and widespread lakes and rivers (15%). Wetlands 

comprise 10% of the land cover and include bogs, fens, marshes, swamps, and open water (Meades, 1990). 

Forested regions of Labrador mostly consist of coniferous trees (Fig. 1.9), primarily White Spruce (Picea 

glauca), Black Spruce (Picea mariana), Tamarack (Larix laricina), Balsam Fir (Abies balsamea), and Jack 

Pine (Pinus banksiana), with localized occurrences of deciduous broadleaf trees such as Trembling Aspen 

(Populus tremuloides), Balsam Poplar (P. balsamifera), and Paper Birch (Betula papyrifera) in sheltered 
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regions (Riley et al., 2013; Roberts et al., 2006). In coastal regions and at high elevations, white and black 

spruce will often take the form of “krummholz”, or “tuckamore,” to survive harsh wind abrasion (Riley et 

al., 2013).  The northern treeline in Labrador is located in Napaktok Bay (Elliott & Short, 1979); however, 

Payette (2007) defined the treeline in the Saglek fiord where four balsam poplar groves exist. It is 

anticipated that due to a changing climate, treelines will become dominated by eastern larch (Trant & 

Hermanutz, 2014) and shrub cover will continue to increase across tundra regions (Davis et al., 2020; Fraser 

et al., 2011; Ju & Masek, 2016). 
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Figure 1.9: Land Cover of Labrador obtained from the 2015 Land Cover of Canada data set, 

retrieved from Government of Canada et al. (2015), alongside Balsam Fir, Black Spruce, and White 

Spruce distribution in Labrador (hashed areas represent species distribution), retrieved from Riley 

et al. (2013). 
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1.3.3 Labrador Atmospheric Climate 

Disentangling historical and future climate changes in Labrador is complicated by the region’s 

climatically sensitive location and direct proximity to the cooling influence of the cold Labrador Current 

(Way & Viau, 2015). The Labrador Current transports cold polar waters southward along the coastline 

resulting in colder annual temperatures relative to regions at similar latitudes in western Canada and Europe 

(Hijmans et al., 2005). MAAT has a north-south gradient and a coastal gradient with coldest temperatures 

in Torngat Mountains and warmest over the south-eastern coast of Labrador (Fig. 1.10 a). The region’s 

winters tend to be long and cold, while the summers tend to be short and cool (Banfield & Jacobs, 1998). 

The proximity of the region to the Atlantic Ocean makes regional air temperatures particularly sensitive 

and responsive to changes in ocean surface temperatures and climatic oscillations, such as the Arctic 

Oscillation, the Atlantic Multidecadal Oscillation, and the El Niño Southern Oscillation (Banfield & Jacobs, 

1998; Way & Viau, 2015).  

Annual air temperatures in Labrador are estimated to have risen by ~1.5 °C from 1881 to 2011 with 

the greatest change in winter (+2.03 °C) and the least in the spring (+1.0 °C). There are notable variations 

in trends with gradual warming between 1881 and 1960, a period of cooling between 1960 and 1994, 

followed by a rapid warming period post-1995 (7.2 ±0.8 °C/century) (Way & Viau, 2015). Climate 

projections show an increase in temperatures by 3-4 °C for the middle of this current century (2050) 

(Barrette et al., 2020). Changes are predicted to be the most prominent in the winter (+3-13 °C). Spatially, 

the greatest warming is anticipated to occur over the northern portions of Labrador (Barrette et al., 2020). 

Uneven spatial and temporal coverage of climate observations and high variability in regional data 

make it challenging to characterize regional precipitation trends in Labrador (Banfield & Jacobs, 1998). 

Generally, Labrador receives large amounts of precipitation relative to the rest of the boreal zone of North 

America (Hare, 1950). Regionally, precipitation patterns exhibit a northwest–southeast gradient with an 

estimated mean total annual precipitation of 2.7 mm/day to 3.8 mm/day along the south coast (Fig. 1.10 b). 

In the future, precipitation is projected to increase homogeneously over the entire region by 10-25% for the 

middle of this century relative to the 1960-1990 period (Brown et al., 2012). 
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Figure 1.10: Reference maps produced as part of the 2020 climate update in Nunatsiavut and 

Nunavik for, (a) MAAT for the period 1980-2004 obtained from the AgMERRA dataset (Ruane et 

al., 2015) and (b) annual mean daily precipitation for the period 1980-2004 obtained from AgMERRA 

(Ruane et al., 2015). Retrieved from Barrette et al. (2020). 

1.3.4 Labrador Snow Conditions 

Snow accumulation in Labrador depends on proximity to moisture sources and preferred tracks of 

winter storms. The recent IRIS report update (Barrette et al., 2020) outlines a paucity of surface observation 

and a lack of reliable satellite-based methods for SWE and SD over forest and tundra sites (Brown et al., 

2012). In Labrador, there are four weather stations with short-term snow depth information (> 10 years; 

Goose Bay, Cartwright, Makkovik and Nain) and two stations with long-term data available (>30 years; 

Goose Bay and Cartwright). Based on the measurements from these stations between 1971-2000, the annual 

snow cover duration ranges from 182 days (Goose Bay) to 203 days (Makkovik) (Fig. 1.11 b) with average 

snow depths from 47 cm (Makkovik) to 88 cm (Cartwright) (Fig. 1.11 a) (Brown et al., 2012). There are 

observed decreases in snow cover duration between 1950-51 and 2006-2007 (Brown et al., 2012).  
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Figure 1.11: Reference maps produced as part of the 2020 climate update in Nunatsiavut and 

Nunavik for, (a) maximum snow depth and (b) snow cover duration for the period 1980-2004 

obtained from the MERRA-2 reanalysis. Retrieved from Barrette et al. (2020). 

Snow cover and depth can be highly variable through time and space because of elevation, 

windiness and local site factors such as topography and vegetation (Derksen et al., 2019). The lack of 

publicly available in situ data results in snow cover trends being usually derived from satellite data or from 

snow modelling forced by coarse climate data products (Barrette et al., 2020). Due to the high variability 

in topography, vegetation, soil conditions and wind distribution, there is low agreement between snow 

products and models for the Labrador region (Fig. 1.12). 
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Figure 1.12: Map of two different snow depth products for Labrador including: (a) Canadian 

Meteorological Centre (CMC) mean January, February and March snow depth between 1998 and 

2014 and (b) GlobeSnow modelled mean January, February and March snow depths between 2000 

and 2014. Retrieved from Way & Lewkowicz (2017). 

1.3.5 Labrador Permafrost Conditions 

Permafrost is defined as substrate (soil, sediment or rock) that remains at or below 0 °C for at least 

two consecutive years. The geographic distribution of permafrost is typically categorized at the broad 

(continental) scale into the following four zones (Heginbottom et al., 1995): 1) Continuous zone: Permafrost 

is continuous with the exception of major bodies of water (90-100% of the land surface). MAAT is typically 

below -6 °C to -8 °C; 2) Extensive discontinuous zone: Permafrost is widespread except under unfavourable 

local conditions (50-90% of land surface); 3) Sporadic discontinuous zone: Permafrost is only found under 

suitable local environmental and topographic/topological climatic conditions (10-50% of the land surface); 

4) Isolated patches zone: Permafrost is found only at specific sites with suitable local environmental and 

topographic/topological climatic conditions (0-10% of the surface). 

According to the Permafrost Map of Canada, permafrost distribution is continuous at the 

northernmost tip of Labrador, discontinuous to the north of Nain and Mistastin Lake, and sporadic 

discontinuous between Postville and Nain (Heginbottom et al., 1995). Sporadic permafrost has been 

observed along the south coast of Labrador and Northeast Quebec (Dionne, 1984; Way, 2017) and mainly 
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occurs in isolated patches in central Labrador (Payette et al., 2004). However, Way and Lewkowicz (2016, 

2018) found that overall permafrost distribution in Labrador is most widespread in areas with low 

vegetation cover and low snow cover near the coast. Snow variability was the primary determinant of 

ground temperature, where a late-winter snow depth of less than 70 cm was found to be thin enough to 

favour permafrost formation (Way & Lewkowicz, 2018). 

 This field-based study of permafrost conditions throughout Labrador was complemented by high 

resolution (250 m resolution) analytical modelling to produce estimates of the distribution and temperature 

of permafrost using the temperature at the top of permafrost (TTOP) model (Way & Lewkowicz, 2016). 

This study identified a pattern in permafrost distribution in Labrador that did not follow the traditional 

south-to-north gradient that is observed in more continental regions. Their results suggest numerous isolated 

patches of permafrost in southern Labrador and continuous permafrost being less extensive in northern 

Labrador than depicted on the Permafrost Atlas of Canada (Heginbottom et al., 1995).  

1.4 Research Goals and Objectives 

Throughout this chapter, I have highlighted a need for sustained and dispersed snow 

measurement and for an improved understanding of the impacts of snow on permafrost in 

Nunatsiavut, NunatuKavut and Nitassinan. This thesis aims to contribute to the body of knowledge on snow 

measurement and snow conditions across ecotones in the eastern Canadian Subarctic. The primary 

objectives of my research are two-fold:  

1. To develop and evaluate a new low-cost technique for remotely measuring in situ snow 

characteristics in remote Subarctic and Arctic environments in Labrador.  

2. To examine the ground thermal impacts of changes to snow cover in the coastal mountains of 

eastern Labrador.  

This work contributes to a larger multi-institutional, interdisciplinary project, titled “Understanding and 

predicting future climate-vegetation-cryosphere interactions in Nunatsiavut, Nunavik and NunatuKavut”,  
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that examines observed and projected changes in vegetation, snow cover and permafrost interactions, and 

how this may impact northern ecosystems and those living in them.  

1.5 Thesis Structure 

This thesis consists of four chapters. Chapter 1 outlines the background literature, general study 

area and research objectives. Chapter 2 and Chapter 3 contain the background, methodology, results, 

discussion and conclusions of two manuscripts that have been submitted to a peer-reviewed journal or 

conference proceedings. Chapter 2 presents preliminary results from a novel low-cost method for the 

measurement of snow using light and temperature and is in press in The Cryosphere (December 11, 2020). 

Chapter 3 provides the results of modelling scenarios evaluating the influence of variable snow cover and 

vegetation height/density/cover in complex permafrost landscapes of coastal Labrador. This chapter is in 

revision for The 2021 Regional Conference on Permafrost (RCOP) and 19th International Conference on 

Cold Regions Engineering Proceedings. Chapter 4 presents a short conclusion and recommendations for 

future research.  
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Chapter 2 

A Low-Cost Method for Monitoring Snow Characteristics at Remote Field 

Sites 

Abstract 

The lack of spatially distributed snow depth measurements in natural environments is a challenge 

worldwide. These data gaps are of particular relevance in northern regions such as coastal Labrador where 

changes to snow conditions directly impact indigenous livelihoods, local vegetation, permafrost distribution 

and wildlife habitat. This problem is exacerbated by the lack of cost-efficient and reliable snow observation 

methods available to researchers studying cryosphere-vegetation interactions in remote regions. We 

propose a new method termed snow characterization with light and temperature (SCLT) for estimating 

snow depth using vertically arranged multivariate (light and temperature) data loggers. To test this new 

approach, six snow stakes outfitted with SCLT loggers were installed in forested and tundra ecotypes in 

Arctic and Subarctic Labrador. The results from one year of field measurement indicate that daily maximum 

light intensity (lux) at snow covered sensors is diminished by more than an order of magnitude compared 

to uncovered sensors. This contrast enables differentiation between snow coverage at different sensor 

heights and allows for robust determination of daily snow heights throughout the year. Further validation 

of SCLT and the inclusion of temperature determinants is needed to resolve ambiguities with thresholds for 

snow detection and to elucidate the impacts of snow density on retrieved light and temperature profiles. 

However, the results presented in this study suggest that the proposed technique represents a significant 

improvement over prior methods for snow depth characterization at remote field sites in terms of 

practicality, simplicity, and versatility. 
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2.1 Introduction 

 Snow cover and snow depth are among the Global Climate Observing System’s (GCOS) essential 

climate variables (Bojinski et al., 2014) and are critical components of global and regional energy balances 

(Olsen et al., 2011; Pulliainen et al., 2020). The global snow albedo effect influences all humans, but 

consequences of changing snow conditions for those living in cold climate and alpine regions are especially 

pronounced (Ford et al., 2019; Lemke et al., 2007). Accurate characterization of snow depth is important 

for hydroelectric operations, freshwater and land resource availability to communities and prediction of 

climate change impacts (Hovelsrud et al., 2011; Mortimer et al., 2020; Sturm et al., 2005; Thackeray et al., 

2019; Wolf et al., 2013). Changes to snow depth and snow cover duration in Arctic and alpine tundra caused 

by enhanced shrub and tree growth can result in warmer ground temperatures, permafrost thaw and further 

vegetation expansion (Callaghan et al., 2011; Wilcox et al., 2019). Unlike rainfall, snowfall is hard to catch, 

melts differentially (Archer, 1998) and is structurally, mechanically and thermally anisotropic (Leinss et 

al., 2016). Our ability to monitor in situ snow conditions has historically been limited to open areas near 

larger communities and airfields where large meteorological apparatus are established (Goodison, 2006). 

As such, standardized measurement of snow remains a challenge in remote regions where existing stations 

cannot represent the diversity of snow conditions across topography, vegetation and snow wind-scouring 

(Brown et al., 2012, 2003; Derksen et al., 2014). 

 Satellite remote sensing platforms are unable to directly measure snow depth and thermal properties 

in most environments (Boelman et al., 2019; Kinar & Pomeroy, 2015; Sturm, 2015) and depend on a very 

limited network of surface validation sites located in open areas (Trujillo & Lehning, 2015). Further, 

acquisition, establishment and maintenance of stationary weather instrumentation used by government and 

industry services is costly outside of regional centres, and this infrastructure is not designed to represent 

forest conditions (Goodison, 2006). This leads to data-sparse areas at high latitudes and in mountainous 

regions, and spatially biased representation of snow characteristics in research and modelling which reduce 

our ability to predict impacts of climate change on snow and ground conditions (Domine et al., 2019; 
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Pulliainen et al., 2020). Cost-efficient snow measurement also facilitates better representation of spatial 

variability of key snow characteristics such as snow water equivalent across a basin or region of interest. 

 To compensate for the lack of automated, spatio-temporal measurements, field researchers in 

ecological, hydrological and cryospheric domains have made use of low-cost methods such as vertically 

arranged temperature loggers (de Pablo et al., 2017; Gilbert et al., 2017; Reusser and Zehe, 2011; Throop 

et al., 2012) and trail cameras with marked stakes (Bongio et al., 2019; Dickerson‐Lange et al., 2017; 

Farinotti et al., 2010; Fortin et al., 2015). These options are relatively low cost ($250 CAD [trail camera] 

to $700 CAD [10 iButtons] per stake) (Table 2.1) but have clear disadvantages. For example, iButton 

temperature loggers can have a low precision (±0.5 °C) and sampling frequency (4-h sampling rate for less 

than a year of data) (Lewkowicz, 2008), experience frequent clock slippage and require specific 

modifications due to imperfect waterproofing. Trail camera setups often require extensive manual 

processing, depend on weather conditions (interpretable images, camera battery life) and do not allow 

determination of other snow characteristics beyond snow heights (Farinotti et al., 2010; Garvelmann et al., 

2013). 
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Table 2.1: Comparison between the classic iButton instrumentation (Lewkowicz, 2008) and the 

HOBO Pendant light/temperature loggers used in this study for the SCLT method. Only commonly 

used iButton models are compared. Sourced from (a)-(c) iButton Link (2020) and (d) Onset 

Computer Corporation (2020). 

Number Variable Storable 
readings 

Sampling 
rate 

Storage 
capacity 
at 
1 hr 
(yrs) 

Logger 
accuracy 

Logger 
precision 

Operational 
range (°C) 

Price 
(CAD) 

Cost per 
stake 
(CAD) 

DS1925L
a
 Temperature 125440 5min to 

273hrs 

14.32 ±0.5 °C 0.5 °C to 

0.0625 °C 

-40 to +85 66.19 @ 

1k units 

700 

DS1922L
b
 Temperature 8192 1s to 

273hrs 

0.94 Correctible 

to ±0.5 °C 

0.5 °C to 

0.0625 °C 

-40 to +85 59.52 @ 

1k units 

630 

DS1921G
c
 Temperature 2048 1min to 

255min 

0.23 ±1 °C 0.5 °C -40 to +85 26.64 @ 

1k units 

300 

MX2202
d
 Temp / Light 98000 1s to 

18hrs 

11.19 ±0.5 °C / 

±10% lux 

0.04 °C / 

1 lux 

-20 to +70 82.40 

@50 

units 

1030 

 

In this study, we present results from a novel low-cost technique for snow depth estimation that 

can be efficiently applied at remote field sites. With a similar per site cost (Table 2.1), the method alleviates 

some of the challenges associated with other low-cost methods while offering a direct method of estimating 

snow characteristics in natural conditions. Building on the practice of using temperature loggers (Danby & 

Hik, 2007; Lewkowicz, 2008), we propose the snow characterization with light and temperature (SCLT) 

technique which uses vertically arranged dual light and temperature data loggers together to produce 

reliable estimates of snow characteristics with minimal analysis across ecotones. The current generation of 

SCLT-based snow thickness estimation relies most on light measurements but SCLT’s dual sensor 

configuration will enable future use of multivariate statistical techniques to improve snow depth estimation. 

We tested the SCLT method for one year at six field sites located in forested and shrub-tundra locations in 

Subarctic and Arctic Labrador, north-eastern Canada. Our results show sufficient promise that we believe 

there is significant benefit to sharing first results with the broader snow science community. Adoption of 
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this method will facilitate a more prolific network of snow measurements in real-world conditions and will 

inform modelling and climate change adaptation measures while enhancing core understanding of 

cryospheric processes. 

2.2 Study Area 

The SCLT method was tested at six field sites located in Subarctic and Arctic Labrador (northeast 

Canada). Field sites were within regions governed or managed by the Nunatsiavut Government, 

NunatuKavut Community Council and/or Innu Nation. The overall region has a strong coastal-continental 

gradient in air temperature, with higher snowfall amounts and colder temperatures than similar western 

Canadian latitudes due to the Labrador Current (Banfield & Jacobs, 1998; Brown et al., 2012; Maxwell, 

1981; Way et al., 2017). Mean annual air temperature ranges from around -8 °C (Torngat Mountains 

Ecodistrict) to 2 °C (L’Anse Amour Ecodistrict) and regional total precipitation ranges from 546 mm (Cape 

Chidley Ecodistrict) to 1248 mm (Mealy Mountain Ecodistrict) (Riley et al., 2013). On average, regional 

snow and ice cover is present from November to May (Brown et al., 2012); however, snow cover duration 

has rapidly declined in northern Labrador and climate models predict further reductions in snow cover 

duration in the future (Barrette et al., 2020; Brown et al., 2012). The six SCLT field testing sites (Table 2.2) 

cover a latitudinal range of 52.7°N to 58.5°N and are mostly located in forested ecodistricts (high Boreal 

forest, low Subarctic forest and mid Subarctic forest) where the dominant vegetation types are Black 

Spruce, White Spruce, Balsam Fir and Eastern Larch (Roberts et al. 2006; Riley et al., 2013) (Fig. 2.1; 

Table 2.2). One site (BaseSnow) is located in low-Arctic shrub-tundra (Torngat Mountains Ecodistrict) 

where dominant upright shrub species are Alder and Dwarf birch (Riley et al., 2013). The forested sites 

(Amet11, Amet12, Amet17, Amet28 and Amet19) are at a lower latitude and receive at minimum 7.6 hours 

of daylight while the higher latitude shrub-tundra site (BaseSnow) receives at minimum 6.3 hours of 

daylight (Bird & Hulstrom, 1981). 
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Table 2.2: Site specifications for the six SCLT sites including site name, latitude, longitude, elevation, 

ecotype and SCLT data collection period. 

Site ID Full site name Latitude 
(°N) 

Longitude 
(°E) 

Elevation 
(m) 

Vegetation 
ecotype 

SCLT data 
collection period 

Amet11 Mealy South 

Lower 

52.83 -60.10 265 Taiga forest 2018-09-13 to 

2019-07-24 

Amet12 Mealy South 

Upper 

52.79 -60.03 467 Taiga forest 2018-09-13 to 

2019-07-24 

Amet17 Goose Bay 

Upper 

53.30 -60.54 271 Boreal forest 2018-10-14 to 

2019-08-05 

Amet28 Aliant Tower 

Lower 

53.09 -61.80 390 Taiga forest 2018-09-03 to 

2019-08-12 

Amet29 Aliant Tower 

Upper 

53.11 -61.80 526 Taiga forest 2018-09-03 to 

2019-08-12 

BaseSnow Torngat 

Basecamp 

58.45 -62.80 3 Shrub tundra 2018-08-07 to 

2019-08-19 

 



 

 

 

50 

 

Figure 2.1: (a) Geographic distribution of light and temperature snow stake sites, with detailed 

topographic depictions of: (b) BaseSnow in Torngat Mountains National Park, (c) Amet17 close to 

the municipality of Happy Valley-Goose Bay (HVGB), (d) Amet28 and Amet29 along the Trans-

Labrador Highway between Churchill Falls and HVGB and (e) Amet11 and Amet12 along the Trans-

Labrador Highway south-east of HVGB. 
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2.3 Methods 

2.3.1 Theoretical Approach 

 The snow characterization with light and temperature (SCLT) method is based on prior research 

demonstrating that light transmission is inhibited by snow cover, and that overlying snow layer 

characteristics impact the magnitude and rate of light transmission through the snowpack (Fig. 2.2) (Libois 

et al., 2013; Perovich, 2007). The SCLT method is an evolution of a low-cost method, first described by 

Danby and Hik (2007) and Lewkowicz (2008), that uses vertically arranged temperature measurements and 

diurnal temperature fluctuations to estimate the date of snow cover at a given height (Lewkowicz, 2008). 

SCLT uses simultaneous measurements of light intensity and temperature together to characterize 

snowpack characteristics. 
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Figure 2.2: Conceptual diagram of the snow characterization with light and temperature (SCLT) 

method as implemented in this study. It is hypothesized that increases in snow depth will lead to 

sudden drops in light intensity measured by data loggers due to scattering and reflection in the 

snowpack (Perovich, 2007). 
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2.3.2 Field Implementation of SCLT Method 

 Wooden stakes (1.8 m) were outfitted with vertically arranged HOBO MX2202 Pendant Wireless 

Temperature/Light Data Loggers (Onset Computer Corporation, 2020) anchored to 1.0 m metal poles 

driven into the ground. Loggers were positioned at heights of 10, 20, 30, 40, 50, 60, 80, 100, 120 and 160 

cm above the ground surface and thus characterize near-surface snow layers at a higher resolution than 

upper layers (Fig. 2.2; Fig. 2.3). The specific heights used for loggers’ positions were set to maintain 

continuity with prior snow estimates made at these sites with iButton techniques (e.g. Way and Lewkowicz, 

2018) but other configurations (e.g. 10 cm intervals) may be preferred for other non-permafrost 

applications. Visible light intensity and temperature was recorded at intervals of 2 hours (even intervals) 

and data was downloaded in the field via the HOBOmobile app (Onset Computer Corporation, 2020). At 

each site, ground surface temperature, ground temperature (approximately 1 m depth) and air temperature 

were also collected following Way and Lewkowicz (2018). Initial testing of the SCLT method covered the 

period of September 2018 to August 2019. 
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Figure 2.3: Field photos of all SCLT measurement sites for 2018-2019 and (g) a close up of logger installation onto stake. These include: (a) 

Amet11, (b) Amet12, (c) Amet17, (d) Amet28, (e) Amet29 and (f) BaseSnow.

a)

f)e)d)

c)b) g)
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2.3.3 Data Processing and Analysis 

 We calculated SCLT-derived snow surface heights using SCLT with three unique but conceptually 

similar approaches. All analyses assume that snow cover at a given height occurs when daily maximum 

light intensity or daily temperature standard deviation drops below an empirical threshold. The first 

approach applied changepoint analysis to raw light intensity measurements with the assumption that sudden 

changes in light intensity recorded at a logger are indicative of complete or partial snow coverage. The 

position of change-point segments was determined using the Pruned Exact Linear Time (PELT) test 

method, a cost minimization function as described by Killick et al. (2012), using an asymptotic penalty of 

0.1 (resulting in 90% confidence) (Killick et al, 2012). By removing non-optimal solution paths, this method 

provides moderate sensitivity (Aminikhanghahi & Cook, 2017) and fast processing time (Beaulieu et al., 

2012; Wambui et al., 2015). A logger is deemed snow covered if a drop in light intensity causes changepoint 

segments to fall below a threshold derived empirically.  

Snow cover thresholds were defined as the minimum of the daily maximum light intensities during 

no-snow conditions at a data logger. No-snow conditions were considered days where the daily maximum 

temperature recorded at a given logger was above 0.5 °C. This approach resulted in thresholds and ranges 

of daily maximum light intensities that varied from logger-to-logger (Fig. 2.4). Application of changepoint 

analysis with the empirical thresholds enabled detection of stepwise increases (or decreases) in snow 

surface heights relative to a logger’s position (Fig. 2.5). Estimated snow depth was floored to the closest 

logger height which, when using raw data, resulted in uncertainties of ± 10 cm at lower positions and up to 

± 40 cm for the top position. 

The second approach applied to SCLT data uses similar logic as the first method but takes 

advantage of the high correlation between loggers at different heights through interpolation (Table 2.3). 

Daily maximum light intensity data was interpolated through time and vertical height using a modified thin 

plate spline interpolation designed for spatial processes from the fields R package (Nychka et al., 2017). 

Mean Absolute Error (MAE) of daily maximum interpolations ranged from 0.089 - 0.398 lux (logarithmic) 
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for light and 0.099 - 2.01 °C for temperature (Table 2.3). Snow cover was estimated from interpolated 

SCLT data with two different techniques: (1) standard changepoint analysis (PELT method, asymptotic 

penalty of 10%) using the mean threshold using pooled data for all loggers at a given stake; and (2) using 

the minimum, mean and maximum of the empirical snow cover thresholds from all loggers across a stake 

(contour method) (Fig. A.1). 

A third approach based entirely on temperature (Fig. A.2) was used for comparison with the light 

intensity-based methods presented above. Estimation of snow depth with only temperature data is 

widespread in the ecological and permafrost literature and relies on measuring attenuation of diurnal 

variability in the snowpack (Danby & Hik, 2007; Lewkowicz, 2008). We apply changepoint analysis (PELT 

method, asymptotic penalty of 10%) to daily temperature standard deviations measured at each logger using 

the minimum standard deviation measured during no snow conditions (Tmax > 0.5 °C) for each height as 

an empirical threshold. A second condition was added where minimum temperature on a given day must 

be less than or equal to 0.5 °C for snow cover to be present. 

Table 2.3: Mean absolute error (MAE) for the thin plate spline interpolation applied to each site. 
Interpolation of the light data was implemented with a logarithmic scale. 

Site MAE 
(Daily Max Light) 

MAE 
(Daily SD Light) 

MAE 
(Daily Max Temp) 

MAE 
(Daily SD Temp) 

Amet11 0.342 lux 0.295 lux 0.099 °C 0.94 °C 

Amet12 0.267 lux 0.234 lux 1.28 °C 0.669 °C 

Amet17 0.165 lux 0.144 lux 0.048 °C 0.399 °C 

Amet28 0.398 lux 0.338 lux 2.01 °C 1.09 °C 

Amet29 0.204 lux 0.173 lux 0.458 °C 0.488 °C 

BaseSnow 0.114 lux 0.089 lux 1.29 °C 1.41 °C 
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Figure 2.4: Violin plot (rotated kernel density) showing the probability density and distribution of daily maximum light intensities 

(logarithmic scale) when the daily maximum temperature is above 0.5 °C at: (a) Amet11, (b) Amet12, (c) Amet17, (d) Amet28, (e) Amet29 

and (f) BaseSnow. Minimum values were used as the individual logger thresholds for the changepoint analysis and pooled thresholds were 

used for the range of thresholds used in the interpolated analysis. 
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Figure 2.5: Changepoint analysis applied to (a) 20, (b) 40, (c) 60 and (d) 100 cm height loggers along 

Amet11. The red line shows changepoint segment means and the blue line shows the no-snow light 

intensity threshold for each logger. Snow cover occurs at a given logger when the changepoint 

segment drops below the no-snow threshold. 
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2.4 Results 

2.4.1 Estimating Snow Depth using Light Intensity Measurements 

 We used the SCLT method to estimate snow depth through the winter for 2018-2019 at six remote 

sites across Labrador. The first analysis method derives the snow depth using a changepoint analysis of the 

raw daily aggregates and the second uses interpolated light intensity data. A third method is entirely based 

on temperature and is presented for a comparison to data analysis methods used in prior studies.  

2.4.1.1 Changepoint Analysis with Raw Light Intensity Measurements 

 At forested sites (Amet11, Amet12, Amet17, Amet28, Amet29), snow accumulated stepwise 

beginning in mid-October with a maximum depth reached between March and April followed by rapid 

snow melt in early-to-mid May (Fig. 2.6). At the shrub-tundra site (BaseSnow), snow cover was generally 

thin over much of the winter with smaller periods of accumulation in the late-fall and early-winter. At 

BaseSnow, maximum snow thickness was reached in mid-March to mid-April and a complete melt occurred 

by early-May. Across all sites the snow cover duration ranged from 174 days (BaseSnow) to 229 days 

(Amet12) with an average duration of 215 days (Table 2.4). Mean January snow depth was also lowest at 

BaseSnow (~11 cm) and highest at Amet12 (~103 cm). In 2018-2019, all SCLT sites except for BaseSnow 

had a snowpack taller than the uppermost data logger (160 cm; 120 cm at Amet11 due to a logger failure) 

for anywhere between 8 days (Amet28) to 84 days (Amet11) (Table 2.4).  
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Figure 2.6: Snow depth over 2018-2019 derived using changepoint analysis of raw lux values from 

loggers at each SCLT measurement site including: (a) Amet11, (b) Amet12, (c) Amet17, (d) Amet28, 

(e) Amet29 and (f) BaseSnow. Top logger positions ranged from 120 cm (Amet11 and BaseSnow) to 

160 cm (Amet12, Amet17, Amet28, Amet29) and cannot detect snow depths above this height. 
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Table 2.4: Snow cover duration, maximum snow depth, duration at maximum depth and mean 

January snow depth for each SCLT site for 2018-2019 using the changepoint method with raw lux 

values. 

Site Snow cover 
duration 

Maximum snow 
depth 

Duration at max 
depth 

Mean January snow 
depth 

Amet11 212 days > 120 cm 84 days 87.1 cm 

Amet12 229 days > 160 cm 80 days 103.2 cm 

Amet17 228 days > 160 cm 81 days 100.6 cm 

Amet28 220 days > 160 cm 8 days 101.3 cm 

Amet29 226 days > 160 cm 27 days 98.7 cm 

BaseSnow 174 days 40 cm 9 days 10.6 cm 

 

2.4.1.2 Snow Depth Estimation with Interpolated Light Intensity Measurements 

 Light intensity was interpolated through time and height and two analysis techniques were applied 

to the interpolated data (Fig. 2.7). The first, which used changepoint analysis, accumulated snow from late-

October to late-January for Amet11, Amet12 and Amet17 with snow cover above the top logger (greater 

than 120cm for Amet11 and 160cm for Amet12 and Amet17) until spring snowmelt in late-April to early-

May. With the interpolated changepoint method, Amet28 accumulated snow until April when it reached a 

maximum snow depth of 133 cm on March 21, 2019 and melted from late April until mid-May. At Amet29 

snow depth exceeded the top logger (160 cm) from mid-to-late April and melted throughout May (Fig. 2.7). 

BaseSnow showed a thinner snow cover with short periods of accumulation in the late-fall (November), 

late-December and February with a maximum snow depth of 31 cm in late-January. The interpolated 

changepoint analysis resulted in snow cover durations ranging from 177 days (BaseSnow) to 234 days 

(Amet12) and mean January snow depth ranging from 17 cm (BaseSnow) to 120 cm (Amet17). 

The second approach applied to interpolated data used the minimum, mean and maximum stake-

wide pooled thresholds to produce a range of contours showing potential snow depths for each day. The 

SCLT snow depth using mean thresholds showed a similar pattern to the changepoint analysis described 
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above with accumulation from late-October to late-January, with the notable exception that snow cover at 

Amet28 exceeded the top logger with this method (Fig. 2.7). BaseSnow showed dispersed accumulations 

between the late-fall and early-spring with rapid melt occurring in mid-April and a maximum snow depth 

of 43 cm on December 23, 2018. Snow cover duration ranged from 178 days (BaseSnow) to 200 days 

(Amet17) and mean January snow depth ranged from 23.0 cm (BaseSnow) to 120 cm (Amet17) (Fig. 2.7). 

Applying the contour approach to 2018-2019 winter SCLT data leads to mean time-varying snow depth 

uncertainty ranges from 3 ± 3 cm (Amet17) to 15 ± 6 cm (Amet28). 
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Figure 2.7: Interpolated lux measurements presented as an x-y-z plot on a log-scale for each SCLT 

measurement site including: (a) Amet11, (b) Amet12, (c) Amet17, (d) Amet28, (e) Amet29 and (f) 

BaseSnow. Estimated snow depths are presented for changepoint analysis (black) and the mean of 

the no-snow thresholds (contour-method; dotted). 
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2.4.1.3 Comparison of SCLT Light Methods 

 Raw and interpolated light intensity-based methods showed similar periods of snow onset with 

gradual snow accumulation from October to May for the Amet sites but the raw changepoint analysis 

resulted in a shorter duration of snow cover compared to the interpolated data at all sites (Fig. 2.7). 

Generally, the raw changepoint method showed larger single day-increases in estimated snow depth, while 

the same method applied to interpolated data resulted in smaller, more frequent accumulations. Application 

of the contour method (using minimum, mean and maximum thresholds) resulted in smooth periods of 

accumulation and transport or melt but were mostly similar to the changepoint-based estimates (Fig. 2.8). 

Changepoint analysis and contours using interpolated data resulted in similar mean January snow depths 

for all stations with a mean difference of 3 ± 2 cm (Table 2.5). The mean January snow depth was 

significantly lower using the changepoint method on the raw data at all stations, with differences ranging 

from 10.2 cm (Amet28) to 18.4 cm (Amet17) (Table 2.5). 

Comparison of a forested (Amet12) and shrub-tundra site (BaseSnow) showed earlier snowmelt 

with the raw changepoint analysis at the former site but no clear differences in melt at the latter site (Fig. 

2.8). The raw changepoint method also showed a period of snow removal or melt in the early-to-mid winter 

at the forested site though this was not evident in the interpolated data (Fig. 2.8). All three light-based 

methods showed a consistently low snowpack at the shrub-tundra site (BaseSnow) with greater overall 

variability in the raw changepoint analysis (Fig. 2.8). 
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Figure 2.8: Comparison of snow depths derived with light-based methods for: (a) a forested site 

(Amet12) and (b) a shrub-tundra site (BaseSnow). Snow depth estimates are provided for raw 

changepoint analysis (dashed lines), interpolated changepoint analysis (black line) and interpolated 

contours using minimum and maximum snow cover thresholds (grey shading). 
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2.4.2 Estimating Snow Depth using Temperature Measurements 

 Application of the temperature-based changepoint analysis resulted in forested stations (all Amets) 

showing snow accumulation starting in mid-to-late October but not until late-December at the shrub tundra 

site (BaseSnow). All temperature-based snow depth estimates showed a drop in snow depth in late-

December (Fig. 2.9). Amet11 reached a maximum snow depth of 100 cm in February but periodically 

dropped to 50 cm throughout the winter with a rapid decline in late-April to early-May (Fig. 2.9). Amet12 

and Amet17 exceeded the top logger in February but had sudden drops in snow depth throughout the winter 

into early spring. Amet28 and Amet29 both accumulated snow gradually until early-April with peak snow 

depths of greater than 120 cm and 160 cm, respectively. Melt is inferred to have occurred at all SCLT sites 

excluding BaseSnow between late-April and late-May. At BaseSnow, spikes in snow cover up to 30 cm 

occurred in late-December and late-March to early-April. Excluding these peaks, snow cover at BaseSnow 

remained at 0 cm throughout much of the snow season (Fig. 2.9). With the univariate temperature analysis, 

snow cover duration ranged from 104 days (BaseSnow) to 227 days (Amet12 and Amet17) and mean 

January snow depth ranged from 0 cm (BaseSnow) to 101 cm (Amet12). 
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Figure 2.9: Snow depth over winter 2018-2019 derived from changepoint analysis applied to standard 

deviations of daily temperature for each SCLT measurement site including: (a) Amet11, (b) Amet12, 

(c) Amet17, (d) Amet28, (e) Amet29 and (f) BaseSnow. Top logger positions for SCLT sites ranged 

from 120 cm (Amet11 and BaseSnow) to 160 cm (Amet12, Amet17, Amet28, Amet29) and cannot 

detect snow depths above this height. 
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2.4.3 Comparison of Light and Univariate Temperature Methods 

 Estimated snow depth using temperature showed large drops in the late-Fall and mid-Winter at 

most sites that were not evident in the light intensity-based methods. Temperature-based snow depths 

consistently produced shorter snow durations and less snow accumulation at all sites (Fig. 2.9; Table 2.5). 

For the forested sites (Amets), the differences in mean January snow depth between the temperature 

changepoint and the raw SCLT changepoint ranged from 2 cm (Amet12) to 22 cm (Amet17) (Table 2.5) 

though an even greater difference was found when comparing interpolated data (mean difference of 27 ± 

11 cm). At BaseSnow (shrub-tundra), the temperature method estimated a snow depth of 0 cm in January 

while the light-based methods estimated mean snow depths between 10 cm and 23 cm (Table 2.5). 

Table 2.5: Mean January snow depth for all six stations using all methods. 

Field site Raw light 
changepoint 

Interpolated light 
changepoint 

Interpolated light 
threshold contours 
(mean) 

Raw temperature 
changepoint 

Amet11 87.1 cm 100.7 cm 98.2 cm 69.0 cm 

Amet12 103.2 cm 117.8 cm 120.7 cm 101.2 cm 

Amet17 100.6 cm 120.1 cm 119.0 cm 78.7 cm 

Amet28 101.3 cm 107.6 cm 111.5 cm 96.8 cm 

Amet29 98.7 cm 115.2 cm 114.0 cm 81.9 cm 

BaseSnow 10.6 cm 17.3 cm 23.0 cm 0 cm 

 

Temporal variability in snow depths was examined using Pearson correlation coefficients 

calculated across sites and methods between December and January (avoiding snow depths exceeding 

maximum logger heights). Amongst the four methods examined, snow depths derived using light-based 

methods were highly correlated with one another (r = 0.7 to r = 0.98) but were much less correlated with 

the temperature-based snow depths (Fig. 2.10 a). Raw changepoint analysis using light provided the highest 

mean correlation with the temperature-based snow depths across sites (r = 0.85). Overall, cross-method 
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correlations were highest for Amet29 and lowest for BaseSnow reflecting the highly variable snow 

conditions at the latter site (Fig. 2.10 b). 

 

Figure 2.10: Pearson correlation coefficients (r) comparing estimated snow depths from December 

2019 and January 2020, (a) between methods for each site and (b) between sites for each method. 
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2.5 Discussion 

2.5.1 Evaluation of SCLT Performance 

 Evaluation of the snow characterization with light and temperature (SCLT) method in Subarctic 

and Arctic Labrador over winter 2018-2019 showed that the technique can reliably and consistently 

determine snow depth in both forested and shrub-tundra environments. The raw changepoint requires 

minimal processing time and is easiest to implement, but by ignoring the inter-associations between 

measurements at different heights it will inherently floor snow depth to the closest logger leading to larger 

errors than with interpolated data. Interpolation of SCLT data was also able to compensate for logger 

failures, particularly post-snow coverage, by using the high correlation between loggers within the 

snowpack to estimate missing data (Table 2.3). The univariate temperature analysis applied to our sites 

underperformed relative to the light-based methods with the divergence between approaches most evident 

at the shrub-tundra site (BaseSnow) (Fig. 2.10). The snowpack at this site was inferred to be dense due to 

wind packing and thus would experience greater diurnal temperature variability because of a higher thermal 

conductivity compared to a forest site (Domine et al., 2016; Sturm et al. 1997). The high light intensities 

outside of the snowpack induced by the albedo effect provided a fairly unambiguous contrast with the lower 

light intensities within the snowpack (Fig. 2.7), allowing for depth determination of a snowpack that is 

typically difficult to characterize (Domine et al., 2019).  

As elucidated by Sturm et al. (2001), snow cover is sensitive to local micro-climate, vegetation 

cover and topography. These variables are not broadly represented in current weather monitoring 

infrastructure deployed near urban centres or airports (Goodison, 2006). The lack of weather stations 

recording snow depth adjacent to our field sites makes it difficult to validate results from most SCLT sites. 

However, Amet17 is located approximately 5 km from Goose Bay Airport which has a weather station 

measuring snow depth though this site is found in an open clearing and at a site that is 200 m lower than 

Amet17 (Environment and Climate Change Canada, 2020). Comparing the two 2018-2019 snow depths 

from both sites shows high general agreement (r = 0.98 for daily snow depths from December to January 
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[n=112]) but Amet17 showed a longer overall snow season and a significantly later snow melt than at Goose 

Bay Airport (Fig. 2.11). This difference is not unexpected as Brown et al (2003) showed a thicker peak 

snow depth and longer snow duration at forested versus open snow course sites (currently inactive) near 

Goose Bay. Later snow melt at Amet17 can also be inferred from a site visit to Amet17 in 2020 (March 25) 

which showed a significantly thicker snowpack at Amet17 (95 ± 5 cm; Fig. 2.12) than contemporaneously 

measured at Goose Bay Airport (52 cm) (Environment and Climate Change Canada, 2020).  

 

Figure 2.11: Estimated snow depth at Amet17 site (black dotted line) using interpolated SCLT data 

overlaid with snow depth measured for winter 2018-2019 at Goose Bay Airport (black solid line). 
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Figure 2.12: Photograph of Amet17 taken on March 25, 2020. Snow height was visually estimated to be 95 ± 5 cm. The nearby weather 

station at Goose Bay Airport (~5 km distance) contemporaneously recorded a snow depth of 52 cm.  
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To further assess the SCLT approach, we compared estimated snow depths at our field sites to co-

located estimates from the daily Canadian Meteorological Centre (CMC) snow depth product (Brown & 

Brasnett, 2010). CMC daily snow depths are derived using in situ snow depth observations, statistical 

interpolation and a first-guess field from a snow accumulation and melt model (Brown et al., 2003; Brown 

& Brasnett, 2010) (Fig. 2.13).  The CMC product is generated at a 24 km spatial resolution and has reduced 

performance in areas with sparse in situ snow monitoring networks like Labrador. Our comparison shows 

that snow onset, melt and daily accumulations patterns are similar to the SCLT derived snow depth 

estimates (Fig. 2.13). MAE between December-January CMC snow depths and light-based SCLT snow 

depths were 19 cm, 2 cm, 5 cm, 35 cm, 39 cm and 4 cm for Amet11, Amet12, Amet17, Amet28, Amet29 

and BaseSnow, respectively. MAE between snow duration was 27 days, 14 days, 2 days, 10 days, 4 days 

and 129 days for Amet11, Amet12, Amet17, Amet28, Amet29 and BaseSnow, respectively. Both 

Amet11/Amet12 and Amet28/Amet29 shared respective grid cells thus the differences between these SCLT 

sites reflect influences of vegetation, elevation and potential snow drift. Unfortunately, due to the lack of 

snow measurement throughout northern Labrador (Mekis et al., 2018), the CMC dataset is unlikely to 

provide a useful validation against BaseSnow. 

  



 

 

 

74 

 

Figure 2.13: Comparison of snow depths derived with light and temperature-based methods and 

Canadian Meteorological Centre (CMC) snow depth analysis data (Brown & Brasnett, 2003) for: (a) 

Amet 11, (b) Amet 12, (c) Amet17, (d) Amet28, (e) Amet29 and (f) BaseSnow. Snow depth estimates 

are provided for interpolated contours using minimum and maximum snow cover thresholds (grey 

shading), interpolated changepoint analysis (black line), raw changepoint analysis (dot-dashed line), 

temperature changepoint analysis (dotted line) and modelled CMC snow depth at the associated grid 

cell (red line). 
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2.5.2 Limitations and Opportunities  

 The results in this study have provided a direct workflow for estimating snow depth from SCLT 

data though the proposed method will require further optimization and refinement. For example, our 

analysis did not directly evaluate the impacts of latitude, canopy cover, logger configuration and ground 

condition on SCLT results. Each of these factors and their corresponding influence on light transmission 

under snow and no-snow conditions makes the universal application of particular light thresholds unlikely. 

The specific sensor arrangement of SCLT stakes may also require refinement and customization for indices 

studied. Winter 2018-2019 far exceeded normal snow depths in coastal Labrador (Fig. A.4), resulting in 

data gaps mid-winter. The configuration in this study was designed for investigations of ground thermal 

impacts of snow cover in discontinuous permafrost in Labrador which typically are largest when snow 

cover is shallower than 100 cm (Way & Lewkowicz, 2018). For hydrological applications, uniform sensor 

arrangement at a given interval (e.g. 5-10 cm) may be preferable.  

 At follow-up visits to several of our sites, we experienced water damage to HOBO MX2202 

Pendant Wireless Temperature/Light loggers leading to battery failure and a cessation of data collection 

despite their reported waterproof casing. We have interpreted this to be a result of bowing of the logger 

casing because we overtightened the screws when affixing loggers to the wooden stakes (Fig. 2.3). It is 

advised that in the future these loggers are loosely attached to stakes to maintain the integrity of the logger 

structure. Field visits to sites also suggest that maintaining a consistent measurement height may be 

challenging in areas with significant frost heave from year-to-year therefore alternative anchoring may be 

needed for examining changes at a site over multi-year periods. The widespread applicability of SCLT will 

depend on further testing at high latitudes where the lack of light availability during December and January 

may limit its utility during portions of the winter. However, this concern may be limited to the short periods 

of complete darkness as we observed substantial light reflection from high albedo tundra snow cover at our 

highest latitude site (BaseSnow) even in December. Exploring the potential utility of combining light 

intensity and temperature together with more advanced predictive modelling may further mitigate this 
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concern. We would also recommend that a specific sensor arrangement pointing south or towards the most 

open portion of the canopy could be adopted to enhance light intensity contrasts at low sun angles. 

Overall, the SCLT method was found to provide robust and cost-efficient snow depth estimation in 

regions that are not suitable for outfitting with full weather stations. We unambiguously show that light 

intensity is a clearer metric for estimating daily snow depth than temperature-only methods. Further analysis 

combining the light intensity measurements with temperature within the snowpack will allow for a more 

robust snowpack characterization than available through the use of time lapse photography-based methods. 

The dual measurements collected by the SCLT technique coupled with ground temperature measurements 

will also enable simplified characterizations of temperature gradients within the snowpack and at depth as 

a coupled system (Fig. 2.14). Further studies should explore how SCLT can be applied to better understand 

other snowpack characteristics including density, grain size and effective thermal conductivity. 
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Figure 2.14: X-Y-Z plot showing interpolated temperatures for Amet29 within the snowpack and the 

underlying soil (maximum depth: 85 cm). Snowpack height is estimated using the interpolated light 

threshold contour (mean) (black line) and ground temperatures were recorded at 5 cm and 85 cm 

depth with a HOBO V2 Pro data logger. 
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2.6 Conclusion 

 Improved monitoring and characterization of a changing snowscape is imperative to conservation, 

planning and climate adaptation in across the globe but particularly in Subarctic and Arctic regions. Snow 

characterization under natural environments is currently lacking in most northern environments with 

measurement stations mostly in open areas near airports or communities making snow studies outside of 

these regions dependent on snow courses and remote sensing (Brown et al., 2003; Goodison, 2006; 

Pulliainen et al., 2020). In this study, we introduce a novel method (SCLT) for characterizing snow 

conditions in remote northern environments that uses a combination of vertically arranged light and 

temperature loggers. We present three different methods for analyzing SCLT data, including a temperature-

only approach for comparison with prior studies. Our results broadly show that raw and interpolated SCLT 

data can be used to efficiently characterize snow depth over full snow seasons at sites that varied 

considerably in ecotype and inferred snow characteristics. All SCLT-based snow estimation techniques 

provided clear advantages over the temperature-only approach with the latter performing particularly poorly 

where snow density was inferred to be higher (shrub-tundra).   

 The development of the SCLT method as a cost-effective measurement technique aims to help fill 

knowledge gaps in snow-vegetation interactions and to facilitate a wider snow monitoring network in 

remote areas under natural conditions. The method requires further research and refinement; however, these 

preliminary results are sufficiently promising that deployment of SCLT across northern research basins for 

testing purposes may be desirable. Applying this new method will improve our understanding of the 

changing cryosphere, local hydrology and climate change impacts on ecosystems and biodiversity. Further 

elucidation of snow-vegetation-permafrost interactions will also aid community development, local travel 

safety and cultural practices.  
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Chapter 3 

Modelling Soil Temperature Sensitivity to Variable Snow and Vegetation 
Conditions in Low-Relief Coastal Mountains, Nunatsiavut and NunatuKavut, 

Labrador 

Abstract 

Understanding permafrost vulnerability and resilience to climate warming is critical for predicting 

impacts on northern communities and ecosystems. The thermal characteristics of near-surface permafrost 

are influenced by effects from overlying vegetation and snow cover, both of which are changing in northern 

environments. The association between vegetation and snow is particularly relevant in the coastal 

mountains of Labrador, northeast Canada, because of high annual snowfall totals and greening tundra 

biomes. In this study, we present a series of one-dimensional simulations using the Northern Ecosystem 

Soil Temperature (NEST) model to characterize ground thermal conditions at two field sites (Pinware, 

NunatuKavut & Nain, Nunatsiavut) along the Labrador coast. NEST simulations covering 1979-2019 were 

run using ERA5 atmospheric reanalysis for three ecotypes (tundra, shrub, treed) with three different snow 

accumulation regimes (snow drifting away from site, no snow drift, snow drifting to site). At Nain, 

perennially frozen ground was present for all three ecotypes when snow cover was kept thin (drifting away) 

but was largely absent for the ecotypes when snow accumulation was higher. At Pinware, frozen ground 

was mostly absent except where snow cover was shallow (wind drifting away). For low-snow simulations, 

frozen bodies (< 20 m) persisted in all ecotypes during cold periods but only remained intact following 

warmer years for treed ecotypes. These results highlight the importance of spatial and temporal variability 

in snow cover for characterizing ground thermal regimes in coastal Labrador. 
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3.1 Introduction  

Widespread permafrost thaw is projected through much of the discontinuous permafrost in Canada 

(Derksen et al., 2012). Changes to regional permafrost distribution will impact traditional activities 

(Anderson et al., 2018), habitat suitability for keystone species and may alter the distribution of wildlife 

(Berteaux et al., 2016). Concurrently, rapid environmental change is expected to alter the distribution of 

northern vegetation with implications for permafrost and snow cover (Sturm et al., 2001). Sturm et al. 

(2005) found that increased shrub growth led to the accumulation of a thicker, less dense snowpack which 

better insulates the soil and favours further shrub growth. Variability in snow distribution due to wind 

redistribution, topography and vegetation interception has also been shown to be a critical factor 

contributing to permafrost thaw (Wilcox et al., 2019). 

Despite its importance to local ecosystems and people, interactions between terrestrial cryosphere 

components and vegetation are understudied in coastal mountains of the eastern Canadian Subarctic (Brown 

et al., 2012). A series of recent studies (e.g. Way, 2017; Way & Lewkowicz, 2016, 2018) have highlighted 

the importance of late-winter snow thickness for modelling permafrost distribution and vulnerability to 

thaw in coastal Labrador. An enhanced understanding of snow-vegetation-permafrost interactions will 

support evidence-based infrastructure, development and climate adaptation planning in the region. 

This study considers two research basins located in the south and north of coastal Labrador as part 

of an ArcticNet Inc. led initiative. Due to the general lack of permafrost information or long-term ground 

temperature records near the research basins, we employ ground thermal modelling to provide a first 

estimate of ground freezing characteristics and to explore variability in ground thermal conditions expected 

for high snow mountains in coastal Labrador. In this study, we use the Northern Ecosystem Soil 

Temperature (NEST) model to simulate ground temperatures across a range of snow redistribution and 

vegetation scenarios to evaluate ground temperature variability at both snow-vegetation-permafrost 

research basins. 
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3.2 Study Area 

The two study sites (Pinware River Hills [PRH] and Nain Bay Hills [NBH]) were established in 

2019 following discussion with the NunatuKavut Community Council and Nunatsiavut Government. 

Research basins were situated in forest-tundra transitions within the coastal barrens ecozones of 

Nunatsiavut and NunatuKavut (Roberts et al., 2006), at southern (PRH) and northern (NBH) ends of the 

discontinuous permafrost zone (Way & Lewkowicz, 2016) (Fig. 3.1 b). Regional climate at both sites is 

coastally influenced with cooler, wetter summers and milder winters than areas farther inland (Way et al., 

2017). At PRH (51.7°N, -56.6°E, ~214 m a.s.l.), the mean annual air temperature (1979-2019) is 

approximately 0.1 °C while at NBH (56.6°N, -62.0°E, ~125 m a.s.l.) it is around -3.0 °C. The temperature 

range at PRH is smaller than at NBH due to colder winters at NBH and seasonal sea ice cover (winter-

spring) (Way et al., 2017). Both study areas were situated on hilltop plateaus in low-relief coastal mountains 

positioned above the marine limit. Preliminary site evaluations included investigation of near-surface soil 

freezing (summer 2019) and snow cover (winter 2020). Soil profiles and subsurface conditions were 

inferred from regional geomorphology, site photos and past field studies conducted in coastal Labrador 

(Blok et al., 2011; Majorowicz & Minea, 2015; Mmanus et al., 2012; Way et al., 2018). Depth to bedrock 

varied but average conditions were inferred from soil probing (to 120 cm) site photos, and local 

geomorphology. 

PRH is located between the NunatuKavut Community Council’s communities of Red Bay and 

Pinware along the Trans-Labrador Highway (Rte. 510). Black spruce (Picea mariana) and white spruce 

(Picea glauca) krummholz are found in wind sheltered, moist sites while Sphagnum mosses, sedges, cotton 

grasses (Eriophorum spp.), and other wetland species occupy poorly drained depressions and bogs on lower 

slopes (Roberts et al., 2006) (Fig. 3.1 d). Bedrock in the region is composed of old and deformed granites 

(Greene, 1974). The Permafrost Map of Canada shows PRH within the isolated permafrost zone 

(Heginbottom et al., 1995) and recent high resolution analytical modelling of permafrost in Labrador 

estimates that permafrost in the region will occur in isolated patches of windblown terrain (Way & 
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Lewkowicz, 2016). There is no long-term snow monitoring station close to PRH, but coarse regional snow 

products provide an estimated winter maximum snow depth (1980 to 2004) of between 40 - 50 cm (Barrette 

et al., 2020). Local investigation of snow depth variability using remotely piloted aircraft (RPA) (March 9, 

2020) suggest that snow depths at PRH averaged 56 cm but ranged from 0 cm in exposed tundra to >200 

cm in vegetated gullies. (Fig. 3.2 a iii.).  

NBH is approximately 22 km from the Nunatsiavut community of Nain by boat or snowmobile. 

Land cover at NBH consists mostly of dense white spruce krummholz, willows (Salix spp.) and other shrubs 

(Fig. 3.1 c). Elevated headlands have alpine tundra and dwarf and prostrate shrubs, forbs, sedges, grasses 

and mosses (Roberts et al., 2006). Observations from the site have shown an increased rate of shrub growth, 

particularly green alder (Alnus viridis) (Larking et al., 2021). Bedrock in the region has been previously 

mapped as predominantly gabbro (Newfoundland and Labrador Geological Survey, 2015). High Resolution 

(250 m) permafrost modelling of Labrador suggests that NBH is in the sporadic discontinuous permafrost 

zone and that permafrost is more widespread at higher elevations (Way & Lewkowicz, 2016). Maximum 

winter snow depth at the Nain airport ranged from 65 cm (2019) to 167 cm (2012) (ECCC, 2020). Late 

winter RPA investigations show snow accumulation on the southern and northern treed slopes and exposed 

rock and tundra at the cusp of the hill (Fig. 3.2 b ii.). Snow-free RPA surveys have not been conducted at 

NBH due to inclement weather in summer 2019 therefore a snow depth product is not available at this site. 
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Figure 3.1: (a) Reference map of Labrador (shaded grey), (b) Northern and southern field sites 

(orange dots) and their respective ERA5 grid-cells (black outline), (c) Nain Bay Hills (NBH) and (d) 

Pinware River Hills (PRH). 
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Figure 3.2: RPA imagery of snow-vegetation-permafrost testing sites during summer and winter 

PRH [(a) i., ii.] and NBH [(b) i., ii.] and derived snow depth at PRH on March 9, 2020 [(a) iii.]. 

Retrieved from Way (2020). 



 

 

 

90 

3.3 Methods 

3.3.1 Numerical Modelling 

Ground temperatures were modelled at PRH and NBH using the Northern Ecosystem Soil 

Temperature (NEST) model (Zhang et al., 2003). NEST is a one-dimensional process-based finite 

difference model that integrates the effects of climate, vegetation, snow, soil composition and moisture on 

ground thermal conditions based on energy and water dynamics (Zhang et al., 2003). NEST determines 

upper boundary conditions (ground/snow surface) using a surface energy balance while lower boundary 

conditions are controlled by the geothermal heat flux at 120 m depth. Snowpack thickness is calculated 

based on snow water equivalent (SWE) and snow density. SWE is determined by the difference between 

snowfall and snowmelt, while snow density profiles consider compaction and metamorphism. NEST uses 

an input parameter that can be manually adjusted to vary the magnitude of snow drifting to or away from a 

site (Zhang et al., 2012). Soil water dynamics inputs include precipitation and snow melt and consider 

evaporation and transpiration, and water movement in soil profile. Energy conservation is applied to soil 

thawing and freezing and the associated changes in ice and liquid water fractions in a soil layer (Zhang et 

al., 2003). Further information regarding the implementation of NEST model can be found in Zhang et al. 

(2003, 2012, 2014) with recent model updates available via the NEST user manual. 

3.3.2 Site Input 

A simplified soil profile was created for both sites which was assumed to be composed of silt (0-

0.5 m), loam (0.5-1 m) and sandy loam (1-2 m), which is broadly consistent with local soil probing at PRH 

and NBH non-bedrock locations and with similar sites in the region (Way et al., 2018). The upper 20 cm 

of the soil profile are assumed to be lightly decomposed organic matter (fibric). In the simulations, pure 

bedrock (with no pore space for ice formation) begins 2 m below the ground surface. All model runs 

assumed a flat slope with no topographic shading and no surface water inflow (set to 0). This 

parameterization reflects the upland plateau tundra-shrub-tree transitions at the field sites but is less 

representative of small wetlands present in portions of the sites. Geothermal heat fluxes were set to 0.029 



 

 

 

91 

and 0.054 W/m2 for NBH and PRH, respectively, based on Majorowicz and Minea (2015) and prior 

modelling in the region (Wang, 2020; Way et al., 2018). The fraction of quartz in soil was set as 0.1 and 

0.0 for PRH and NRH, respectively, following Way et al. (2018). 

Table 3.1: NEST model inputs for each scenario representing vegetation types; tundra (LAI of 0.2 

and plant type of 4, representing shrubs with a height of 0 m), shrub (LAI of 0.5 and plant type of 4 

representing shrubs with a height of 0.3 m), and treed (LAI of 3 and plant type of 1 representing 

coniferous forest with a height of 1.5 m) and snow drifting away from site, no snow drift and snow 

drift to site.  

 

3.3.3 Climate Data 

Climate data from ERA5 atmospheric reanalysis (Hersbach et al., 2020) was extracted from the 

KNMI Climate Explorer (KMNI, 2020) and the Climate Data Store (Copernicus Climate Change Service, 

2020) for both sites covering the period of 1979-01-01 to 2020-01-01. Climate extracted from ERA5 for 

model inputs included daily temperature [minimum, mean and maximum] (°C), precipitation (mm/day), 

total horizontal solar radiation (MJ/m2/day), daily mean wind speed (m/s) and daily total downward 

longwave radiation (MJ/m2/day). Snow fraction was assumed to be 1 when the daily mean air temperature 

was less than 0 °C. Vapour pressure was calculated based on daily minimum air temperature (Tm) using the 

August-Roche-Magnus (or Magnus-Tetens or Magnus) equation: 
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Tundra 

 
Plant Type = 4 
Height = 0 m 
LAI = 0.2 
Snow Drift = 0.8 
 

 
Plant Type = 4 
Height = 0 m 
LAI = 0.2 
Snow Drift = 0.0 

 
Plant Type = 4 
Height = 0 m 
LAI = 0.2 
Snow Drift = -0.8 

Shrub Plant Type = 4 
Height = 0.3 m 
LAI = 0.5 
Snow Drift = 0.8 
 

Plant Type = 4 
Height = 0.3 m 
LAI = 0.5 
Snow Drift = 0.0 

Plant Type = 4 
Height = 0.3 m 
LAI = 0.5 
Snow Drift = -0.8 

Treed Plant Type = 1 
Height = 1.5 m 
LAI = 3 
Snow Drift = 0.8 

Plant Type = 1 
Height = 1.5 m 
LAI = 3 
Snow Drift = 0.0 

Plant Type = 1 
Height = 1.5  
LAI = 3 
Snow Drift = -0.8 
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!!"# = 6.11&[
%&.(&)#
)#*(+&.+],      (3-1) 

where !!"# is the saturated water vapour pressure (mbar) at '-, the daily minimum air temperature (°C) 

(Alduchov & Eskridge, 1996). 

Despite the coarse spatial resolution of ERA5 (0.5°) the mean elevation for the grid cell overlapping 

with our sites (Fig. 3.1 b) was similar to those at our field sites (mean absolute differences of 23 m and 83 

m for PRH and NBH, respectively). There have been biases in the eastern Subarctic region in prior 

generations of some atmospheric reanalysis products (Rapaić et al., 2015); however, ERA5 trends were 

similar to studies conducted on the broader region (Brown et al., 2012). ERA5 air temperature data were 

verified against shorter, discontinuous records collected from nearby Country Cat Pond and Nain Airport. 

This comparison showed daily mean absolute difference of 2.09 ± 1.89 °C at PRH (2019-08-16 to 2019-

12-31) and -1.39 ± 1.19 °C at NBH (2004-09-27 to 2019-12-31). The mean air temperature bias of the 

climate station data was 0.41 °C (PRH) and -0.32 °C (NBH) relative to the ERA5 reanalysis data. According 

to ERA5, regional air temperatures have warmed over the past 40 years (0.32 °C/decade [PRH], 0.44 

°C/decade [NBH]) but with significant interannual variability (standard deviation of 1.05 °C [PRH], 

standard deviation of 1.30 °C [NBH]). Extreme years were observed at both sites in 1992 and 2010 with 

the former being 1.9 (2.5) °C below the long-term normal at PRH (NBH) and the latter being 2.7 (4.0) °C 

above the long-term normal at PRH (NBH). No statistically significant trends in precipitation were 

determined for the past 40 years for either region in agreement with Rapaić et al (2015). 

3.3.4 Modelling Scenarios 

Nine different modelling scenarios were generated for each site to simulate combinations of three 

different ecotypes (tundra, low shrub and treed) and three different snow redistribution schemes (snow 

drifting away from site, no snow drifting and snow drifting to site). Vegetation height was set at 0 m for 

tundra, 0.3 m for low shrub and 1.5 m for treed while summer leaf area index (LAI) was set at 0.2 (tundra), 

0.5 (low shrub) and 3 (treed) following preliminary site visits, previous regional studies and remote sensing 
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data (Abuelgasim & Leblanc, 2011; EarthData, 2020). Summer LAI and surface albedo were derived from 

NASA Earthdata (NASA EarthData, 2020) and contextualized in region specific papers on LAI across 

vegetation types in the eastern Subarctic (Abuelgasim & Leblanc, 2011; Blok et al., 2011; Mmanus et al., 

2012). Local snow accumulation at individual sites was manually altered by changing NEST’s snow factor 

for scenarios with snow drifting away from site set to 0.8, snow drifting to site set to -0.8 and no snow 

drifting set at 0. Simulated late-winter snow thicknesses were broadly consistent with field observations 

during winter 2020 snow surveys. 

3.3.5 Analysis of Model Data 

Outputs were analyzed by calculating permafrost related parameters including cryotic ground 

thickness, seasonal freeze-thaw layer depth and the mean annual ground temperature at the base of the 

freeze-thaw layer. We use the term cryotic ground as opposed to permafrost as it includes ground below 

0°C for at least one full year, but not necessarily the two years required to fall under the definition of 

permafrost (Harris et al., 1988). Thickness of cryotic ground was determined as the difference between 

annual maximum freeze and maximum thaw depths while the freeze-thaw layer (FTL) was determined as 

the maximum thaw depth if cryotic ground is present, or the maximum freeze depth where it was not. The 

output file also includes the permafrost base as defined by 2 years of continuously frozen ground; however, 

we focus on only annually frozen ground thicknesses because of the interannual variability of ground 

thermal dynamics at the field sites. Mean annual ground temperature (MAGT) was determined for the of 

the freeze-thaw layer which is equivalent to the temperature at the top of permafrost (TTOP) (Smith & 

Riseborough, 2002; Way & Lewkowicz, 2018). MAGT at TTOP is used instead of MAGT at the depth of 

zero annual amplitude (DZAA) (Smith et al., 2010) because the former better reflects climate impacts on 

the thermal state of thinner permafrost bodies and because thin permafrost bodies may not extend to the 

depth of DZAA. 



 

 

 

94 

3.4 Results 

A total of 18 simulations were run using NEST spanning 1979 to 2018 (inclusive) with daily ground 

temperature outputs produced for the upper 10.55 m and maximum cryotic ground thicknesses determined 

from the whole profile (120 m). Model runs showed considerable variability in snow thicknesses as a 

consequence of our simulations of snow redistribution with mean annual average snow depth between 1979 

and 2018 of 2 cm (5 cm) for drift away from site at PRH (NBH), 59 cm (64 cm) for snow drift to site, and 

27 cm (33 cm) for no snow drifting (Fig. 3.3). 
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Figure 3.3: Mean annual winter snow depth between 2005 and 2019 at; (a) PRH and (b) NBH for 

Drift away from Site (yellow), Drift to Site (magenta) and No Drift (blue) scenarios, overlaid by the 

CMC Snow Depth Product (black dotted line) retrieved from Brown et al. (2003). Variations between 

ecotypes are shown with the solid outlines relating to each snow factor. 
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3.4.1 Cryotic Ground and Freeze-Thaw Layer 

 At PRH, maximum cryotic ground thickness ranged from 0 m (continuously for most ecotypes with 

drifting to site & no snow drifting) to 19 m (1999 for the treed ecotype with snow drifting away from the 

site) (Fig. 3.4 a i.-iii.). No cryotic ground was modelled for the snow drifting to site and no snow drifting 

scenarios (Fig. 3.4 a iv.-ix.). At PRH, mean FTL was 1.7 ± 1.6 m for snow drifting away from the site, 0.3 

± 0.2 m for snow drifting to site and 0.4 ± 0.2 m for no snow drifting (Fig. 3.4 a i.-ix.). At NBH, cryotic 

ground thickness exceeded the bottom of the profile (>120 m) for all years in the snow drifting away from 

site scenario (Fig. 3.4 b i.-iii.). Maximum continuously frozen ground thickness for the no snow drift 

scenario ranged from ~15 m (1998, tundra) to ~17 m (1999, treed) (Fig. 3.4 b iv.-vi.) but was rarely present 

with snow drift to site, though frozen soil layers 0.5 m thick briefly developed in 1993 (Fig. 3.4 b vii.-ix.). 

The mean FTL thickness at NBH was 0.78 ± 0.15 m for snow drifting away from the site, 0.84 ± 0.38 m 

for no snow drift and 0.41 ± 0.25 m for snow drifting to site (Fig. 3.4 b i.-ix.). 
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Figure 3.4: Cryotic ground (blue), unfrozen ground (blank) and freeze-thaw layers (orange) for 1979-2018 for Pinware River Hills (PRH) 

[(a) i.-ix.] and Nain Bay Hills (NBH) [(b) i.-ix.].
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3.4.2 Mean Annual Ground Temperatures 

 The average MAGT at TTOP across all scenarios was 1.7 ± 2.0 °C at PRH and -0.5 ± 2.7 °C at 

NBH. MAGT at PRH ranged from -2.3 °C (1993, shrub, snow drifting away from site) to 4.6 °C (2006, 

tundra, no snow drifting) (Fig. 3.5 a). Only the snow drifting away scenario resulted in MAGTs favorable 

to multi-year cryotic ground (e.g. permafrost) at this site (Fig. 3.5 a). At NBH, MAGT ranged from -6.5 °C 

(1993, shrub, snow drifting away from site) to 2.9 °C (2006, tundra, snow drifting to site) (Fig. 3.5 b).  The 

standard deviation between ecotypes was 0.6 °C, 0.8 °C, and 0.7 °C for PRH and 1.1 °C, 0.9 °C, and 0.6 

°C for NBH (snow drift away from site, no snow drift, and snow drift to site respectively). MAGT was 

more variable when comparing between snow redistributions, with standard deviations ranging from 1.8 

°C (treed) to 2.1 °C (shrub) at PRH and 2.4 °C (treed) to 2.9 °C (tundra) at NBH.  

Due to the similar temporal trends in MAGT across ecotypes for the same snow redistribution 

scenario (Fig. 3.5), we aggregated MAGT across ecotypes for each snow factor and calculated the rate of 

MAGT change through time (Fig. 3.6). Both sites exhibited high variability in MAGT under most scenarios 

(standard deviation of 2.0 °C [PRH] and 2.7 °C [NBH]), but showed overall warming for the past 40 years. 

Significant warming (here using 90% confidence level or above) was only evident at PRH for the snow 

drift to the site scenario (R2 = 0.14, p-value = 0.02) (Fig. 3.6 a) and for NBH under the no snow drift (R2 = 

0.08, p-value = 0.08) and snow drift to the site (R2 = 0.24, p-value < 0.01) (Fig. 3.6 b) scenarios. The rate 

of increase for PRH snow drift to site, NBH no snow drift and snow drift to site were 0.020 °C/year, 0.021 

°C/year and 0.024 °C/year, respectively (Fig. 3.6). 
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Figure 3.5: Mean annual ground temperature at the top of permafrost/base of the freeze thaw layer across ecotypes for (a) i. PRH, snow 
drifting away from the site; ii. PRH, no snow redistribution; iii. PRH, snow drifting to the site and (b) i. NBH, snow drifting away from the 
site; ii. NBH, no snow redistribution; iii. NBH, snow drifting to the site. 
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Figure 3.6: Mean annual ground temperature at the top of permafrost/base of the freeze thaw layer 

aggregated across ecotypes by snow factor for (a) Pinware River Hills (PRH) and (b) Nain Bay Hills 

(NBH). Least-squares trendlines are organized by snow factor and trend uncertainties are depicted 

in grey shading. 
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3.5 Discussion 

3.5.1 Implications for Permafrost in Coastal Labrador 

During preliminary field investigations at Pinware River Hills (PRH), late-lying frozen ground was 

detected to depths of 0.6 m at several locations (typically exposed tundra and/or peat covered mounds) but 

was generally absent from the upper 1.2 m similar to results presented in this study. At Nain Bay Hills 

(NBH), frozen ground was detected via probing regularly at depths of 0.5 to 0.9 m but more widespread 

near-surface bedrock made probing difficult to interpret where deeper thaw had occurred. Cryotic ground 

was simulated for both PRH and NBH with minimal snow cover; however, simulations showed 

contemporary near surface cryotic ground would be non-existent at PRH and rarely present at NBH if snow 

accumulation was higher. Mean annual ground temperatures and cryotic ground thicknesses did not vary 

greatly across ecotypes at PRH nor NBH but during extreme warm years (2004 to 2006 and 2010) greater 

thaw was inferred for tundra and low shrub ecotypes compared to treed ecotypes at both PRH and NBH. 

Cooler air temperatures in the early 1990s also led to deeper freezing at NBH for the treed ecotype relative 

to the tundra and shrub ecotypes. These results align with those of Jorgenson et al. (2010) showing that 

forest cover can elicit strong negative feedbacks which enhance permafrost resilience to climate warming 

and disturbance.  

 The presence and persistence of cryotic ground at the southern site (PRH) is more dependent on 

thin snow cover than MAAT, similar to results from peatland permafrost in southeast Labrador (Way et al., 

2018; Way & Lewkowicz, 2018). The decoupling of ground and air temperature has been shown to 

significantly impact rates of permafrost thaw in the eastern Subarctic (Zhang et al., 2005, 2008). The 

correlation between annual thawing degree days (TDDA) and MAGT at TTOP ranged significantly for drift 

scenarios with a strong association for the snow drift to site (r = 0.75) and a weak association (r = 0.27) for 

the snow drifting away scenario. The magnitude of change modelled across sites due to snow redistribution 

suggests that future changes in vegetation and snow distribution (Lawrence & Swenson, 2011) may be more 

impactful than atmospheric climate warming on MAGT in this region. Similarly, Zhang et al. (2008) found 
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that a thinning snowpack and shorter snow duration (as a product of climate warming) is anticipated to 

reduce the rate of permafrost thaw.  

Both PRH and NBH showed rapid freeze/thaw transitions and minimal buffering of the climate 

response due to coarse soils overtop of shallow bedrock (at a depth of 2 m) (Throop et al., 2012). The 

generalized soil profile (composed of silt, loam and sandy loam) resulted in a relatively high thermal 

conductivity (Andersland, 2004) and low specific heat capacity relative to soils with higher clay content 

(Wang et al., 2019). The assumption of pure, pore free bedrock likely contributed to the volatility of the 

MAGT.  All model simulations showed drops in MAGT between 1989 and 1995; however, for the no snow 

drift scenario continuously frozen ground developed at NBH while at PRH ground remained unfrozen 

despite the cooler climate conditions. Together these results lead us to suggest that climate-driven, 

ecosystem-protected permafrost can exist at PRH and climate-driven permafrost can exist at NBH (Shur & 

Jorgenson, 2007). Although climate warming has occurred in coastal Labrador, trends in MAGT were rarely 

statistically significant making it difficult to assert with confidence that regional ground temperatures 

warming is underway. For decades, experimental studies have demonstrated the importance of snow cover 

for permafrost formation and thaw processes (Nicholson, 1979; O’Neill & Burn, 2017), particularly in 

discontinuous permafrost and ecologically sensitive environments (Way et al., 2018). At PRH and NBH, 

scenarios with deeper snow (drift to the site) experienced significant warming of ~0.02 °C per year and 

MAGT varied by up to 4 °C at PRH and by 6 °C at NBH (Fig. 3.6). These results support studies implicating 

snow accumulation as a driver of permafrost thaw (Grünberg et al., 2020; Jafarov et al., 2018; O’Neill & 

Burn, 2017) and demonstrates the sensitivity of ground temperatures to snow thickness modifications in 

coastal Subarctic mountains sites.  

3.5.2 Model Limitations 

 Owing to a lack of detailed field data from the two research basins due to Covid-19 restrictions in 

summer 2020, the model results rely on assumptions which could lead to deviations from real-world 

conditions. The simulations reflect coastal mountains without in situ data so we cannot assume the same 
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soil variability as the lower elevation depositional environment. This is particularly important for soil 

profile characteristics which are fixed across ecotypes and not from coring or sediment analysis. The 

relatively high thermal conductivity of the assumed soil profile over top of pure shallow bedrock resulted 

in ground temperatures that were highly reactive to changes in air temperature. Further sensitivity analyses 

with varying soil profiles and alternative depths to bedrock would reveal broader differences in regional 

permafrost characteristics. As NEST is a one-dimensional model, it also does not consider three-

dimensional heat fluxes, particularly from surrounding unfrozen terrain which may impact permafrost 

thicknesses at Nain (Wang, 2020). The model configuration used in this study also did not directly attribute 

snow redistribution to specific ecotypes. Prior research in Labrador (Way & Lewkowicz, 2018) has shown 

that treed ecotypes rarely have a thin snow cover therefore some of the model results (e.g. snow 

redistribution away from site at treed ecotype) should be treated as a sensitivity analysis. Likewise, when 

considering the results, it should be considered that model inputs were assumed to be constant with time. 

The LAI, snow redistribution factors and site characteristics were maintained throughout scenarios and time 

series, which may not be representative in a changing climate (Mmanus et al., 2012). Further field 

investigations and model calibration will be required to assess the impacts of variable topography and land 

cover conditions on permafrost at these two research basins. 

3.6 Conclusion 

We examined snow-vegetation-permafrost interactions in coastal mountains of the eastern 

Canadian Subarctic. Both sites lie within the discontinuous permafrost zone (Heginbottom et al., 1995), a 

region susceptible to permafrost thaw in response to a changing climate (Brown et al., 2012; Throop et al., 

2012; Way & Lewkowicz, 2016). The model results do not show significant ground temperature warming; 

however, they support previous findings showing that wind scouring of sites may preserve permafrost even 

at the southern end of the discontinuous permafrost zone (Way et al., 2018). 

Permafrost and ground freezing characteristics were not interpreted as being strongly influenced 

by vegetation for either site except for treed sites with minimal snow accumulation which allowed 
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permafrost to persist when ecotypes did not (tundra, shrub). Cryotic ground at both sites responded rapidly 

to regional cooling and warming suggesting climate driven permafrost, particularly at NBH. However, the 

muted response to warm years under the no snow drift treed scenario demonstrates climate driven – 

ecosystem protected permafrost at PRH (Shur & Jorgenson, 2007). The results presented in this study 

demonstrate the sensitivity of cryotic ground thickness and temperature to snow accumulation throughout 

coastal tundra and coastal forest ecotones. Variability in cryotic conditions across the scenarios we present 

highlight the need to integrate geomorphological analysis, ecosystem science and snow science together in 

permafrost vulnerability assessments. This region continues to be largely unexamined and requires further 

fieldwork to support the modelled results presented in this study. 
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Chapter 4 

Conclusion 

4.1 Summary 

The impacts of climate change on snow cover has implications for vegetation growth (Busseau et 

al., 2017; Liston et al., 2002; Sturm et al., 2001), permafrost thaw (Jafarov et al., 2018; Johansson et al., 

2013) and species at risk (Berteaux et al., 2016; Lundmark & Ball, 2008; Schmelzer et al., 2020). The 

cumulative effect of climate change on these interconnected systems is of direct importance to people 

worldwide (Déry & Brown, 2007; Sturm et al., 2005) but particularly those in northern regions such as 

Labrador (Barrette et al., 2020). Many of those living in Nunatsiavut, NunatuKavut and Nitassinan (all 

within the provincial region of Labrador) are dependent on winter snow for travel and access to cultural 

activities. It is anticipated that people across the region will be significantly impacted by the changes to 

snow conditions associated with climate change (Cunsolo Willox et al., 2013; Pearce et al., 2015). 

Unfortunately, our understanding of snow cover is inhibited by limited long-term measurements 

across the Northern Hemisphere (Brown et al., 2000; Derksen et al., 2019; Goodison, 2006). Most of the 

existing in situ snow measurement sites are biased toward airports and urban areas (Kinar & Pomeroy, 

2015) leaving regional uncertainties on the interactions between snow, vegetation and permafrost in remote 

regions (Grünberg et al., 2020). Changes to snow cover could alter the rate of permafrost thaw and 

vegetation growth causing feedbacks that could lead to rising CO2 levels (Sturm et al., 2001), enhanced 

snow melt (Busseau et al., 2017) and infrastructure and travel hazards (Derksen et al., 2019). The 

overarching aim of this thesis is to facilitate snow characterization in remote regions and assess the impacts 

of snow thickness and vegetation type on the ground thermal regime in mountains found in the 

discontinuous permafrost zone in coastal Labrador. Overall, the thesis developed and evaluated a new low-

cost technique for characterizing snow thickness at remote field sites and used modelling to consider how 

snow depths may impact the snow-vegetation-permafrost interactions in the region. 



 

 

 

110 

In Chapter 2, we introduced the snow characterization with light and temperature method (SCLT) 

for determining snow depth using vertically arranged HOBO MX2022 light and temperature loggers. SCLT 

data was collected for one year at six remote field sites located in forest and shrub-tundra environments in 

eastern Labrador. Three different approaches were used to analyze SCLT data and results were compared 

to a temperature-only approach applied by prior studies. The results presented in Chapter 2 show 

definitively that SCLT can be used to estimate snow depth accurately and that the method is less susceptible 

to snow density-related biases than temperature-only methods. The significant promise of these early SCLT 

results and the relatively low-cost of deployment suggest that more widespread testing may be warranted. 

Further refinements are required to develop definitive thresholds for snow coverage of sensors and could 

be facilitate through advanced statistical techniques (e.g. machine learning) to better incorporate light and 

temperature together in snow depth estimation. 

 In Chapter 3, variability of ground temperatures in low-relief mountains in coastal Labrador was 

assessed using the transient one-dimensional Northern Ecosystem Soil Temperature (NEST) model (Zhang 

et al., 2003). These simulations provided preliminary evaluation of snow-vegetation-permafrost 

interactions for two sites established in summer 2019 for long-term investigations. Both sites (Pinware 

River Hills and Nain Bay Hills) were established in tundra-forest ecotones within the discontinuous 

permafrost zone (Way & Lewkowicz, 2016). Most simulations showed no statistically significant ground 

temperature warming over 1979-2018 at the top of permafrost / base of the freeze-thaw layer. The 

simulations also emphasized the importance of wind scouring to allow permafrost to persist even at the far 

southern end of the discontinuous permafrost zone similar in peatlands (Way et al., 2018). Rapid changes 

in ground temperature owing to near surface ice-poor bedrock suggest that some mountainous environments 

may experience rapid permafrost thaw and reaggradation due to short-term regional climate variability. The 

variability in ground temperatures across model scenarios highlights the need to integrate snow, 

geomorphological and ecosystem science together when conducting permafrost assessments in northern 
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environments. Unfortunately, because of COVID-19 restrictions, sufficient field data to locally tune these 

simulations could not be collected in summer 2020. 

4.2 Limitations and Future Research 

There are a number of challenges associated with remote research in Labrador including equipment 

availability and access to sites. Our research was largely limited by the lack of complete field validation in 

summer 2020 due to COVID-19 pandemic restrictions. All in situ data from the SCLT snow stakes is 

collected annually therefore opportunity for addressing logger failure and general maintenance is limited.  

Another constraint of the research was the lack of in situ long-term data available to inform the NEST 

model sensitivity analysis. An overarching motivation of this research is to address the difficulties faced in 

northern research and facilitate future remote snow-vegetation-permafrost studies in Nunatsiavut, 

Nitassinan and NunatuKavut, however the capability to do this will be reinforced by longer term research 

and refinement, 

Moving forward, the SCLT technique outlined in Chapter 2 may benefit from combining diurnal 

temperature variability with drops in light intensity to determine snow cover. The light measurements can 

be optimized through stake design, such as finding ways to minimize the thermal conductivity from the 

mounting stake and intentional configuration of the stake to receive as much light as possible. Optimization 

would also include possible cost reductions through alternate logger use or targeted design. Future research 

with the SCLT snow stakes includes associating the thermal profile of the snowpack to the ground thermal 

regime. Light and temperature data could also potentially be used to infer other snow microstructure 

characteristics however this topic requires further investigation. 

The sensitivity analysis of ground temperature to snow and vegetation conditions in Chapter 3 is 

inhibited from the lack of in site data for validation. Moving forward the model should be tuned to local 

conditions. With a better understanding of site considerations, the model can be used to predict future 

impacts to permafrost in coastal Labrador under different snow drifts and vegetation covers. Future research 

could also spatially extrapolate simulations to the entire research basin by applying RPA snow depth maps 
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and vegetation cover maps. Simulating each pixel of the research basin would provide a more thorough 

understanding of historical and anticipated local permafrost change across ecotypes. 

4.3 Significance 

Improving spatially distributed measurement of snow depth will improve our understanding of the 

changing cryosphere, local hydrology and climate change impacts on ecosystems and biodiversity.  

Offering a low-cost snow depth method will facilitate northern research and community science, thereby 

helping anticipate future changes and mitigate the impacts. Specifically, in Labrador, enhanced 

characterization of snow has been identified as critical for assessing the long-term regional precipitation 

trends (Barrette et al., 2020) and an important metric for understanding how climate change will impact 

human livelihood (Brown et al., 2012). 

The further elucidation of snow-vegetation-permafrost interactions will aid community 

development, local travel and cultural practices. This thesis is part of a larger, interdisciplinary, multi-

institutional ArcticNet funded project studying the various interactions and processes between snow cover, 

vegetation and permafrost under a warming climate. Expanding our understanding of potential permafrost 

thaw, vegetation growth, and snow change will inform policy making and support community response to 

climate change. 
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Appendix A 

Chapter 2 Supplemental Material 

 
Figure A.1: Minimum light intensity at no snow conditions (Tmax > 0.5 °C) for each logger along 

every stake. These values are used as the individual logger thresholds for the changepoint analysis 

and for the range of thresholds used in the interpolated analysis. 
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Figure A.2: Changepoint analysis applied to (a) 20, (b) 40, (c) 60 and (d) 100 cm height temperature 

loggers along Amet11. The red line shows changepoint segment means and the blue line shows the 

no-snow temperature standard deviation threshold for each logger. Snow cover occurs at a given 

logger when the changepoint segment drops below the no-snow threshold. 
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Figure A.3: Snow depth for winter 2018-2019 measured at Happy Valley-Goose Bay Airport relative 

to 66 year normal. The snow depth of winter 2018-2019 far exceeds regional averages and is 

considered an anomaly. 
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Appendix B 

Chapter 3 Supplemental Material 

B.1 Example Input for NEST Model 

*Filename: Nain_Shrub_Exposed.txt 

Nain Input: Dwarf Shrub with snow drifting away from site and no fire disturbance.   

Nain_1979_2020.txt ..File name of daily climate data 

1979  ..The first year 

40  ..Total number of years (int), 

1979  ..The year to initializing the model 

35  50 ..min and max numbers of years for initailization  

Nain_Shrub_Exposed  ..The beginning of output file 

1979  2020 ..First year and the last years for Daily output, 2nd number 0 for no 

output 

1979  2020  ..First year and last years for Monthly output,   2nd number 0 

for no output 

1979  2020s ..First year and last years for Annual output,    2nd number 0 for no 

output 

0  27  ..The first and the last layers for soil temperature output 

56.6136  ..Latitude (degrees) 

0.0  ..Slope (degrees) 

180.0  ..Aspect (0-360 degrees, North 0, clockwise) 

Angles (degrees) above which the sunlight will not be blocked in 16 directions 

beginning from north clockwise 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  :in 8 directions from north to east to 

south  

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  :in 8 direction from south to west to 

north 

Depth(cm) Mtex wFsom    Otex  vFxice vFstone ..Soil profile 

20      14      99.0    0.5     0.0 0.0 .. Organic layer 

30      14      20.0    1.0     0.0 0.0 .. Mineral soil 

50.0 14 5 1.0 0.0 0.0 .. Note 

100.0 6 0 1.5 0.0 25.0 .. Note 

190.0   5       0       2.5     0.0 50.0 .. Fractured 

200.0   5 0.0 2.2 0.0 100.0 .. End of soil layer 

-1  ..end of soil profile, below is considered as rock 

0  ..Fraction of quartz in soil minerals 

0.025  ..Thermal conductivity of rock (W/(cm.k) ) 

0.029  ..Geothermal heat Flux (w/m2) 

1.0  ..a modifier for snow compaction and metamorphism 

0.0  ..Surface inflow, fraction of rainfall/snowmelt added from the 

surroundings 

20.0 0.1000 ..Ground inflow: minimum depth(cm) and rate(fraction of WT rise below 

the minimum depth) 

0.0 0.0100 ..Surface outflow: minimum depth(cm) and rate(fraction of WT drop above 

the minimum depth) 

10  0.005 ..Ground outflow: minimum depth(cm) and rate(fraction of WT drop above 

the minim depth) 

Year  Type LAI   H(m)  SnowDrift Albedo dPeat(cm) If_Fire      /.    

1979   4   0.5  0.3     0.8     0.2      0.0    0  :First year 
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2019   4   0.5  0.3     0.8     0.2      0.0      0  :Last year, assume no change in 

vegetation  

-1 :..end of the vegetation 

 

B.2 Example Climate Data for NEST Model 

*Climate data retrieved from ERA5 for Nain, NL 
 Filename: Nain_1979_2020.txt 
 
Nain climate data (ERA5 reanalysis data, from climate data stop and climate explorer) 

0 :0 or 1 (0 for longwave radiation (MJ/m2/day), 1 for cloudiness (0 to 1)). 

Year Month Day Tmean dT SnowFract Precip Vap SolarRad Wind LwRad 

1979 1 1 -13.598 3.547 1.000 0.368 1.894 1.189 1.809 19.528 

1979 1 2 -15.010 4.621 1.000 1.926 1.686 0.673 1.688 19.659 

1979 1 3 -11.954 3.860 1.000 10.189 2.152 0.243 2.078 22.366 

1979 1 4 -20.795 13.155 1.000 0.150 0.915 2.487 7.084 13.719 

1979 1 5 -24.980 5.577 1.000 0.349 0.660 0.852 2.438 14.602 

1979 1 6 -28.109 2.324 1.000 0.010 0.564 2.473 5.631 10.625 

1979 1 7 -24.125 5.901 1.000 0.106 0.653 2.490 3.205 13.270 

1979 1 8 -22.566 5.317 1.000 0.004 0.763 2.733 3.892 12.515 

1979 1 9 -28.439 4.910 1.000 0.046 0.491 2.494 2.797 12.200 
 
B.3 Model Directive for NEST Model 

*Filename: Run_Directive.txt 
 

..\Input\ :The path of the input files 

..\Output\ :The path of the output files 

1  :0 or 1 for whether to show some monthly result graphs (1:show, 0: no) 

1  :0 or 1 for whether to show the annual ground temperature profile 

(1:show, 0:no) 

0  :0 or 1 for whether to show some daily graphs (1:show, 0:no) 

All_Sites.txt :The file name for output annual results for all the sites. 

1979 2020 :The range of years (1st & last) to output for all the sites 

0   27  :The range of layers (max: 0 62 inclusive) to output annual ground 

temperatures  

18  10  1 :Three integers (Number of sites (N) and the range (n1 to n2) (using the 

following sites if n1 > n2) 

Nain_Treed_Collected.txt :The file name of the site input data. 

Nain_Treed_NoDrift.txt :The file name of the site input data. 

Nain_Treed_Exposed.txt :The file name of the site input data. 

Nain_Shrub_Collected.txt :The file name of the site input data. 

Nain_Shrub_NoDrift.txt :The file name of the site input data. 

Nain_Shrub_Exposed.txt :The file name of the site input data. 

Nain_Tundra_Collected.txt :The file name of the site input data. 

Nain_Tundra_NoDrift.txt :The file name of the site input data. 

Nain_Tundra_Exposed.txt :The file name of the site input data. 

Pinware_Treed_Collected.txt :The file name of the site input data. 

Pinware_Treed_NoDrift.txt :The file name of the site input data. 

Pinware_Treed_Exposed.txt :The file name of the site input data. 

Pinware_Shrub_Collected.txt :The file name of the site input data. 

Pinware_Shrub_NoDrift.txt :The file name of the site input data. 

Pinware_Shrub_Exposed.txt :The file name of the site input data. 
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Pinware_Tundra_Collected.txt :The file name of the site input data. 

Pinware_Tundra_NoDrift.txt :The file name of the site input data. 

Pinware_Tundra_Exposed.txt :The file name of the site input data. 

 

----An example for running two sites indicated in two lines 

2  2  1 :Three integers (Number of sites (N) and the range (n1 to n2) (using the 

following sites if n1 > n2) 

Nain_test_site_YZ.txt :The file name of the site input data. 

Inuvik_an_example_site.txt :The file name of the site input data.  

 

 

--- An example for running two sites: Inuvik_test_Input_1.txt and 

Inuvik_test_input_2.txt  

2  1  2  :Three integers (Number of sites (N) and the range (n1 to n2) 

(using the following sites if n1 > n2) 

Inuvik_test_input :The file name of the site input data. 

 

Nain_Treed_Collected.txt :The file name of the site input data. 

Nain_Treed_NoDrift.txt :The file name of the site input data. 

Nain_Treed_Exposed.txt :The file name of the site input data. 

Nain_Shrub_Collected.txt :The file name of the site input data. 

Nain_Shrub_NoDrift.txt :The file name of the site input data. 

Nain_Shrub_Exposed.txt :The file name of the site input data. 

Nain_Tundra_Collected.txt :The file name of the site input data. 

Nain_Tundra_NoDrift.txt :The file name of the site input data. 

Nain_Tundra_Exposed.txt :The file name of the site input data. 

Pinware_Treed_Collected.txt :The file name of the site input data. 

Pinware_Treed_NoDrift.txt :The file name of the site input data. 

Pinware_Treed_Exposed.txt :The file name of the site input data. 

Pinware_Shrub_Collected.txt :The file name of the site input data. 

Pinware_Shrub_NoDrift.txt :The file name of the site input data. 

Pinware_Shrub_Exposed.txt :The file name of the site input data. 

Pinware_Tundra_Collected.txt :The file name of the site input data. 

Pinware_Tundra_NoDrift.txt :The file name of the site input data. 

Pinware_Tundra_Exposed.txt :The file name of the site input data.  
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Appendix C 

Code 

C.1 Code for SCLT Analysis 

* The R v3.6.0 or RStudio v1.2.1335 code for: (a) inputting and preprocessing HOBO Pendant 

Light/Temperature csv data (b) determining light thresholds and (c) snow depth evaluation through 

changepoint analysis and interpolation, are available through the authors’ ResearchGate repository at the 

doi links below. Additional code is available upon request. 

a) Tutton, R. and Way, R. (2019), SCLT Data Pre-processing, doi:10.13140/RG.2.2.17281.48483 

b) Tutton, R. and Way, R. (2019), SCLT Threshold Determination, doi:10.13140/RG.2.2.14093.15841 

c) Tutton, R. and Way, R. (2020), SCLT Snow Cover Determination (Changepoint), 
doi:10.13140/RG.2.2.35064.67843 

C.2 Code for NEST Model Simulations: Processing Model Outputs 

* Further code was used to analysis and presentation of NEST model outputs. Available upon request. 

## --------------------------- 

## 

## Script name: NEST_Preprocessing.R 

## 

## Purpose of script: Read in NEST model Output 

## 

## Author: Rosy Tutton 

## 

## Date Created: 2020-05-04 

## 

## Copyright (c) NEGL, 2020 

## Email: 18rjt4@queensu.ca 

## 

## --------------------------- 

 

 

libs <- c('zoo', 'lubridate', 'plyr', 'tidyr', 'stringr', 'ggplot2', 'dygraphs', 

'gridExtra', 'ggExtra', 'spatial.tools') 

lapply(libs, require, character.only = T) 

rm(libs) 

 

#### Functions #### 

lmp <- function (modelobject) { 

  if (class(modelobject) != "lm") stop("Not an object of class 'lm' ") 

  f <- summary(modelobject)$fstatistic 

  p <- pf(f[1],f[2],f[3],lower.tail=F) 
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  attributes(p) <- NULL 

  return(p) 

} 

 

#### Working Directory #### 

setwd("/Users/rtutton/Documents/2020/Academic/Thesis/NEST Paper/NEST_2020_RT") 

 

#### Read in and process model outputs #### 

site <- "Pinware" 

 

# Climate Data 

C_Data <- read.delim(paste0(getwd(),"/Input/", site, "_1979_2020.txt"), 

                     skip = 2, header = T) 

 

zSite <- zoo(C_Data[,4:ncol(C_Data)], order.by = ymd(paste0(C_Data$Year,"-", 

C_Data$Month, "-", C_Data$Day))) 

as.year <- function(x) as.numeric(floor(as.yearmon(x))) 

z_mean <- aggregate(zSite, by = as.year, function(x){mean(x, na.rm = T)}) 

z_sum <- aggregate(zSite, by = as.year, function(x){sum(x, na.rm = T)}) 

 

# Read Output Files 

files <- list.files(path = paste0(getwd(),"/Output"), pattern = "Year", full.names = 

T) 

for (file_A in files){ 

  # Extract Name of File 

  name <- str_remove(basename(file_A), ".csv") 

  name_comp <- str_split(name, pattern = "_") 

  # Read in Corresponding Month and Day Files 

  file_M <- list.files(path = paste0(getwd(),"/Output"), 

                       pattern = paste0(name_comp[[1]][1],"_", name_comp[[1]][2], 

"_", name_comp[[1]][3], "_", "Month"), 

                       full.names = T) 

  file_D <- list.files(path = paste0(getwd(),"/Output"), 

                       pattern = paste0(name_comp[[1]][1],"_", name_comp[[1]][2], 

"_", name_comp[[1]][3], "_","Day"), 

                       full.names = T)  

  # Read Annual, Monthy and Daily files 

  Annual <- read.delim(file_A, header = T, sep = ",") 

  Monthly <- read.delim(file_M, header = T, sep = ",") 

  Daily <- read.delim(file_D, header = T, sep = ",") 

  # Determine top of permafrost 

  Ptop <- ifelse(Annual$MaxThaw.m. == 119.7, NA, 

                 Annual$MaxThaw.m.) 

  # Extract Annual mean ground temperature profile 

  Tprof <- Annual[,12:ncol(Annual)] 

  colnames(Tprof) <- as.numeric(str_remove(colnames(Tprof), "X")) 

  Ttop <- data.frame() 

  # Determine MAGT at top of permafrost for each year 

  for(i in 1:nrow(Tprof)){ 

    # Check if there is permafrost for a given year 

    if(is.na(Ptop[i])){ 

      # Save under corresponding year 

      Ttop[i, 1] <- Annual$Year[i] 

      # Save the MAGT at TOP as NA 
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      Ttop[i, 2] <- NA 

      Ttop[i, 3] <- NA 

       

    } else { 

      # Fit ground depth to MAGT curve 

      Tfit <- spline(x = colnames(Tprof), y = Tprof[i,])  

      # Check interpolation 

      plot(x = colnames(Tprof), y = Tprof[i,], xlab = "Ground depth (cm)", ylab = 

"Mean Annual Ground Temp (C)") 

      lines(Tfit) 

      abline(v = Ptop[i], col = "red") 

       

      # Save under corresponding year 

      Ttop[i, 1] <- Annual$Year[i] 

       

      # Extract values for top of permafrost from spline 

      Ttop[i, 2] <- spline(x = colnames(Tprof), y = Tprof[i,], xout = Ptop[i])$x 

      Ttop[i, 3] <- spline(x = colnames(Tprof), y = Tprof[i,], xout = Ptop[i])$y       

    } 

 

  } 

  # Save appropriate column names 

  colnames(Ttop) <- c("Year", "Depth", "MAGT")  

  # Assign to site and site conditions 

  assign(paste0(name_comp[[1]][1],"_", name_comp[[1]][2], "_", name_comp[[1]][3], 

"_TtopMAGT"), Ttop)  

  ## EDIT May 31 2020 

  P_thick <- data.frame(Year = Annual$Year, Perm_Thickness =  

                         ifelse(Annual$MaxThaw.m. == 119.7, P_thick <- 0, 

                                P_thick <- (Annual$MaxFreeze.m.-Annual$MaxThaw.m.))) 

  # Determine the Active Layer Depth over the time period 

  Active_Layer <- data.frame(Year = Annual$Year, AL_thickness =  

    ifelse(Annual$MaxThaw.m. == 119.7, Active_Layer <- Annual$MaxFreeze.m., 

                         Active_Layer <- Annual$MaxThaw.m.)) 

   

  # Presence of Taliks 

  # head(Daily) 

  # Daily$dates <- as.POSIXct(Daily$DOY*3600*24, tz = "UTC", origin = 

paste0(Daily$Year, "-01-01 00:00:00")) 

  # Daily_FrozDepths <- cbind(Daily$dates, Daily[,8:12]) 

  # colnames(Daily_FrozDepths)[1] <- c("Dates") 

 

  Annual$Year <- as.POSIXct(paste0(Annual$Year, "-01-01 00:00:00"), tz = "UTC", 

origin = paste0(Annual$Year, "-01-01 00:00:00")) 

  Annual_FrozDepths <- Annual[, c(1, 5, 6, 7)] 

   

  # Turn into zoo objects 

  # Frozen Layer 

  zFL <- zoo(Active_Layer[,2]+P_thick[,2], order.by = Annual[,1]) 

  # Active Layer 

  zAL <- zoo(Active_Layer[,2], order.by = Annual[,1]) 

  # Merge zoo objects 

  z <- merge(zAL, zFL) 
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  # Aggregate monthly data into yearly stats 

  Mon_Year_mean <- aggregate(Monthly, by = list(Monthly$Year), FUN = function(x) 

mean(x, na.rm = T)) 

  Mon_Year_sum <- aggregate(Monthly, by = list(Monthly$Year), FUN = function(x) 

sum(x, na.rm = T)) 

   

  assign(paste0(name_comp[[1]][1],"_", name_comp[[1]][2], "_", name_comp[[1]][3], 

"_Annual"), Annual) 

  assign(paste0(name_comp[[1]][1],"_", name_comp[[1]][2], "_", name_comp[[1]][3], 

"_Monthly"), Monthly) 

  assign(paste0(name_comp[[1]][1],"_", name_comp[[1]][2], "_", name_comp[[1]][3], 

"_Daily"), Daily)   

  assign(paste0(name_comp[[1]][1],"_", name_comp[[1]][2], "_", name_comp[[1]][3], 

"_AnnualPlot"), zA_plot) 

  assign(paste0(name_comp[[1]][1],"_", name_comp[[1]][2], "_", name_comp[[1]][3], 

"_Pthickness"), P_thick) 

  assign(paste0(name_comp[[1]][1],"_", name_comp[[1]][2], "_", name_comp[[1]][3], 

"_ActiveLayer"), Active_Layer) 

   

} 

 


