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Abstract 

The near-surface processes and variability within the firn pack of Arctic glaciers are a significant 

source of uncertainty in estimating future glacier responses to climate warming. This study provides the 

first characterization of the firn pack of White Glacier, Axel Heiberg Island, Nunavut, and an analysis of 

recent firn pack changes (2013-2019). Utilizing ground penetrating radar (GPR) surveys the firn pack 

thickness, extent, and associated topographic controls on firn distribution were determined. Two methods 

of GPR analysis were tested in this study. The first followed the traditional approach of conducting visual 

interpretation of radargrams to identify zones of backscatter associated with firn. The second is a 

proposed new methodology that uses average backscatter values from each radar return as a proxy 

indicator of firn presence in the subsurface. The results of these two approaches showed that the firn pack 

on White Glacier has reduced in extent, and reductions in average backscatter values suggest that the 

density of the firn has increased in the near surface. Overall, the long-term firn area decreased in extent by 

3.96 km2 (10% of the total glacier area) between 2013 and 2018. Rates of surface lowering were 

determined using dual-frequency GPS surveys. For spring 2018 to spring 2019 the rate was -0.165 ± 0.29 

m a-1 in the accumulation area, likely driven by the near surface densification. The potential for average 

backscatter values to provide information about near surface snow water equivalence is also explored.   
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Chapter 1 

Introduction 

1.1 Research context and rationale 

Glaciers in the Canadian Arctic Archipelago (CAA) are experiencing significant mass loss due to 

enhanced warming in the north as a result of climate change (Harig & Simons, 2016; Mortimer et al., 

2016). This mass loss occurs across a region containing one-third of the global volume of land ice outside 

of the ice sheets (Gardner et al., 2011). Despite the potential for significant sea level contributions from 

glaciers as a result of projected increases in global surface temperatures, many processes driving glacier 

melt, freshwater retention, and runoff are not fully understood (Hock et al., 2017). One such process 

concerns whether the structure of the firn-pack in the accumulation area of glaciers is changing as a result 

of increased high elevation melt and refreezing in the firn pack. Firn density is required to compute 

changes in glacier mass balance using the geodetic method (i.e., analysis of changes in surface elevation), 

but changes in firn density can introduce uncertainty into these estimates as glacier volume change is 

typically converted to mass using standardized density values. For example, with a denser firn pack a 

glacier could be exhibiting volume loss by thinning but not changing in terms of mass or water storage 

(Huss, 2013). Changes in firn density have been observed in southern parts of the CAA (Gascon et al., 

2013; Schaffer et al., 2020), but have not been investigated for more northerly glaciers in the CAA. This 

study therefore provides a characterization of the firn pack and its recent changes at White Glacier on 

Axel Heiberg Island, Nunavut. White Glacier is the northernmost mountain glacier monitored in Canada, 

with records dating back to 1959, and is an official reference glacier within the United Nations Global 

Terrestrial Network for Glaciers (Thomson et al., 2017). 
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1.2 Research objectives 

This study investigates how the structure and evolution of the firn pack of White Glacier is 

changing in response to high latitude warming (Lesins et al., 2010). In particular, the objectives are to: 

(i) Characterize the firn pack (thickness, extent, topographic influences) 

(ii) Identify the spatial pattern of firn density changes in recent years (2013-2019) using 

geophysical and coring techniques 

(iii) Quantify patterns of densification using GPS and snow-pit records.  

These objectives are addressed through analysis of a comprehensive set of field and GIS data that 

includes ground-penetrating radar surveys, shallow firn cores, and digital elevation models. These 

improve understanding of controls on snow pack density and melt water retention, which will increase the 

accuracy of geodetic and glaciological mass balance estimates of Arctic glaciers.  

 

1.3 Thesis format 

Following the introduction (Chapter 1), this thesis presents a literature review (Chapter 2) and 

one manuscript (Chapter 3). The literature review provides context for the study, a comprehensive review 

of previous work in the area, and justification for the methods used. Chapter 3 presents the main methods, 

results, and discussion of the study, in a format ready for submission to a peer-reviewed journal. Chapter 

4 provides a summary of the main findings and recommendations that stem from this study, together with 

suggestions for future work. Figures are placed at the end of each chapter and references are listed for all 

chapters at the end. Appendices are included to provide detailed information about the methods and 

results that are supplementary to the main chapters. 
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Chapter 2 

Literature Review 

2.1 Introduction 

Over the last five decades, the Arctic has warmed at a rate more than twice the global average. 

Globally, climate warming is primarily driven by anthropogenic contributions of greenhouse gases to the 

atmosphere (AMAP, 2017; Fyfe et al., 2013), with rates in the Arctic amplified as a result of temperature 

and surface albedo feedbacks in Arctic landscapes (Pithan & Mauritsen, 2014). This Arctic amplification 

has led to an increase of 2.2°C in the 25-year average summer temperature (1883-1908 to 1983-2008) 

above 75°N (Fisher et al., 2012). More specifically, at Eureka (80°N, ~100 km east of White Glacier) 

there has been observed annual average surface warming of 3.2°C from 1972 to 2007 and a 10% increase 

in precipitable water from 1961 to 2007 (Lesins et al., 2010). It is predicted that in the future the Arctic 

will continue to experience increased warming (especially in the winter season), decreased sea ice extent, 

changes to snow accumulation, reduced permafrost extent, increased precipitation, increased 

contributions to sea level, and decreased land ice (AMAP, 2017). Melting land ice north of 55°N 

including the Greenland Ice Sheet, ice caps, and glaciers has already contributed 23.0 ± 12.3 mm sea-

level equivalent (s.l.e.) over the period 1971-2017 (Box et al., 2018). Understanding glacier response to 

climate change is imperative for estimates of future sea-level conditions. This literature review provides 

context for this thesis by addressing: i) pan-Arctic and Canada-specific glacier responses to climate 

change, ii) changes in the accumulation area of glaciers under Arctic amplification, iii) the impacts of 

accumulation area changes on glaciers, and iv) monitoring techniques for accumulation area changes. 

 

2.2 Glacier response to climate change  

Glaciers and ice caps are key indicators of the effect of climate change and can contribute to sea-

level changes, water cycles, and geo-hazards (Bojinski et al., 2014). Glaciers are defined as a perennial 
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mass of ice, and possibly firn and snow, that originate on the land surface by the recrystallization of snow 

and display evidence of past or present flow (Cogley et al., 2011). Glaciers typically accumulate or gain 

mass in their higher elevation areas, and ablate or lose mass in their lower elevation areas where 

temperatures are warmer (Figure 2-1). The change in the mass of a glacier, or part of a glacier, over a 

given period is referred to as its mass balance (Cogley et al., 2011). A negative mass balance indicates 

that the glacier is losing more mass than it gains, and positive mass balance indicates the glacier is 

gaining more mass than it is losing. As a result, a glacier has two distinct areas: the accumulation area 

where there is net gain of mass on an annual basis, and the ablation area where there is net annual loss of 

mass through melt or calving (breaking off of ice). The line on the glacier where these two areas meet is 

called the equilibrium line altitude, while the ratio of the accumulation area to the whole glacier area is 

referred to as the accumulation area ratio.  

The mass balance of a glacier can be measured using three different methods: 

1. Glaciological method, which involves in-situ measurements of accumulation and ablation on 

the glacier taken at stakes and in snow pits, and extrapolation of these measurements to 

unsampled areas (typically based on hypsometry). Mass balance is the net balance of the 

hydrological year measured from 1 October to 30 September, with accumulation typically 

assumed to occur from 1 October to 30 April, and ablation from 1 May to 30 September 

(Huss et al., 2009).  

2. Geodetic method, which calculates the mass balance through repeated mapping of a glacier’s 

surface elevations to estimate the volume change, which is then converted to mass change 

using a density conversion (Cogley et al., 2011).  

3. Gravimetric method, where glacier mass variations are calculated from direct measurements 

of Earth’s gravity field using satellites such as the Gravity Recovery and Climate Experiment 

(GRACE) (Cogley et al., 2011).  



 

5 

 

In terms of response to climate forcing, glaciers across the globe have different sensitivity to climatic 

changes such as increases in precipitation or temperature. For example, glaciers in the Canadian Arctic 

are highly sensitive to temperature change and not as sensitive to precipitation changes (Gardner et al., 

2011). Monitoring and understanding how glaciers in different regions will respond to future changes in 

climate conditions is imperative for estimating future sea-level change.  

2.2.1 Pan-Arctic glacier response to climate change 

Since 1894 glacier monitoring has been internationally coordinated by the World Glacier 

Monitoring Service (WGMS). The WGMS utilizes a network of reference glaciers to provide estimates of 

regional mass balance (WGMS, 2017). Reference glaciers are glaciers that have at least 30 years of 

ongoing glaciological mass balance measurements, of which there are currently over 40 such glaciers 

globally. Arctic Canada contains one-third of the global volume of land ice outside of the ice sheets 

(Gardner et al., 2011). However, the glaciers in Arctic Canada are relatively poorly monitored compared 

to areas like Svalbard. The Norwegian archipelago of Svalbard contains approximately 34,000 km2 of 

glaciers and hosts over 20 glaciers with continuous mass balance series, and records of length change for 

30 glaciers, dating back to approximately 1900. In comparison, Arctic Canada only has 4 monitored 

glaciers (WGMS, 2017). Mass balance measurements from Svalbard show continued ice loss at an 

average rate of ~0.2-0.3 m w.e. a-1 for 1950-2000, with this value increasing after the year 2000 to -0.49 

m w.e. a-1 (WGMS, 2017). Although mass balance measurements are sparse in the Canadian Arctic, the 

data indicates average mass balances of approximately -0.1 m w.e. a-1 for 1960-1989 and -0.2 to -0.3 m 

w.e. a-1 for 1990-2009 (WGMS, 2017). 

Due to the remote location of glaciers in the Russian Arctic, there are few observations to 

estimate glacier mass balance there (WGMS, 2017). However, it is approximated that over 2006 to 2016 

Russian glaciers had an average mass change of −0.47 ± 0.37 m w.e. a-1 (Zemp et al., 2019). For 

Greenland periphery glaciers, response to climatic changes is highly variable by latitude due to their large 

north-south extent (WGMS, 2017). Estimates for the periphery as a whole provide a specific mass change 
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of -0.63 ±0.21 m w.e. a-1 over the period 2006-2016 (Zemp et al., 2019). More generally, a pan-Arctic 

estimate of eustatic sea-level contribution between 1971–2017 from land ice north of ∼55 °N was 

estimated at 23.0 ± 12.3 mm s.l.e.; the individual regional contributions can be seen in Figure 2-2 (Box et 

al., 2018). Overall, the impacts of climate change are discernible from the amount of glacier mass already 

lost across the Arctic, with future estimates suggesting that land ice in the Arctic will contribute 0.19-0.25 

m of s.l.e. by 2100 (AMAP, 2017). 

2.2.2 Arctic Canada glacier response to climate change 

Glaciers in the Canadian Arctic have shown a strong response to climate change and have already 

contributed 3.2 mm to sea level rise over 1971 to 2017 (Box et al., 2018). Arctic Canada is divided by 

Parry Channel into two Randolph Glacier Inventory regions: Arctic Canada North and Arctic Canada 

South. Estimates of mass change over 2006 to 2016 show mass change of -60 ±84 Gt a-1 and -23 ±28 Gt 

a-1 for Arctic Canada North and South, respectively, with the specific mass change (area-normalized mass 

change) being the same for both regions at -0.57 ± 0.75 m w.e. a-1 (Zemp et al., 2019). The mass balance 

of glaciers in the Canadian Arctic Archipelago (CAA), encompassing both Arctic Canada North and 

Arctic Canada South, is highly correlated with summer temperatures, with one study showing that there is 

an additional 64 ±14 Gt a-1 of ice lost for every 1°C rise in the average summer air surface temperature 

(Gardner et al., 2011). In contrast, glaciers in the Canadian Arctic are not as sensitive to precipitation 

changes relative to other regions as an increase in precipitation of 10% would only result in an 

approximately 5 Gt a-1 mass gain (Gardner et al., 2011).  

Arctic Canada contains four WGMS reference glaciers: Meighen, Devon, and Melville Ice Caps, 

and White Glacier, and all four are experiencing increasingly negative mass balance trends. For the three 

ice caps mass losses for the 5 years between 2005 and 2009 were three times greater than the entire record 

(1960-2009) (Fisher et al., 2012). The average mass loss for all four monitored glaciers for 2007 and 2008 

was -0.689 m w.e. a-1, which was seven times greater than the 1963-2004 average (Sharp et al., 2011). 

Specifically, the White Glacier average annual glaciological balance for 1960-2014 was -0.213 ±0.028 m 
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w.e. a-1 (Thomson et al., 2017). It has been identified that 1996 is the dividing year for two distinct melt 

regimes in the CAA, with recent decades experiencing an increased average surface temperature of 1.1°C 

and mass loss rates that were double pre-1996 values (Noël et al., 2018). Overall, glaciers in the CAA are 

responding to climate change by reducing in both extent and volume as a result of increasing surface 

temperatures and lengthening melt seasons (Cook et al., 2019; Thomson et al., 2011; White & Copland, 

2018).  

2.2.3 White Glacier response to climate change 

White Glacier is a 14 km long valley glacier located in the northern CAA on the western side of 

Axel Heiberg Island, Nunavut (Figure 2-3a). It ranges in elevation from 80 to 1782 m a.s.l. (above sea 

level) and has a 5 km wide accumulation basin flowing into a narrow valley as shown in Figure 2-3b. The 

glacier covered an area of 41.07 km2 in 1960 and retreated in extent to 38.54 km2 as of 2014 (Thomson & 

Copland, 2016). The climate of the region is a polar desert with mean annual temperatures of 

approximately -20°C, as reported at Eureka weather station (Cogley et al., 1996). Annual precipitation is 

low and is estimated at 58 mm a-1 at sea level to 370 mm a-1 at 2120 m a.s.l. (Cogley et al., 1996).  

Consistent with the other reference glaciers in the region, White Glacier has experienced a 

reduction in its accumulation area ratio (AAR). For the period 1960 to 1991 the average AAR was 0.65 

(Cogley et al., 1996), while the average AAR for 1960 to 2015 was reduced to 0.55 (WGMS, 2017). This 

is a result of the rise in the equilibrium line altitude (ELA) from the historic average of 1075 m a.s.l. 

(1960-2015) to a more recent average of 1270 ± 190 m a.s.l. (2005-2015) (Thomson et al., 2017). 

Similarly, in 1987 White Glacier was reported to be “approximately in balance”, meaning that the glacier 

was neither gaining or losing significant mass (Clarke, 1987). However, since that time negative mass 

balances have dominated, especially in the last two decades, and the glacier reduced in size by 2.5 km2 

from 1960 to 2014 (Thomson & Copland, 2016). Additionally, as a result of glacier thinning and reduced 

ice deformation rates, there has been a noticeable slowdown in annual velocity of up to 38% in the lower 

ablation area when comparing 2012-2016 measurements to historic measurements from 1960-70, but no 
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significant change in velocity in the upper ablation area where increased basal motion seems to have 

offset a reduction in internal deformation rates (Thomson & Copland, 2017). White Glacier is considered 

to still have an established and relatively stable accumulation area (Thomson et al., 2017), although little 

previous research has been undertaken into firn pack changes in this region.  

 

2.3 Accumulation area changes 

Due to increasing mean air temperatures, there is a general global trend of decreasing 

accumulation area extent for glaciers (Dyurgerov & Meier, 2005). As the ELA increases the glacier area 

below the equilibrium line (ablation area) increases, and the area above the equilibrium line 

(accumulation area) decreases. This also causes a reduction in the extent of the firn area (Dunse et al., 

2009). Firn is defined as “snow which has survived at least one summer but is not yet ice” (Cogley et al., 

2011), with the firn area only found in the accumulation area of a glacier. Firn is porous like snow, but 

typically has a higher density of around 600 kg m-3. A stable firn pack is one where accumulated snow 

persists through the summer and becomes a layer of firn, and as the layers build up the lower layers 

compact and become ice through the process of densification. An accumulation area does not necessarily 

have a stable firn pack if the glacier gains mass mainly through superimposed ice.  

2.3.1 Regional accumulation area changes 

Under projected climate warming it is likely that the firn area of small and medium sized 

mountain glaciers will fully disappear, resulting in glaciers that can accumulate mass only from 

superimposed ice (Huss, 2013; Zdanowicz et al., 2012). In the heavily glacierized archipelago of Svalbard 

there is an overall trend of decreases in area covered by thick firn and increasing firn densities for years 

with negative mass balance (Østby et al., 2017). For Greenland’s peripheral glaciers and ice caps it has 

been identified that 1997 was a tipping point for mass balance due to the rapid deterioration of the inland 

firn extent and its capacity to refreeze meltwater (Noël et al., 2017). On the Greenland Ice Sheet, the high 

elevation firn pack is still able to retain and refreeze most of the meltwater produced, but over time this is 
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depleting the pore space available to retain melt, meaning that future melt will result in enhanced surface 

runoff (Forster et al., 2014).  

Firn cores have been used to measure the amount of pore space in the firn pack of the Greenland 

Ice Sheet and the changes occurring both over time and across elevation gradients (Forster et al., 2014; 

Machguth et al., 2016). These have shown that the upper regions of the firn pack are densifying, and in 

the lower regions the formation of ice layers was impeding further percolation of meltwater into the firn 

pack below (Machguth et al., 2016). 

In addition to meltwater production in the summer months, instances of rain in the Arctic are 

projected to increase and by 2091-2100 rain is expected to become the dominant form of precipitation 

(Bintanja & Andry, 2017). Rain and increased melt contribute to the water available for the formation of 

ice layers, which reduce percolation and result in increased runoff. In general, enhanced Arctic warming 

is resulting in reduced firn pack and accumulation area extents and increased potential surface runoff at 

higher elevations on glaciers across the Arctic.  

Similar trends can be found in the Canadian Arctic. Ice caps in the northern CAA are 

experiencing depletion of available pore space in their firn pack, causing the accumulation zone to 

decrease and the ELA to move to higher elevations (Noël et al., 2018). Changes in the ELA can 

significantly affect a glacier’s AAR; for example, it has been calculated that if the ELA across the glaciers 

of Northern Ellesmere rose by only 100 m, the regional AAR would decrease from 0.648 (1960 average) 

to 0.529 (White & Copland, 2018). The southern CAA has already experienced enough melt to reduce the 

firn packs there such that their refreezing capacity is greatly diminished and most of the melt contributes 

to runoff (Noël et al., 2018). Specifically, on Penny Ice Cap it was observed in 2011 that melting and 

percolation of water in the firn pack led to both a depletion of the available pore space and a downward 

transfer of latent heat that raised the subsurface firn temperature by 10°C at a 10 m depth since the mid-

1990s (Zdanowicz et al., 2012).  
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Firn warming has also been observed on Devon Ice Cap, where it was found that the magnitude 

of warming as a result of latent heat release due to refreezing decreases as the elevation on the ice cap 

increases (Bezeau et al., 2013). On Devon Ice Cap extreme melt in summer 2005 formed a thick ice lens 

that created an impermeable layer, preventing future meltwater percolation into the underlying firn below 

the ice layer (Bezeau et al., 2013). The ice lens from 2005 was observed yearly through radar surveys 

from 2007 to 2012 and it was found that it grew in thickness by up to 4.5 m due to increased meltwater 

production and percolation (Gascon et al., 2013). These impermeable or semi-impermeable layers are 

known to promote runoff from the accumulation area, as has been seen on the Greenland Ice Sheet 

(Mikkelsen et al., 2016). Overall, amplified summer melt is creating changes in the accumulation areas of 

Canadian glaciers and ice caps by reducing the firn pack extent, increasing the meltwater production in 

high elevation areas, and causing the creation of thick ice layers not previously typical of the firn area. 

2.3.2 Firn pack processes and implications 

The effects of increasing average land surface temperatures are particularly evident in the 

accumulation areas of Arctic glaciers (Mortimer et al., 2016). In addition to the decreases in the extent of 

accumulation areas and firn packs, there are also increases in the density of the firn itself due to meltwater 

percolation and refreezing that reduces the overall air content in the firn (Huss, 2013; Van Pelt et al., 

2012). For example, on the Greenland Ice Sheet there has been a recorded decrease in firn air content in 

the percolation area by 23 ±16 % between 1998-2008 and 2010-2017, reflecting a loss in firn retention 

capacity due to refreezing (Vandecrux et al., 2019). As this refreezing leads to the transfer of latent heat 

downward into the firn pack this process can amplify further melt by pre-conditioning the firn for the next 

melt season (Zdanowicz et al., 2012). It is important to note that in a warming climate this percolation of 

meltwater increases firn pack warming, but in a cooling climate there is no such mechanism that enhances 

the transport of a cooling signal down into the firn pack (Munneke et al., 2015).  

Another similar feedback is related to a glacier’s albedo. As the firn area reduces in size the bare 

ice exposed increases, causing a lowering of the glacier’s mean albedo which in turn enhances surface 
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melt (Hall, 2004). For example, the albedo of fresh snow is 0.80, for firn is approximately 0.52, and for 

bare ice is 0.39 (Van Pelt & Kohler, 2015). As there is a trend towards glaciers with less firn and 

increasing bare ice, this snow-albedo feedback will amplify summer ablation processes. In general, there 

are major feedbacks and mechanisms occurring in the accumulation area of a glacier that will lead to 

increased runoff in a warming climate.  

Changes in the firn pack not only affect processes in the accumulation area of a given glacier but 

can also affect processes across the whole glacier. Diminished firn extent can reduce the perennial snow 

cover of a glacier, which acts as an insulator for the accumulation area (Hodgkins et al., 1999). For 

example, in Svalbard some glaciers have transitioned from being polythermal to being cold-based as a 

result of reduced snow cover and continued negative mass balance trends (Hodgkins et al., 1999). 

Previously temperate accumulation areas can see subsurface temperatures that change to being below the 

pressure melting point in the vicinity of the increasing ELA due to increasing bare ice and reduced 

insulating snow cover. As cooler ice flows slower than warmer ice, this thermal regime change has the 

potential to impact glacier flow dynamics (Østby et al., 2017).  

Firn pack changes will also affect estimates of mass balance using geodetic methods, as increased 

meltwater percolation and refreezing occurring in the firn pack leads to increases in overall firn density. 

As the geodetic method examines surface height changes over time, increasingly denser layers in the firn 

area would mean that a change in surface height does not necessarily lead to mass loss (Bezeau et al., 

2013). The presence or absence of a firn pack on a glacier or ice cap influences the density factor that is 

used to convert the geodetic volume change of a glacier to a change in mass (Huss, 2013). A 

recommended conversion factor for glaciers with stable mass balance gradients, stable firn packs, and 

significant changes in overall volume is 850 ±60 kg m-3 (Huss, 2013). However, changes to firn pack 

processes can affect the dynamics of the glacier as a whole and impact the conversion factor necessary for 

geodetic mass balance investigations. 
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Additionally, firn areas in the CAA have been experiencing increased densification rates (Bezeau 

et al., 2013; Zdanowicz et al., 2012). For example, from 2004-2012 the surface elevation of Devon Ice 

Cap lowered by 0.077 m a-1 and the average density increased by 13-80% in the top 2.5 m of the firn 

column (Bezeau et al., 2013). On Penny Ice Cap it was found that the failure to incorporate the vertical 

ice motion caused by firn compaction in the geodetic survey resulted in a 13-15% overestimation of the 

mass loss (Schaffer et al., 2020). There was net submergence of up to 1 m a-1 in the accumulation area, 

and emergence of >1 m a-1 in the lower ablation area of Penny Ice Cap, due to the component of vertical 

ice velocity, although these values averaged out across the whole ice cap to produce an average vertical 

ice motion of -0.01 m a-1 (Schaffer et al., 2020). 

In addition to direct measurements of firn compaction, models can also be employed to estimate 

changes in firn thickness and density, and modelled compaction rates agree well with observed 

compaction rates from airborne radar data (Ligtenberg et al., 2015). Methods for directly observing 

surface elevation include airborne radar data, ATM altimetry, and ground-penetrating radar (GPR) data 

(Bezeau et al., 2013; Ligtenberg et al., 2015; Schaffer, 2017). 

 

2.4 Monitoring and modelling techniques 

The techniques utilized for monitoring a glacier’s firn pack and changes to the accumulation area 

employ a variety of methods and technologies. Ground penetrating radar, coring, GPS, and remote 

sensing techniques are the four main methods used predominantly for accumulation area investigations 

and monitoring. These techniques and examples of their applications are summarized in this section.  

2.4.1 Ground Penetrating Radar 

Ground-penetrating radar is a geophysical technique commonly applied to investigations of the 

cryosphere to monitor changes occurring in the subsurface. A GPR system typically consists of a 

transmitter, receiver, GPS unit, control unit, and a power supply. GPR provides information about the 

subsurface by measuring the amount of energy that is reflected or scattered between the transmitter and 
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receiver in the GPR system (Figure 2-4). The resulting images are called radargrams, which are created 

from the energy returns. Energy is scattered, reflected, or refracted at the boundaries between subsurface 

features with contrasting electrical properties (Woodward & Burke, 2007). The dielectric permittivity of a 

material characterizes the displacement of a charge constrained in a material structure in the presence of 

an electric field (Jol, 2009). The relative permittivity, also called the dielectric constant, describes the 

electrical properties of a material and is found by dividing the permittivity of a substance by the 

permittivity of free space. GPR is very effective on glaciers because ice has a dielectric constant of 3 to 4, 

air 1, sediment 5 to 40, and water 80, which means that ice has a high dielectric contrast with most natural 

englacial and subglacial materials (Moorman & Michel, 2000).  

The most common GPR setup in glaciological applications is the common-offset survey (Figure 

2-5), where the transmitter and receiver move over the surface at fixed antenna spacing (Jol, 2009). Radar 

surveys can also have the transmitter and receiver moving progressively further from a central point that 

results in increasing travel time for subsurface reflections, which is called a common mid-point (CMP) 

survey, and is often used to determine the radio-wave velocity of subsurface materials (Woodward & 

Burke, 2007). 

The vertical resolution of GPR depends on many factors, but the main ones are frequency, 

bandwidth, and attenuation (Daniels, 2004). As the frequency of the GPR system increases the 

penetration depth will decrease and the lateral resolution will increase, meaning that there is typically a 

trade-off between resolution and penetration depth for GPR studies (Moorman & Michel, 2000). 

Bandwidth describes the range of frequencies that the device can transmit or receive, also called a 

wavelet, with depth penetration increasing as bandwidth increases (Jol, 2009). Attenuation describes the 

reduction in strength of a signal by energy scattering or dissipating as it enters a material; for example, 

wet clays are conductive and will efficiently attenuate radar signals, thus reducing penetration depth 

(Daniels, 2004). Fortunately, the attenuation of ice is low relative to other materials due to its low 
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electrical conductivity, which allows for high penetration depths (Jol, 2009). For example, ice thicknesses 

of over 3.5 km have been measured using GPR on the Antarctic Ice Sheet (Welch & Jacobel, 2003). 

There are many advantages to using GPR in investigations of glacier properties. Radar surveys 

are a non-destructive method for surveying glaciers, which is especially important in the firn area as 

repeat surveys can easily be conducted year after year without any damage to the study site (Woodward & 

Burke, 2007). GPR surveys are also less labour and cost intensive than coring projects. Additionally, the 

spatial heterogeneity of firn properties can introduce uncertainty when interpreting point observations 

(e.g., from ice coring) and extrapolating those observations to a large area (Marchenko et al., 2017). 

Continuous GPR surveys overcome this challenge and reduce the uncertainty when interpolating between 

observations. 

The first surveys that utilized radar on glaciers measured ice thicknesses on ice sheets and valley 

glaciers (Steenson, 1951). Interestingly, the application of radar for studying ice was discovered largely 

by accident when flights over Greenland during World War II reported errors in the radar altimetry 

caused by the transparency of radar waves in ice (Waite & Schmidt, 1962). Radar surveys are still 

routinely used for investigations of ice thickness, to enable determination of the ice volume held by 

glaciers and for the validation of various volume-area scaling relationships (Navarro et al., 2014). GPR 

techniques are also commonly applied to examine the thermal regime of glaciers as temperate ice has a 

stronger backscatter signal than cold ice due to the presence of water (Wilson et al., 2013). GPR can also 

provide insights into subglacial conditions using the bed-reflection power derived from low-frequency 

(~10 MHz) GPR surveys (Wilson et al., 2014). Higher frequencies (~800 MHz) can be used to investigate 

the near surface; for example, GPR surveys have been used to map the thickness and extent of winter 

snow (Dunse et al., 2009), and near-surface glacier facies (Sylvestre et al., 2013). GPR surveys are 

customizable to the study objectives, as the survey parameters can be changed relatively easily to alter 

penetration depth, vertical resolution, and lateral resolution.  

2.4.2 GPR Parameters  
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Time Window: For signal measurement the timing unit is one of the main components in a GPR 

system as it controls the generation and subsequent detection of signals (Daniels, 2004). The transmitting 

antenna is triggered to send a signal and the receiver records the variations in the return signal that are 

refracted, reflected, or scattered (Jol, 2009). The timing window must be large enough to prevent 

transmitter blanking, which occurs when the receiver can’t detect signals until the transmitter is done 

transmitting, meaning that the time duration of the pulse has an inverse relationship with bandwidth and a 

linear relationship with penetration depth (Jol, 2009).  

Antenna separation: This is the linear distance between the centre of the transmitter and 

receiver. Generally, as the antenna separation becomes larger the depth resolution decreases slightly, but 

this is not significant until antenna separation is close to half the target depth (Jol & Bristow, 2003). The 

step size is the distance between data collection points, and its selection is related to the frequency and the 

dielectric constant of the material being imaged. The step size cannot be too large as that reduces the 

resolution of the resulting image (Sensors & Software Inc., 2010).  

Stacking: The number of traces averaged to create one trace is referred to as stacking. Stacking 

of radar traces helps to reduce noise in GPR data by taking repeat measurements of a signal to remove 

high frequency noise, essentially boosting the signal to noise ratio. The time sampling interval is the 

timing at which the GPR signal is sampled and is typically set automatically by the system (Sensors & 

Software Inc., 2010). 

Post-Processing: As GPR surveys output radargrams, the images need to be post-processed and 

interpreted. The main goal of GPR post-processing is to improve the signal to noise ratio of the data 

collected (Daniels, 2004). However, GPR data can sometimes be over-processed to produce images the 

user wants to see rather than represent the real data (Jol, 2009). Typical processing steps include the 

following: 

(a) Dewow filtering removes the DC bias, or the initial DC signal component and the subsequent 

decay of wow or low-frequency signal trends, that are present in the data (Jol, 2009). The dewow 
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process reduces the trace to have a mean of zero rather than the low frequency undulations 

(Sensors & Software Inc., 2010).  

(b) Background subtractions utilizes a running average over a localized window to obtain an average 

background trace to subtract, which works to enhance localized events (Sensors & Software Inc., 

2010).  

(c) Gain functions apply multiplying factors to the signal trace to compensate for the losses that 

occur in the received signal compared to the transmitted signal due to attenuation and path loss to 

and from the target (Daniels, 2004).  

(d) Filters describe anything applied to the data to remove noise and improve the visual quality of the 

data by removing, suppressing, or enhancing signals of specific frequencies or over particular 

traces (Jol, 2009). Types of filters include temporal filters such as simple mean, band pass, or 

low/high-pass, and spatial filters such as simple running average, average subtraction, or spatial 

band-pass filters (Jol, 2009).  

(e) Elevation corrections can be applied if GPS data is collected by the radar system and can be used 

to show topographic change on the resulting radargram.  

Overall, GPR is a common and effective method for investigating subsurface processes on glaciers, 

particularly in their accumulation areas. 

2.4.3 Coring 

One of the oldest methods for examining internal processes on glaciers is the use of borehole 

drilling and ice coring. Coring is very useful for stratigraphical studies of snow and firn, and involves 

drilling into the glacier surface and slowly recovering a cylindrical core of ice/firn, usually in 0.5-3 m 

long sections (Figure 2-6). The equipment used to collect cores in the field include a core barrel, 

extension rods, power drill, and equipment for measuring and documenting the recovered cores. While 

large ice coring projects can take months to drill kilometres into ice sheets, multiple shallow firn cores 

(~10 m) can be drilled and recovered within a day and can provide stratigraphy and density information 
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of the near-surface firn structure. Similarly, video observation in boreholes for firn stratigraphy and the 

identification of previous summer surfaces can be less time and logistically intensive compared to 

recovering cores (Marchenko et al., 2017). Coring also allows for the calculation of bulk density of core 

sub-sections by weighing each section and measuring the section volume. Infrared photography for the 

identification of firn layers can be sometimes used instead of manual logging of cores to decrease the 

processing time required for each core in the field (Bezeau et al., 2013).  

Replicating historical core studies performed decades ago can be a very effective method for 

examining temporal changes in the firn pack of a glacier, especially in relation to density. The ice 

fraction, sometimes referred to as “melt features”, percentage is useful for examining how much 

meltwater is being re-frozen and retained in the firn pack (Koerner, 1977; Zdanowicz et al., 2012). For 

example, the average melt percentage in cores recovered from near the summit of Agassiz Ice Cap over 

the period 1984-2009 was the highest it has been in 4200 years (Fisher et al., 2012).  

Ice and firn cores are also used as important validation for other measurement techniques. 

Density values calculated directly from cores can be used to validate calculations and models of firn 

densification processes (Bezeau et al., 2013; Huss, 2013). For example, the output from modelled firn 

evolution on Holtedahlfonna and Kongsvegen, Svalbard, was validated using historic and new firn cores 

(Van Pelt & Kohler, 2015). Similarly, core data can be used to parametrize models. An example is from 

the Greenland Ice Sheet, where firn core stratigraphy and density values were used to create a mass 

conservation model for how water flow occurs in the firn pack when there are major impenetrable ice 

layers (Mikkelsen et al., 2016).  

Firn cores can also provide validation for interpretations made from GPR surveys (Sylvestre et 

al., 2013). As GPR data processing and interpretation is commonly a subjective process (Dunse et al., 

2009) it is crucial that the conclusions being drawn from GPR be validated using cores or boreholes. 

Combining the use of GPR data and core data is a way to reduce the uncertainty created by point 

measurements in spatially heterogeneous locations such as the firn area on most glaciers (Marchenko et 
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al., 2017). Overall, coring is an effective method for determining temporal change when comparing new 

and historic cores and as validation for more modern measurement techniques such as GPR. 

2.4.4 GPS Monitoring 

To investigate changes in the motion of a glacier many studies use dual-frequency GPS (dGPS) 

units. This technique can be used to monitor glacier horizontal and vertical velocity through semi-

permanent dGPS stations that track glacier movement throughout the year (Thomson & Copland, 2017). 

dGPS monitoring can also be used to measure densification in a glacier’s accumulation area through 

repeat surveys of known locations on the glacier surface (Schaffer et al., 2020). Studies that use dGPS 

often utilize Natural Resources Canada’s Precise Point Positioning (PPP) method to post-process the data 

if there isn’t a base station nearby (Schaffer et al., 2020; Thomson & Copland, 2017). The PPP online 

application takes raw Global Navigational Satellite System (GNSS) data and post-processes it to produce 

higher accuracy positions (NRCAN, 2020). The process uses precise GNSS satellite orbit ephemerides to 

provide revised coordinates of a constant accuracy (NRCAN, 2020). When static dGPS data is collected, 

the duration of the observation time impacts accuracy as increased collection times improve accuracy 

(Dawidowicz & Krzan, 2014). This method is ideal for studies conducted in remote locations as 

proximity to known base stations is not required (NRCAN, 2020). Additionally, dGPS is more accurate 

than single-frequency GPS as the first-order ionospheric error can be significantly reduced when 

combining satellite observations from two frequencies (Dawidowicz & Krzan, 2014). 

For a fixed coordinate on a glacier surface the change in surface elevation is calculated by 

combining the effect of surface mass balance and ice motion:  

                                                              
𝜕 𝐻

𝜕 𝑡
= 

(�̇�𝑠+�̇�𝑏)

𝑝𝑖
+  𝛻𝑄                                                                 (2.1) 

where �̇�𝑠 is the surface mass balance rate and �̇�𝑏 is the basal mass balance rate, 𝑝𝑖 is the uniform density, 

and 𝛻𝑄 is the flux divergence (Bamber & Payne, 2004; Cuffey and Paterson, 2010; Schaffer et al., 2020). 
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Equation 2.1 assumes that densification, isostatic displacement, and erosion at the bed is negligible. For 

the purpose of this study basal mass balance is also assumed to be negligible. 

For the change in elevation at a known location at a marker (a mass balance stake) on a glacier 

surface the equation needs to include horizontal motion, and since calculating densification is typically 

the goal it cannot be assumed to be negligible as it is in equation 2.1:  

                                                      
𝜕 𝐻

𝜕 𝑡
=  

�̇�𝑠

𝑝𝑖
+ 𝑤𝑠 − 𝑢𝑠⃗⃗⃗⃗  ∙  𝑔𝑟𝑎𝑑ℎ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗                                              (2.2) 

With �̇�𝑠 as the surface mass balance rate, p as the density, 𝑤𝑠 − 𝑢𝑠⃗⃗⃗⃗  ∙  𝑔𝑟𝑎𝑑ℎ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ as the vertical motion of the 

marker (vertical flow of ice relative to the glacier surface), where 𝑤𝑠 is the downward flow, and 𝑢𝑠⃗⃗⃗⃗  ∙

 𝑔𝑟𝑎𝑑ℎ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ represents the horizontal velocity vector combined with the surface gradient (Bamber & Payne, 

2004). The vertical motion of the marker needs to be incorporated as the surface rises or falls with the 

horizontal flow of the marker. Calculations of densification from a fixed coordinate, or from a known 

marker, need to be calculated for the other forces that act on surface elevation. When these are accounted 

for, the remaining change can be attributed to densification.  

2.4.5 Remote sensing 

Remote sensing of the cryosphere has origins as far back as the 1970s when the first Landsat 

images were used to investigate glacier mass balance (Krimmel & Meier, 1975). For estimations of mass 

balance from remotely sensed imagery, typically the ELA is approximated using the end of summer 

snowline as a proxy (Rabatel et al., 2005). For Arctic glaciers this is particularly tricky because the ELA 

is typically below the snowline due to superimposed ice formation, which adds mass but is difficult to 

identify in satellite imagery. However, it has been shown that transient snowline variations can be used to 

identify the snow ablation rate, AAR, and to derive net mass balance on Arctic glaciers (Mernild et al., 

2013). In most cases the estimates of mass balance are validated on glaciers that have in situ mass balance 

data available for the same year ranges (Mernild et al., 2013; Rabatel et al., 2005).  
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Remote sensing is especially useful for geodetic mass balance surveys as high quality DEMs can 

be derived from remotely sensed data. An example of this is the ArcticDEM project, which provides high 

quality elevation data for remote high-latitude regions. The elevation data is photogrammetrically derived 

from the panchromatic bands of the WorldView-1, WorldView-2, and WorldView-3 satellites (Polar 

Geospatial Center, n.d.). ArcticDEM has the ability to represent surface elevation information even for 

areas of low contrast, shadows, and discontinuous features such as glacier termini, which previous 

methods of stereoscopic DEM extraction were not able to do (Noh & Howat, 2015). The process for 

extracting the elevation information for ArcticDEM uses Surface Extraction with Triangulated Irregular 

Network-based Search-space Minimization stereo-photogrammetry software (Noh & Howat, 2015). A 

given elevation is found by extracting pixels from pairs of overlapping imagery with a known camera 

orientation and geometry, with the offsets of the extracted points in pixel coordinates producing a parallax 

field that can then be converted to an elevation for the imaged surface (Dai et al., 2018). 

ArcticDEM provides a new opportunity for the calculation of geodetic mass balance in the Arctic 

by providing high-resolution (2 x 2 m) DEMs. Geodetic mass balance methods use two different DEMs 

of a glacier from different times, and differences them to calculate change in volume, which can then be 

used to determine change in mass (Cogley et al., 2011). Additionally, DEMs such as ArcticDEM can be 

used to derive terrain variables for glacier surfaces to provide inputs for analysis of glacier properties such 

as slope, aspect, and curvature (White and Copland, 2018).  

Automated or semi-automated analysis of remotely sensed imagery is also frequently used for 

determining glacier extent regionally. The Randolph Glacier Inventory (RGI) and Global Land Ice 

Measurements from Space (GLIMS) are two initiatives aimed at producing full databases of global 

glacier outlines (Pfeffer et al., 2014). These glacier outlines can be combined with current DEMs to 

generate glacier hypsometry (distribution of ice area based on elevation) for understanding the 

distribution of ice regionally (Pfeffer et al., 2014).  
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Different glacier facies can be visually derived from remotely sensed imagery for determining the 

areal extents of the ice facies, wet-snow zone, percolation zone, and dry-snow zone (Williams et al., 

1991). As the spatial distribution of glacier facies is related to its surface mass balance it can provide 

information on glacier changes over time in response to climate factors (Dunse et al., 2009). A faster 

method to derive facies utilizes backscatter zones from synthetic aperture radar (SAR) images, with 

higher backscatter typically occurring in the firn pack (with the exception of the dry snow zone), and 

lower backscatter in the ablation zone (Langley et al., 2008). Typically, SAR derived glacier facies are 

validated using glacier zones inferred from GPR data (Langley et al., 2008). These methods provide a 

way to monitor glacier changes without the logistic and financial cost of direct field measurements.  

Additionally, glaciers that have no in situ measurements but have historic imagery can be 

analysed retroactively to determine areal extent change in response to recent climate forcing (Rabatel et 

al., 2005). As new satellites become available like Sentinel 2 with 10 m resolution, shorter re-visit time, 

and additional spectral bands, glacier monitoring using remotely sensed imagery can become more 

accurate and effective (Paul et al., 2016). Overall, remote sensing typically provides a lower cost method 

of glacier monitoring than in the field, but many applications still require ground-truthing and validation 

using field measurements.  

2.4.6 Modelling 

Monitoring the processes occurring in the firn pack is important for understanding the response of 

the accumulation area to climatic forcing and for modelling future impacts. Firn models are typically 

empirical and most often use temperature and accumulation rates as the main forces acting on firn 

densification (Lundin et al., 2017). Modelling provides an effective tool for investigating the previous 

conditions and forces that have resulted in current properties (Van Pelt & Kohler, 2015), and for 

predicting future conditions and sea-level contributions (Machguth et al., 2013). Some major uncertainties 

remaining in modelling firn dynamics include issues of constraining vertical heterogeneous percolation, 

lateral (sub-)surface flow, and water ponding on impermeable surfaces (Steger et al., 2017). Additionally, 
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as models become more robust and complex an increased number of parameters are typically used, which 

require calibration using field observations (Lundin et al., 2017). Continued monitoring and in situ 

observations are therefore integral for both model calibration and the validation of model outputs (Van 

Pelt & Kohler, 2015). As sea-level rise significantly affects coastal communities through increased 

flooding and coastal erosion (AMAP, 2017) accurate modelling and estimates of future freshwater 

contributions from glaciers are very relevant for effective climate change adaptation efforts. 

 

2.5 Summary 

Monitoring the overall mass balance of glaciers regionally is important for estimates of global 

sea-level rise and local runoff conditions (Zemp et al., 2019). Monitoring and research specifically 

directed at accumulation processes and firn dynamics is particularly important for determining mass 

change from volume change (Huss, 2013), for ice core interpretation (Lundin et al., 2017), and for models 

of runoff and meltwater retention (Noël et al., 2017). Measurement techniques for monitoring processes 

in the accumulation area include GPR, firn coring, GPS, and remote sensing. Remote sensing missions 

can reduce the cost and time required to conduct investigations; however, these types of missions are 

limited to monitoring only those processes that occur on the surface or near-surface of the glacier. GPR 

surveys provide a relatively fast way to image the subsurface and can cover a larger area in less time 

compared to coring techniques. Overall, continued monitoring and research into the changes that are 

occurring in the firn area of a glacier are important for understanding a glacier’s response to climate 

forcing, and for understanding future glacier stability, as firn can provide an important buffer for 

meltwater production in a warming climate (Harper et al., 2012).   
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Figure 2-1 Image of an idealized glacier cross-section showing glacier flow, the main two zones of a 

glacier, and the equilibrium line altitude (ELA). 
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Figure 2-2 Cumulative sea-level contributions of Arctic land ice outside of the 2003–2015 GRACE 

(Gravity Recovery and Climate Experiment) period (circles or squares) via scaling of regional 

standardized composites of in situ mass balance series (Box et al., 2018). 
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Figure 2-3 (a) Location of White Glacier in the CAA and one other reference glacier and the 

community of Grise Fiord; (b) July 2014 orthophoto of White Glacier with the mass balance stake 

network shown as black dots. 

  

a 
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Figure 2-4 Types of signal paths between the transmitter and receiver in a typical ground 

penetrating radar setup. The direct airwave (A), the direct ground wave (G), the reflected wave (R), 

and the critically refracted wave (C) (Jol, 2009).  
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Figure 2-5 Typical field sampling setup for towing a common-offset GPR system across a glacier 

(White Glacier, April 2019). Tx = transmitter; Rx = receiver; GPS = global positioning system. 
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Figure 2-6 Section of a firn core recovered from White Glacier in April 2019, showing a clear 

interface between ice on the left and firn on the right. 
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Chapter 3 

Firn pack characterization and recent changes on White Glacier, Axel Heiberg 

Island, Nunavut.  

3.1 Introduction 

As a result of Arctic amplification, higher latitude regions are experiencing rates of surface air 

temperature warming almost 2 times stronger that the Northern Hemisphere; a high-latitude warming rate 

of 1.36°C century-1 is documented for 1875–2008 and a Northern Hemisphere trend of 0.79°C century-1 

(Bekryaev et al., 2010). This significantly impacts the glaciers in these regions, with the glaciers of the 

Queen Elizabeth Islands losing a cumulative total of 1069 Gt of mass from 1961 to 2016 (Zemp et al., 

2019). This trend in mass loss is anticipated to continue, with projections estimating contributions of up 

to 57.15 mm of sea-level equivalent by 2100 from Arctic Canada (Radić et al., 2014). As the Canadian 

Arctic is one of the largest non-ice sheet contributors to eustatic sea-level rise (Mortimer et al., 2016), 

monitoring and understanding the changes occurring on the glaciers of this region is of local and global 

importance.  

The high elevation areas of a glacier where snow and firn can persist through the summer provide 

an important buffer for surface melt as they can store meltwater in the porous firn until it is refrozen 

(Noël et al., 2018). For example, on Greenland approximately half of the melt generated on the surface of 

the ice sheet runs off and the other half is retained in the firn area (Steger et al., 2017). The same process 

occurs at smaller scales on glaciers provided that there is a consistent area of firn available to support 

percolation and melt retention. However, as surface temperatures continue to rise, the pore space that is 

available in the firn area can decrease due to melting and refreezing in the pore spaces (Mikkelsen et al., 

2016). Additionally, the areal extent of the firn area can be reduced as a result of rising equilibrium line 

altitudes caused by increasing temperatures, thus potentially reducing the overall area available for 

meltwater storage and increasing rates of surface runoff. 
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Major changes to firn dynamics have been observed across the Arctic. The depletion of the pore 

space available in the firn of the Greenland Ice Sheet has reduced the capacity of the firn area to store 

high elevation summer snowmelt (Noël et al., 2018). Instances of extreme melt at high elevations, such as 

that experienced on the Greenland Ice Sheet in July 2012, have resulted in perched superimposed ice 

layers that can act as a barrier to percolation and meltwater storage, and ultimately amplify meltwater 

runoff (Mikkelsen et al., 2016). In Svalbard, changes in firn dynamics have also been detected with firn 

line retreat amplifying runoff through both albedo lowering and lowering of the refreezing capacity due to 

reduced firn area available for percolation (Van Pelt & Kohler, 2015). Additionally, on Austfonna in 

Svalbard it was observed that firn line altitude can be highly variable annually, meaning that the firn area 

retreats but also expands in times of less negative surface mass balance (Dunse et al., 2009). Overall, 

Arctic ice masses outside of Canada are experiencing reductions in firn pore availability and high 

variability in firn line elevations in response to climate warming. 

In the Canadian Arctic Archipelago (CAA) glaciers and ice caps are similarly experiencing 

increased meltwater percolation and rising firn line altitudes. On Penny Ice Cap (southern Baffin Island), 

increased near-surface ice content in the firn pack has been observed along with an increase in the 

subsurface firn temperature of 10°C at 10 m depth between the mid-1990s and 2011 (Zdanowicz et al., 

2012). The rise in firn temperature results from latent heat released when percolated meltwater is 

refrozen, with this warming expected to amplify future melt as baseline firn and ice temperatures 

approach the melting point (Zdanowicz et al., 2012). Devon Ice Cap has experienced similar densification 

of the near-surface firn due to increased ice lens concentrations resulting from enhanced melt and 

refreezing (Bezeau et al., 2013). This increase in density also caused the top 1.25 m w.e. of the firn layer 

to thin by 0.021-0.168 m a-1 from 2004 to 2012 (Bezeau et al., 2013).  

Thinning and densification of the firn layers adds uncertainty to geodetic mass balance 

calculations, which generally rely upon the assumption of an unchanging vertical density structure at high 

elevations on glaciers. The conversion factors used in geodetic mass balance to convert volume change to 
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mass change should consider the potentially increasing density in the firn pack, but it is difficult to track 

these changes directly (Huss, 2013). Densification in the firn pack can even increase to a point where a 

glacier or ice cap no longer retains any firn through the summer, with mass only accumulating as 

superimposed ice (Zdanowicz et al., 2012). This has already occurred on some of the ice caps in the 

southern CAA, such as Barnes Ice Cap on central Baffin Island (Noël et al., 2018).  

Overall, these studies from the CAA indicate that glaciers in this region are experiencing a similar 

response to other Arctic glaciers. General trends include increased near-surface firn densities and 

reductions in the areal extent of the firn pack in response to rising average air temperatures. However, 

research into firn changes in the northern Queen Elizabeth Islands has yet to be undertaken. This study 

provides the first such investigation on a valley glacier in this region, including an assessment of how 

topographic complexity impacts firn evolution. Using an extensive dataset of ground-penetrating radar 

(GPR) data, the relationships between snow accumulation patterns, topographic parameters, firn pack 

structure, and changes in firn-pack extent between 2013 and 2019 are explored. Additionally, 

densification rates at 15 locations on the glacier between 2018 and 2019 are investigated, as well as 5 

locations between 2011 and 2019.  

 

3.2 Study Site 

White Glacier is located on Axel Heiberg Island, Nunavut, at 79.45° N, 90.67° W (Figure 3-1). 

Based on records from Eureka weather station, ~100 km east of White Glacier, mean annual temperature 

in the area is approximately -20 °C, and annual precipitation varies between 58 mm a-1 at sea level 

(reported at Eureka) and 370 mm a-1 at 2120 m a.s.l., measured from a 41 year snow pit record on the 

nearby Müller Ice Cap (Cogley et al., 1996). At Eureka there has been surface warming of 3.2 °C since 

1972, and a 10% increase in precipitation since 1961, with the most precipitation increase in spring, 

summer, and autumn seasons (Lesins et al., 2010). 
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White Glacier is a mostly cold polythermal alpine glacier thought to only have temperate ice 

along the base of the ablation area (Blatter, 1987). The glacier extends from 80 to 1782 m a.s.l., and in 

1960 covered an area of 41.07 km2 that has since decreased to 38.54 km2 as of 2014 (Thomson & 

Copland, 2016). White Glacier is designated as a World Glacier Monitoring Service (WGMS) reference 

glacier, having >30 years of continuous mass balance measurements. Average mass balance for 1959 to 

1999 on White Glacier was -0.132 m w.e. a-1, compared to -0.364 m w.e. a-1 for 2000-2018 (L. Thomson, 

personal communication). Most of the annual mass balance values since 2000 have been negative, 

although there have been a few positive mass balance years of low magnitude (< 0.117 m w.e. a-1) in 

2004, 2013, 2017 and 2018. Historically the equilibrium line was at 1019 ± 242 m a.s.l for 1959 to 1999, 

but more recently it averaged 1169 ± 196 m a.s.l for 2000 to 2018, where the ± values indicate standard 

deviation (L. Thomson, personal communication). As a result of this increase in ELA the average 

accumulation area ratio has decreased from 0.59 for 1959 to 1999, to 0.45 for 2000 to 2018, indicating a 

shift to ablation-dominated mass balance conditions across the glacier.  

This study primarily focuses on the high elevation reaches of White Glacier above 1000 m a.s.l., 

where perennial snow and firn can persist in most years. Most of the field data collection was based out of 

the McGill Arctic Research Station, located ~3 km SW from the glacier terminus. 

 

3.3 Methods 

Ground-penetrating radar surveys were used to determine the spatial distribution of firn and 

temporal changes within the firn area. For estimation of firn distribution, two different methods were used 

and the results compared. First, glacier facies were mapped qualitatively from visual inspection of GPR 

data collected near-annually between 2013 and 2019, following methodologies similar to Dunse et al. 

(2009). Second, GPR data was analysed quantitatively using the average radar backscatter amplitude as 

an indicator of firn properties. The two methods were then compared through statistical analysis, and 

interpretations were validated using shallow firn cores collected in 2019 at five locations. The spatial 
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distribution of firn and winter snowpack thickness were analysed with respect to topographic parameters 

to explore potential controls on firn distribution, and capacity for meltwater retention in the White Glacier 

accumulation area. Finally, densification rates were determined from dGPS measurements taken in spring 

2018 and 2019. Details of these methods are provided below. 

3.3.1 Ground Penetrating Radar 

GPR surveys were conducted on White Glacier in 2013, 2014, 2015, 2017, 2018 and 2019, using 

a Sensors and Software PulseEKKO Pro radar system (at 250 MHz and/or 500 MHz) with an integrated 

single-frequency GPS receiver. Surveys were conducted by towing the radar system behind a snowmobile 

along the centreline of the glacier, and in transects across the accumulation area. Early radar surveys 

(2013-2017) had time windows of 2500 ns to maximize the depth surveyed, but in recent surveys (2018-

2019) a radar time window of 1000 ns was used to maximize the vertical resolution while maintaining 

sampling to a maximum depth of ~80 m (Ruffell et al., 2013). The sampling time intervals were set at 0.2 

to 0.5 ns, with lower frequency surveys requiring higher intervals (Ruffell et al., 2013). These changes in 

settings (time window and sampling time interval) are not expected to affect the quantitative comparison 

of radar lines as these are based on average values. The parameters for each GPR line used in the study 

are summarized in Table 3-1.  

Repeat surveys at both 250 and 500 MHz were undertaken to optimize the benefits of both depth 

penetration (250 MHz) and resolution (500 MHz) of the two frequencies. The vertical resolution of the 

GPR system is 0.2 m at 250 MHz, and 0.1 m at 500 MHz, assuming a radar wave velocity of 0.2 m ns-1. 

The snowmobile was driven at a speed of ~10 km hr-1, and given the differences in time windows and 

variations in travel speed, the average distance between GPR points ranges from 1 m to 5 m depending on 

the year.  

Post-Processing and Visualization 

Using Sensors & Software EKKO_ Project software, radar data from 2013-2019 (excluding 2016 

when GPR data was not collected) was post-processed with identical settings applied to all years for 
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interpretation. The radargrams were processed with a background subtraction filter set at full width, 

meaning that the average trace of the whole survey track was removed. This removes background noise 

that is common across a survey, while preserving localized features. Next the radar wave velocity was set 

to the 0.2 m ns-1 value typical of a firn column (Marchenko et al., 2017; Navarro et al., 2014; Sylvestre et 

al., 2013). The gains applied to all the radar data included a dewow filter to remove the initial DC signal 

component and subsequent decay of low-frequency trends (wow) present in the data (Jol, 2009). Next a 

DVL gain was applied with alpha set to 0.75 and beta set to 0.80. The DVL is a two-step gain function 

that first applies a linear gain based on the beta parameter and then an S-shaped gain based on the alpha 

parameter (Sensors & Software, 2010). The data was also cropped to remove data that the GPR system 

collects when the snowmobile is stationary.  

Visual classification of Glacier Facies 

Following data processing, a visual analysis of the resulting radargrams was performed to estimate 

glacier facies. Similar to the method described by Dunse et al. (2009), each GPR survey track was 

classified into one of five categories representing unique glacier facies (i.e. zones), from the ablation zone 

to the upper accumulation zone, as follows (examples in Appendix A): 

1. Glacier ice (Gl) describes the ablation area where there is little internal backscatter, with the 

exception of near-surface returns from the temporary winter snowpack. 

2. Superimposed ice (SI) facies is located up-glacier of the GI zone, with slightly more scattering 

below the temporary snowpack than glacier ice due to variations in air bubbles (Langley et al., 

2008).  

3. F3 facies is characterized as an area where there is one full year of accumulation visible in 

addition to the winter snowpack. These are locations where two reflectors are visible: the first 

associated with the current snowpack, and the second associated with the top-most layer of firn.  

4. F2 facies is characterized as an area of firn that includes multiple years of accumulation but lies 

in an area of recent (<10 years) firn line variability (Dunse et al., 2009), or where there is buried 
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firn. Buried firn in this case was defined as an area where there is backscatter indicative of firn, 

with ~5 m of ice between the buried firn and the previous summer’s surface. This buried firn can 

no longer absorb and refreeze meltwater because it is hydrologically isolated from the glacier 

surface due to the overlying thick ice layer (Bezeau et al., 2013).  

5. F1 facies is typically located at the highest elevations on a glacier and is characterized as the 

long-term firn area with >10 years of consistent accumulation visible in the layering (Sylvestre et 

al., 2013).  

Quantitative Analysis of Backscatter  

Areas underlain by ice are dielectrically homogenous compared to areas of firn that have a 

heterogeneous mix of ice crystals, air-filled pore spaces, and ice lenses, each of which have distinct 

dielectric permittivities. As a result of the variability in dielectric properties, radar data over areas of firn 

typically exhibit higher levels of backscatter compared to glacier ice. This higher backscatter results in 

overall higher amplitude values along the GPR traces collected in the firn pack and overall lower 

amplitude traces collected over continuous glacier ice. The quantitative analysis approach exploits this 

difference in backscatter between the firn and ice zones. The exception to this pattern is the dry snow 

zone at high elevations on glaciers and ice sheets, where there can be little radar backscatter due to the 

absence of melt and associated lack of internal scatterers (Langley et al., 2008), but there is no evidence 

that this zone existed over the study period at White Glacier, so it is not discussed further. 

Post-processing can artificially skew amplitude values, so the processing steps applied prior to the 

quantitative analysis were minimal. Processing was limited to performing a trace envelope process on the 

data, which calculates the absolute value of the amplitudes for each trace. Once processed an average 

backscatter amplitude (ABA) value, in units of mV, was calculated for each trace in the survey track from 

near the top of the trace to a prescribed depth based on the area of interest. For this study ABAs were 

calculated on traces at depths of 1 to 40 m and 1 to 10 m, with the former providing information about the 

entire firn pack to the deepest depths consistently identified in the radar surveys, and the latter providing 
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information about near-surface change between 2013 and 2018. The ABA calculation starts at 1 m to 

remove the seasonal snowpack from the calculation. All calculations that require a depth threshold used a 

fixed radar wave velocity of 0.2 m ns-1 to convert travel time to depth. For each trace a single ABA value 

was calculated and represented by a point along the GPR survey track. To improve the signal to noise 

ratio the ABA values were averaged spatially by taking the mean ABA value of the points within a 10 x 

10 m grid, which usually included 2 to 10 points. 

3.3.2 Firn Coring 

In spring 2019 a series of five shallow firn cores, ranging in length from ~5 to 9 m, were 

collected across the accumulation area of White Glacier (Figure 3-2). The locations for firn coring were 

chosen for their proximity to mass balance stakes, where >30 years of annual snow pit records exist, and 

for an even representation across the accumulation area while avoiding areas that posed severe safety 

risks. The core at location CJA1 was taken at the same location as a 10 m core collected by previous 

researchers in 2014. Cores were collected with a Kovacs Mark II coring system. The core diameter was 9 

cm and each recovered core section from the 1.2 m core tube was approximately 40-60 cm in length. The 

stratigraphy of each core was recorded as snow, firn, iced firn, weak firn, or ice. Iced firn is a well-bonded 

mixture of firn and ice, while weak firn was unconsolidated and showed evidence of being remnant depth 

hoar. Example photos of each type can be seen in Appendix B. The cores were sectioned into 10 to 20 cm 

lengths, placed in a Ziploc bag, and weighed using a spring scale. Bulk density was then calculated by 

determining the volume of the cylindrical sections (V= πr2h) and dividing the weights by the volumes to 

create a density profile. These cores were used to validate the occurrence of porous firn and ice lenses 

identified in the GPR data (similar to Dunse et al., 2009), and compared to the ABA values derived from 

the GPR data. 

3.3.3 Topographic Analysis 

The spatial analysis for this study used an ArcticDEM strip product of White Glacier and the 

surrounding area from 7 August 2016 with a resolution of 2 m (Porter et al., 2018). The DEM contained 
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some small data holes, but it was decided not to introduce uncertainty by filling these holes and simply to 

leave them as data gaps. The holes covered 12% of the total glacier area and 6% of the accumulation area, 

with most of them located in sections of the accumulation basin where no radar surveys were conducted. 

 Raster surfaces were derived from the ArcticDEM with 10 m resolution to match the 10 x 10 m 

averaging performed on the ABA values. Esri’s ArcMap 10.6 Spatial Analyst was then used to compute 

slope, aspect, and curvature values for the entire glacier surface based on the change in elevation between 

the eight 10 x 10 m grid cells surrounding each point. The units for slope are degrees. The aspect had 

directions ranging from 0 (N) to 180 (S) to 359 (N), which means that aspects either side of north had 

very different numerical values and would be difficult to analyse statistically. Aspect was therefore split 

into two scalars by taking the cosine and sine of the aspect to produce north-south and east-west scalar 

aspects, respectively (Sylvestre et al., 2013). Curvature was split into profile (along-slope) and planform 

(across-slope) values. Profile curvature denotes how upwardly convex (negative) or upwardly concave 

(positive) the surface is. Planform curvature denotes how laterally convex (positive) or laterally concave 

(negative) the surface is.  

To extrapolate findings by elevation, the glacier hypsometry was derived from the ArcticDEM. 

Extrapolating by elevation enables an estimate of whole glacier changes from the radar interpretations. 

The hypsometry derived from the ArcticDEM aligns well with a 2014 DEM that has been used for annual 

glacier mass balance calculations (Thomson & Copland, 2016), with a Pearson correlation coefficient (R) 

of >0.99 and a two-tailed paired t-test p-value of 0.0023 (Appendix C). 

To identify the controls on the spatial distribution of variables such as annual snow depth and 

presence of firn, a principal component regression (PCR) was utilized. PCR was used to remove the 

multicollinearity that is common between terrain variables. The first step in a PCR is to perform a 

principal component analysis (PCA) on the standardized explanatory variables. Using the significant 

components that result from the PCA, a multiple linear regression can be performed with the components 

as explanatory variables and the dependent variable as the response. To identify the terrain variables that 
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explain the variation in the response, the significant components can be examined and the variables that 

contribute the most to those components can be identified along with whether they are positively or 

negatively correlated to the dependent variable. 

3.3.4 Snow Thickness 

Using the high frequency (500 MHz) radar data from spring 2018 and 2019 the spatial 

distribution of snow depth since the last summer surface was measured for the survey tracks in the 

accumulation area. The radar data was processed to enhance and identify the reflection from the last 

summer surface, and then analysed with a picking routine used to manually digitize snow depth across the 

radargram using Reflex2DQuick software by Sandmeier Geophysical Research (https://www.sandmeier-

geo.de/).  

Approximately 16 snow pits are dug each spring next to the accumulation stakes at White Glacier 

to support mass balance estimates, and the snow depth values derived from the GPR surveys were 

validated using these snow pit observations (Figure 3-2). For each snow pit the snow depth and total snow 

water equivalent (SWE) was calculated by digging to the last summer surface and using a handheld spring 

scale (read to the nearest 5-gram interval) to estimate the density of each distinctive layer, and summing 

the SWE for each layer. The bulk density of the snow column was calculated by totalling the SWE from 

each layer and dividing by total depth. The snow depths from the pits provide validation for the radar 

interpretation and the densities enabled the calculation of appropriate radar wave velocities, as described 

below. 

Radar data provides a measure of two-way travel time between the GPR system and the reflection 

of interest. This time variable needs to be converted to a depth based on the radar wave velocity within 

the material being surveyed. For each year the average density from snow pits can be calculated, and a 

corresponding radar wave velocity determined (Sold et al., 2013). Following the method of Frolov and 

Macheret (1999) the relative permittivity of snow (∈𝑑
′ ), can be calculated from density () as  

                                                                       ∈𝑑
′ = (1 + 0.857)2                                          (3.1) 

https://www.sandmeier-geo.de/
https://www.sandmeier-geo.de/
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Using the calculated relative permittivity and the speed of light (c), the average radar wave velocity (𝑟) 

can be found as 

                                                                           𝑟 = 𝑐 ∙  (∈𝑑
′ )−0.5                                           (3.2) 

which for 2018 was 0.230 ± 0.009 m ns-1 and for 2019 was 0.236 ± 0.004 m ns-1. For the purposes of 

studying snow distribution these velocity values were applied to convert time into depth for the GPR 

profiles to calculate the 2018 and 2019 snow depths using the higher resolution 500 MHz survey data. 

The resulting depth values are mapped spatially to explore the potential effect of slope, aspect, curvature, 

and elevation on local snow distribution. Additionally, the patterns in snow distribution are compared to 

the spatial patterns of radar backscatter and firn depth.  

3.3.5 Surface elevation analysis 

Repeat measurements of snow surface coordinates were collected at 15 mass balance stakes on 

White Glacier in 2018 and 2019, and at 4 stakes in 2011, using a Trimble R7 dGPS receiver with a 

collection time of approximately 20 minutes per stake. The dGPS data was post processed using the 

Precise Point Positioning tool provided by Natural Resources Canada 

(https://webapp.geod.nrcan.gc.ca/geod/tools-outils/ppp.php). The first two dGPS observations were 

skipped for all calculations to improve accuracy, as positioning errors were high for these as initial 

locations were being determined. The mean accuracy (95% confidence interval) of the stake positions 

after processing was ± 0.007 m horizontally and ± 0.01 m vertically for 2011, ± 0.021 m horizontally and 

± 0.039 m vertically for 2018, and ± 0.031 m horizontally and ± 0.072 m vertically for 2019. When 

assessing surface elevation changes in the context of the GIS-derived terrain characteristics, if a stake 

moved between raster cells then the average of all the cells that the stake passed through was used.  

To isolate and identify the processes responsible for surface elevation changes at mass balance 

stakes, dGPS data and snow pit measurements from 2011, 2018 and 2019 were used, alongside the GIS-

derived terrain characteristics (slope of each 10 x 10m grid cell and distance the stake travelled). The 

densification rate (ws) can be isolated by finding the change in surface height from 2018 to 2019, 
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subtracting the snow depth (determined from snow pits), and adding the vertical component of motion 

due to down glacier movement of the stake (Bamber & Payne, 2004): 

                                                         𝑤𝑠 = 
𝜕 𝐻

𝜕 𝑡
− 

�̇�𝑠

𝑝𝑖
+ (tan(𝜃) ∗ 𝑑)                                                       (3.3) 

Where 
𝜕 𝐻

𝜕 𝑡
 is the change in height over time, 

�̇�𝑠

𝑝𝑖
 is the surface mass balance rate for that stake over the time 

period, p is the density, d is the horizontal distance the stake has moved as a result of ice motion, and 𝜃 is 

the slope of the glacier surface around that stake. A negative value of Ws means that the surface is 

lowering more than what is accounted for by new accumulation and the vertical component of motion, 

while positive means the surface is rising more than what is accounted for by new accumulation and the 

vertical component of motion. Negative values are assumed to be associated with densification, and 

positive values are associated with unmeasured accumulation (summer accumulation), and ice advection 

into/out of the region (associated with zones of extension or compression). Major assumptions of this 

approach are that the stakes do not sink or float in the firn zone, and that basal mass balance and isostatic 

rebound are negligible (Schaffer et al., 2020).  

 

3.4 Results 

In total there were 32 radar survey tracks available for this study that covered a distance of >125 

km, from 7 different years. Radar data from the spring 2018 250 MHz survey was used to examine the 

overall structure of the firn pack because it was the most extensive of all the 250 MHz surveys in terms of 

distance covered (22 km) and had superior data quality due to the settings selected. Using Reflex2Dquick 

(Sandmeier Geophysical Research) the base of the firn pack was picked from the radar data to determine 

where firn exists on the glacier and its thickness distribution. The base of the firn was visually identified 

as the lower limit of increased scattering.  

The depth of firn mapped over the accumulation area of White Glacier can be seen in Figure 3-3 

and the thickness values extrapolated as a function of elevation in Figure 3-4. The firn pack started at 
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1041 m a.s.l. with a depth of ~2.5 m, and thickness increased gradually as elevation increased until 1300 

m a.s.l. where the depth levelled off to ~30 m. The firn pack was thickest, ranging from 37 to 41 m, near 

the top of the accumulation area at 1450 m a.s.l. Overall, reflections indicative of the firn pack were not 

identified at depths of >41 m. At the glacier margins the bedrock was visible in the 250 MHz GPR data at 

depths of up to 60 m, confirming that the absence of firn-associated scattering is real and not simply a 

function of a reduced signal penetration at increasing depth.  

Snow depth and firn depth in the 2018 data were positively correlated with a correlation 

coefficient (R) of 0.67, however this is mostly due to the confounding effect of elevation. Unfortunately, 

some areas of the accumulation basin could not be surveyed due to safety concerns over the high 

prevalence of crevasses and steep basin walls. Despite this limitation there is noticeable spatial variability 

in the depth of the firn pack; for example, 100 m in elevation change can result in an 8 m difference in 

firn thickness. 

3.4.1 Spatial distribution of firn 

Visual Classification of Facies 

The visual classification of accumulation area facies (zones) were performed on radar data from 

the years 2013, 2014, 2015, 2017, 2018, and 2019. The extent of each zone was estimated from the 

characteristics described in section 3.3.1, and is illustrated for 2013 and 2018 in Figure 3-5. Zone extents 

for all years are available in Appendix D. These interpretations show that there was a distinct up-glacier 

retreat of the long-term firn pack (F1) between 2013 and 2018 by 75 m in elevation. The F1 zone in 2013 

was 23.98 km2 and 62% of the total glacier area whereas in 2018 it was 20.02 km2 and 52% of the glacier 

area. In addition to the retreat of the F1 zone by 3.96 km2 it was also observed that there was high spatial 

and temporal variability in the F2 and F3 zones as the firn pack can re-advance down glacier, by up to 80 

m in elevation in a single year, as a result of positive mass balance conditions, as was observed in 2013, 

2017, and 2018. The phenomena of firn becoming buried by very thick (~5 m) ice layers became most 
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obvious in 2018 when the F2 zone increased in area significantly compared to 2017 as a result of this 

buried firn (Figure B-5). 

Quantitative Assessment of firn structure 

The initial average backscatter amplitude (ABA) calculation focused on the top 1 to 40 m of the 

firn pack, to exclude the seasonal snow in the top of 1 m of the profile. This showed that, for all years, the 

ABA increased with elevation into the accumulation area, from 0.24 mV near the start of the firn zone at 

~1040 m a.s.l. to 0.46 mV near the highest elevations of ~1450 m a.sl. (Figure 3-6). An example of these 

differences is provided in Figure 3-7, which compares traces collected in a low elevation glacier ice 

dominated area with traces collected in a high elevation firn dominated area using 250 MHz data from 

2018. Firn depth and ABA value correlated well with a correlation coefficient (R) of +0.77 (p=<0.01) for 

2018 250 MHz data from the accumulation area. Compared to the visual classifications, this method 

revealed more detail than simply one of five possible facies zones. In particular, surveys along the main 

accumulation basin exhibited lower ABA values when compared to the WPA accumulation basin to the 

northeast. For example, in 2018 the average ABA for the WPA basin was 0.30 and the main basin had an 

ABA of 0.37 (Figure 3-6e). This was observed consistently for all years and partially motivated the 

spatial analysis component of this study described in section 3.4.3.  

Statistical comparison between visual classification and quantitative assessment of firn 

To understand whether the two analysis methods showed similar patterns, a single factor 

ANOVA was performed. The visual classification was used as the categorical variable, and the ABA 

value was used as the continuous variable. With ANOVA a strength of association or eta squared (η2) 

value can be calculated by dividing the between group sum of squares by the total sum of squares 

(Kennedy, 1970). This ratio can then be used to identify the amount of total variation that is explained by 

the classification scheme. The assumptions for ANOVA are that the data are independent, normal and 

symmetrical, have common variances, and that there are no major outliers. Box plots of the data for all 

years can be seen in Appendix E. Descriptive statistics were calculated for the data, and the skewness, 
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kurtosis, variances, standard deviations, and residuals were analysed for violations of these assumptions 

(Appendix F). All years passed the violation test, meaning that the assumptions for ANOVA were met. 

The result of the ANOVA for each year are summarized in Table 3-2. For all years, there was 

very strong evidence (p<0.001) to reject the null hypothesis that the means are the same for all groups. 

The last column of Table 3-2 shows the strength of association (η2) for each year. These values range 

from 0.502 to 0.830, indicating that for all years the visual classification explains at least 50.2% to 83.0% 

of the total variance in ABA. This indicates that there is a statistically significant association between the 

two methods of firn analysis. 

3.4.2 Validation against firn cores 

All of the firn cores drilled in spring 2019, and the one from spring 2014, were located within the 

F1 zone, i.e. the long-term firn pack (Figure 3-2). Despite this the ice fraction, calculated as the percent 

ice content divided by the percent firn content, varied considerably among the 2019 cores (Figures 3-8 

and 3-9), ranging from 0.481 to 0.822. This ice fraction showed a strong negative correlation with 

elevation (R = -0.95), with higher elevation areas having less ice content. In addition to correlating well 

with elevation, the calculated ice fraction also correlated significantly with the 500 MHz ABA values (R 

= -0.87, p = 0.05) (Figure 3-10) from radar traces within a 25 m radius of the core locations in 2019. The 

ABA was calculated from the top 1 to 7 m of the firn pack as the average core depth was ~7 m. This 

correlation between the ABA and ice fraction supports the use of ABA analysis in firn areas as a way to 

infer ice content. Figure 3-11 shows the comparison between the CJA1 2019 stratigraphic profile and the 

radargram from the 2019 500 MHz GPR survey showing a clear connection between firn layers and 

scattering. 

3.4.3 Spatial patterns of firn and snow depth  

Analysis of ABA 

To examine potential spatial controls on firn distribution at elevations greater than 1000 m a.s.l. a 

PCA was performed on the standardized terrain variables of elevation, profile curvature, planform 
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curvature, slope, and aspect represented by N-S and E-W scalars. Histograms of the terrain variables 

across the whole accumulation area (>1000 m a.s.l.), and of sampled GPR tracks from 2013 and 2018 

(Appendix G), demonstrate that the GPR surveys adequately sampled the dominant terrain conditions in 

the White Glacier accumulation area. The surveys followed two main paths that repeated between years: 

2013 illustrates the more minimal survey paths used in 2013 to 2017, while 2018 illustrates the more 

extensive survey paths used in 2018 and 2019.  

Variables were standardized to prevent the variables with high variances from having an 

unjustifiably greater impact on the principal components. A linear regression was then performed with the 

ABA calculated from the top 1-40 m of the firn column as the response variable and the significant 

principal components as the explanatory variables. The results of the PCA are summarized in Table 3-3. 

This analysis was conducted on the 2013 to 2018 data only, as this covers the longest time span with the 

same frequency (250 MHz) surveys. Only the significant components were used in the regression, defined 

by having eigenvalues near or above 1.  

For the combined GPR data (2013-2018), consisting of ~5000 ABA values, four terrain 

components were significant, with the first component dominated by curvature (Table 3-3). This 

component was negatively correlated (Pearson correlation coefficient (R) = -0.165) with ABA and 

indicates that ABA decreases as planform curvature increases (i.e. with increasingly divergent flow), and 

increases as profile curvature increases (i.e. with increasing concavity). The next component was 

dominated by slope and elevation and is positively correlated (R = 0.497) with ABA, indicating that ABA 

increases as elevation and slope increase. The third component is dominated by the E-W scalar aspect and 

is negatively correlated (R = -0.079) with ABA, indicating that east-facing slopes have lower ABA. 

Lastly the fourth component is dominated by the N-S scalar aspect and is negatively correlated with ABA 

(R = -0.030), meaning that ABA is reduced on north-facing slopes. Results of the PCR of the combined 

2013-2018 dataset indicate that these four components explain 28% of the variation in ABA above 1000 
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m a.s.l. on White Glacier, the model had a significance value <0.001 and each component had 

significance values <0.01.  

Overall, the results from 2013 to 2018 show that ABA is mainly controlled by elevation and slope 

and only slightly by curvature and aspect. These results suggest that ABA values are highest, indicating 

increased presence of firn, at high elevations, on steeper slopes, on west and south facing slopes, and in 

areas with higher profile curvature (regions of steep, down-slope concavity).  

Analysis of snow depth  

The GPR-derived snow depth values showed good agreement with depths measured manually in 

snow pits next to the mass balance stakes, with root mean squared errors of 0.17 m and 0.15 m for 2018 

and 2019, respectively. This provides confidence that the GPR data provides a good quantification of 

snow depths across White Glacier as a whole. Similar to the firn analysis above, PCA was performed to 

assess the topographic controls on ~15,000 GPR-derived snow depth values from the combined 2018 and 

2019 surveys, which were undertaken using the higher resolution 500 MHz transmitter (Table 3-4). From 

the PCA analysis four components were significant, with the first component dominated by curvature. 

This component was negatively correlated (R = -0.081) with snow depth, and indicates that snow depth 

decreases as planform curvature increases (towards laterally convex, ridge-like forms), and increases as 

profile curvature increases (towards steeper down-slope concavity). The next component was dominated 

by slope and elevation, and was positively correlated (R = 0.431) with snow depth, which indicates that 

snow depth increases as elevation and slope increase. The third component is dominated by the N-S scalar 

aspect and was positively correlated (R = 0.055) with snow depth, indicating that north-facing slopes have 

slightly higher snow depth. Lastly the fourth component is dominated by the E-W scalar aspect and was 

negatively correlated with snow depth (R = -0.062), meaning snow depth will be reduced on east facing 

slopes.  

Results of the PCR of the combined 2018-2019 dataset indicate that these four components 

explain 20% of the variation in snow depth above 1000 m a.s.l. on White Glacier, the model had a 



 

46 

 

significance value <0.001 and each component had significance values <0.01. Overall, the results from 

2018 and 2019 show that snow depth is mainly controlled by elevation and slope, and less so by aspect 

and curvature. This suggests that snow depth is highest at high elevations, on steeper slopes, in areas with 

high profile curvature (regions of steep, down-slope concavity), and on slopes with westerly and northerly 

aspects.  

3.4.4 Temporal changes in firn extent 

The facies identified from the visual classification were extrapolated across the glacier 

hypsometry to estimate the total area of each facies for every year (Figure 3-12). When comparing the 

visual classifications between 2013 and 2018, there is a notable up-glacier retreat and reduction in area of 

the long-term firn pack (F1 zone) (Figure 3-13). The lower limit of the F1 zone rose by approximately 15 

m in elevation per year for the 2013 to 2018 period, leading to an area reduction of 3.96 km2 (10% of the 

total glacier area). Note that mass balance years listed here are from 1 October to 30 September, so the 

mass balance value for 2015 represents the accumulation from 1 October 2014 to 30 April 2015, and 

ablation from 1 May 2015 to 30 September 2015 (Huss et al., 2009). The F3 zone appears in 2014, in 

which there is at least one year of firn in addition to the winter snowpack, the year after a positive mass 

balance year in 2013 due to the retention of snow from the previous year. As a result of the positive mass 

balance years in 2017 and 2018 there was also an occurrence of the F3 zone in 2018 and 2019, reaching a 

maximum of 2.28 km2 in 2019. However, this zone could be reduced to SI with a single summer of strong 

melt, as was the case in 2015. Over the period of study, the most striking change is the increase in area of 

the F2 zone as a result of firn being buried by thick ice layers, increasing from 0.82 km2 to 4.60 km2 

between 2013 and 2019. Overall, there was an increase in the area of glacier ice by 0.81 km2 and a 

reduction in the long-term firn area by 3.96 km2 (~10% of the total glacier area) between 2013 and 2019. 

To quantify the change in backscatter characteristics of the facies over time, a comparison was 

made between the ABA values for 2013 and 2018, the longest period over which 250 MHz data were 

collected. The ABA values were calculated for the top 1 to 10 m, and also the top 1 to 5 m, of the firn 
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pack, depths where previous studies in the CAA have indicated that deep meltwater percolation and 

refreezing has increased ice fraction and warming through latent heat transfer (Gascon et al., 2013; 

Zdanowicz et al., 2012). As the accumulation area was the area of interest, only points above 1000 m 

a.s.l. were used for this analysis. A spatial join in ESRI ArcGIS 10.6 between the 2013 and 2018 data was 

performed (with a maximum limit of 150 m), to compare the data between years in the same locations. 

The average distance between paired points was 27 m. To statistically test for differences in ABA 

between years, a paired t-test was used as the data points can be paired by location. A one-tailed paired t-

test of 2013 and 2018 ABA shows that the ABA values from 2018 are statistically significantly lower 

than 2013 in similar locations, providing evidence for increased ice content in the upper 10 m and 5 m of 

the firn pack between 2013 and 2018. Specifically, the average amplitude above 1000 m a.s.l. for 1 to 10 

m decreased by 0.13 mV on average between 2013 and 2018. The average amplitude above 1000 m a.s.l. 

for 1 to 5 m decreased by 0.39 mV on average between 2013 and 2018. In the F1 zone the average over 

the top 1 to 10 m decreased by 0.14 mV over the same period, and the average over the top 1 to 5 m 

decreased by 0.43 mV.  

3.4.5 Analysis of surface elevation changes and densification 

Based on the change in height of the snow surface measured by dGPS in the vicinity of 15 mass 

balance stakes in the accumulation area, and accounting for the effect of down-glacier movement and new 

snow accumulation, the densification rate between 2018 and 2019 ranged from -0.612 m to 0.465 m, with 

an average of -0.165 m a-1 (Table 3-5, Figure 3-14). Here, negative values indicate net annual 

submergence (interpreted as densification, discussed further below), and positive values indicate net 

annual emergence (discussed further in section 3.5). All the stakes surveyed are above 1120 m a.s.l., with 

14 in the F1 zone and 1 in the F2 zone. The densification rate is significantly correlated with elevation (R 

= 0.54, p = 0.036), firn depth (R = 0.52, p = 0.044), and average annual accumulation (2013 to 2017 in m 

w.e.; R = 0.53, p = 0.039). Due to the multicollinearity of these variables a PCA for firn depth, elevation, 

and average accumulation was performed, which resulted in one significant principal component with an 
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eigenvalue of 2.68. This component is equally made up of the three variables, and when correlated against 

densification rates, R = 0.56. Linear regression of the component with densification rates results in a 

significant model (p = 0.02) and an adjusted r2 of 0.27. This indicates that the rate of densification is not 

consistent across the accumulation area, with increased densification in areas with higher elevation, 

greater accumulation, and thicker firn.  

From the 4 stakes where repeat measurements were taken in 2011 and 2019 the densification 

value ranged from -0.750 to -0.595 m a-1, with an average rate of -0.655 m a-1. This 2011-2019 

densification rate is significantly higher than the 2018-2019 rate. Comparisons between the 2018-2019 

and the 2011-2019 densification values can be seen in Table 3-6. 

 

3.5 Discussion 

3.5.1 Radar-derived glacier facies 

From this study it is clear that quantitative values derived from ABA analysis of the GPR data 

correlated well with visual interpretations of the GPR radargrams. The strength of association determined 

from single-factor ANOVA between the ABA values and the visual facies zone classifications range from 

0.502 to 0.830 (with p-values <0.001). To explore whether this relationship can be used to quantify 

temporal changes in the near-surface density of the firn pack, the SWE of the 2019 cores from the last 

summer surface to 5 m down the core (representing accumulation from 2018 and preceding years) was 

compared to the ABA values derived from the 250 MHz GPR surveys in 2013 and 2018. The 5 m depth 

was used as this represents the shortest core in 2019 after removal of the seasonal snowpack (Figure 3-8), 

assuming a radar wave velocity of 0.2 m ns-1. SWE values were calculated from the density and length of 

the core sections.  

Using GPR traces collected within 25 m of each core location, the average ABA value from the 

2018 250 MHz surveys correlated significantly with the calculated SWE (R=0.87, p = 0.05), following 

the regression line:  
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                                               𝑆𝑊𝐸250 𝑀𝐻𝑧 = −1.887 ∗ 𝐴𝐵𝐴250 𝑀𝐻𝑧 + 14.56                                     (3.4) 

Using equation 3.4, the average near-surface SWE of the long term firn pack (F1) zone can then be 

estimated for 2013 and 2018 by finding the average ABA for each year. From this the average SWE of 

the top 5 m of the firn column in the F1 zone for 2013 was 2.87 ± 1.03 m w.e., compared to 3.10 ± 0.70 m 

w.e. over the same depth in 2018. This represents a mean increase in density of 0.04 m w.e. a-1 between 

2013 and 2018. 

One core (CJA1) is a repeat measurement of a core collected at the same location in 2014 (Figure 

3-9). The ice fraction calculated for 2019 CJA1 from beneath the snowpack down 7.9 m was 0.481 and 

over the same distance the core from 2014 CJA1 had an ice fraction of 0.493. For the top of the firn 

column to 5 m down the ice fraction for 2014 was 0.59, while in 2019 the same depth range had an ice 

fraction of 0.42, which is lower. A calculated ice fraction staying similar or lowering depending on the 

depth range examined between 2014 to 2019 is contradictory to the inference from the GPR results, 

which suggest that ice content is increasing in the near surface firn on White Glacier. However, this is a 

comparison for only a single point near the highest elevation of the glacier, and measured changes over a 

different pair of years (2014 to 2019) compared to the ABA analysis (2013 to 2018), meaning that the 

values may not be broadly representative. 

As the ABA values are calculated directly from the GPR trace with minimal processing, the 

methods explored here reduce user bias inherent in manual interpretations. With more extensive GPR 

surveys that cover more of the accumulation area in the future there is the potential to identify thresholds 

of ABA values for each zone, although these should all be conducted at the same frequency if possible. In 

this study higher frequencies recorded slightly higher ABA values over the same depth range, so only 

data collected with the same frequency should be directly compared. Additionally, one major uncertainty 

in this method is the ambiguity in identifying the superimposed ice (SI) zone, and whether it consists of 

old SI that is melting (i.e., part of the ablation zone) or new SI that is accumulating mass (i.e., part of the 

accumulation zone) (Dunse et al., 2009). In contrast, the transition of SI to the firn zone, and between the 
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firn zones, is relatively distinguishable through variations in backscatter. Another consideration is that 

frequent crevasses typically have higher than normal ABA due to the strong scattering they cause. This is 

apparent in parts of the ablation area on White Glacier. However, our surveys did not include crevassed 

regions in the accumulation area due to safety risks, so this effect is not considered to have had a 

significant effect on our results.  

Firn depth was also derived from 250 MHz GPR data collected in 2018, with maximum depths of 

~40 m recorded in some parts of the accumulation area. Observations from Agassiz Ice Cap on eastern 

Ellesmere Island have measured firn depth up to 60 m before pore close off density (830 kg m-3) was 

reached (Reeh et al., 2005). Uncertainties related to deriving firn depth from GPR include the diminishing 

resolution of GPR data with penetration depth.  

The cores acquired for this study had relatively high ice fraction values (0.48 to 0.82), especially 

when compared to 15 m cores taken on Devon Ice Cap in 2012 which were in the range of 0.303 to 0.585 

(Bezeau et al., 2013). This most likely relates to the higher elevation of the Devon Ice Cap cores, which 

were collected between 1525 and 1825 m a.s.l., compared to the cores at White Glacier being collected 

between 1238 m and 1480 m a.s.l. The upper part of White Glacier is also surrounded by steep valley 

walls in several places, which can rapidly warm when bedrock is exposed during the summer, compared 

to the open regions across the summit of Devon Ice Cap.  

3.5.2 Topographic controls on firn and snow thickness 

Statistical analysis showed that the terrain controls on firn presence are similar to those on end of 

season snow depth. This is not surprising as areas with increased snow accumulation are also likely to be 

areas where firn persists due to the build-up and preservation of old snow. Elevation was a major control 

on snow accumulation, similar to previous observations on White Glacier (Cogley et al., 1996) and Devon 

Ice Cap (Sylvestre et al., 2013), although on a regional scale the distance from moisture source is also 

important, causing low accumulation rates in the summit regions of more continental ice caps (Koerner, 

1977). Firn presence and ice content in firn cores has also been observed to be controlled by elevation on 
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the Greenland Ice Sheet (Machguth et al., 2016). This study found slope to be a control for both snow 

depth and firn presence with increasing snow depth and increasing firn presence on steeper slopes. 

Additionally, aspect was important for snow depth, with the PCA results indicating higher snow depths 

on west and north facing slopes. This is inconsistent to the prevailing winds from the north-northwest at 

White Glacier, as determined from an automated weather station on a nunatak in the accumulation area 

(appendix H), because snow is normally deposited on lee-side slopes, similar to patterns previously 

measured at Belcher Glacier, Devon Ice Cap (Sylvestre et al., 2013). However, this difference could be 

due to the wind data being from 2005 to 2014, whereas the snow data was from 2018 and 2019, or the 

complexity of the White Glacier accumulation area basins.  

Curvature was found to be less of a control on snow depth and firn presence at White Glacier, 

especially for snow distribution, similar to the findings of Sylvestre et al. (2013) at Devon Ice Cap. It was 

expected that curvature would have impacted ABA values more as percolation and refreezing would be 

expected to be higher in concave depressions in the accumulation area. However, vertical and lateral 

subsurface flow within the firn pack is complex and heavily influenced by internal layering (Wever et al., 

2016). In future studies a denser, grid-structured survey for the collection of GPR data would enable 

better evaluation of the influences of terrain variables, although logistical access and safety considerations 

can make this difficult to achieve in real life.  

Some limitations of this analysis are that the radar survey tracks did not cover all possible aspect 

ranges and were limited on steep slopes, especially in early years such as 2013 and 2015. Similarly, the 

limitations of the snow depth analysis are that the radar survey tracks could not have covered all possible 

ranges of the terrain variables and that snow depth values were interpreted from radar data and not exact 

field measurements.  

3.5.3 Analysis of densification 

Analysis of the change in surface elevation between 2018-19 at White Glacier shows that after 

accounting for downslope motion and surface mass balance, densification is responsible for surface 
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lowering over a range of -0.612 to 0 m a-1 (Table 3-5; Figure 3-14). The average of the positive and 

negative values for all 15 stakes measured in 2018-2019 was -0.165 m a-1. This is within the range of the 

calculated surface height change for Devon Ice Cap which was -0.077 to -0.252 m a-1 from 2004 to 2012 

(Bezeau et al., 2013). For 2011 to 2019 the densification rate was higher for 4 stakes (CJA1, LP2, LP4, 

JGC2) with a range of -0.750 to -0.595 with an average of -0.655 m a-1, compared to the average for the 

same stakes for 2018-2019 of -0.144 m a-1 (Table 3-6). The amount of surface lowering and inferred 

increase in near surface ice fraction suggests that the surface lowering is a result of increasing 

densification rates, as it is expected that ice velocities (and thus the rate of ice advection into and out of a 

region) will decrease with negative mass balance conditions (Heid & Kääb, 2012). Average annual 

velocities were slower for 2018-2019 (7.42 m a-1) than 2011-2019 (7.73 m a-1) at the 4 mass balance 

stakes, likely due to this slow down (Table 3-6).  

 

3.6 Conclusions 

Previous studies from Svalbard and the CAA have utilized GPR in conjunction with other 

methods such as SAR and borehole video to analyse firn properties (De Jong et al., 2018; Dunse et al., 

2009; Marchenko et al., 2017). However, these studies only utilized visual interpretation of the radar data 

to derive and analyse glacier facies. Other studies have noted the change in relative strength of the first 

radar reflection between ice dominated and firn dominated areas of a glacier (Wadham et al., 2006), but 

have not applied the analysis past the first reflection. This study demonstrates how quantitative analysis of 

average backscatter values from sections of GPR traces can be used to investigate firn pack distribution 

and changes to firn pack properties over time.  

This study shows that the firn area on White Glacier is spatially variable and temporally dynamic. 

While positive mass balance led to re-advances of the intermediate firn zones in some years, as has been 

observed on other ice masses (Dunse et al., 2009), there is an overarching trend of reduction in the long-

term firn area (F1) by 3.96 km2 between 2013 and 2018, equivalent to 10% of the total glacier area, 
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coincident with an up-glacier retreat of the long-term firn pack by ~15 m in elevation per year. These 

findings are in agreement with other studies that have shown that retreat of the firn line is common among 

glaciers across the Arctic as equilibrium line altitudes increase (Van Pelt & Kohler, 2015; Zdanowicz et 

al., 2012). The hypsometry of White Glacier is characterized by a large wide accumulation basin and long 

narrow ablation zone. As the firn line retreats up-glacier there will be an accelerated loss of firn area, as 

shown by extrapolating GPR derived facies across elevation gradients (Figure 3-13). As the firn area is 

reduced the area available for meltwater percolation and retention will also be reduced (Bezeau et al., 

2013; Machguth et al., 2016), which has the potential to introduce and eventually accelerate mass losses 

from regions above the ELA.  

Overall, this study indicates that lower elevations, flat and highly sloped areas (<4 or >12°), east 

facing areas, and surfaces with higher profile curvature in the accumulation area are likely to experience 

increased ice content and reduced snow accumulation before other areas due to the effects of terrain. 

Snow depths are higher on west and north facing slopes, whereas firn presence is higher on west and 

south facing slopes. These findings have implications for accumulation area dynamics and reveal how 

generalization of glacier area into simple facies classifications below or above the firn line does not 

capture important local variability. For instance, areas above the firn line show great variability in ABA 

values, and in particular different accumulation basins can have different trends in ABA and thus 

differences in firn presence and properties. There is a distinct difference between the two main 

accumulation basins on White Glacier: the main basin shows higher average ABA values (i.e., more firn) 

than the WPA basin, and the PCA analysis revealed that this is likely due to the lower elevation range of 

the WPA basin. 

The internal accumulation in the firn pack of a glacier can be difficult to account for in 

calculations of mass balance (Cogley et al., 2011). This term does not refer to refreezing that occurs in the 

seasonal snowpack, but for refreezing that occurs beneath the previous year’s summer surface (Cogley et 

al., 2011). This study indicates that there has been an increase in the ice content of the near surface firn 
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between 2013 and 2018 as inferred from ABA analysis, although it is difficult to know whether this is 

internal accumulation or increasing melt feature content of the previous year’s snow layers. How mass 

balance studies account for both will potentially change as more internal melt and refreezing occurs. 

Typically, when GPR is applied to a glacier the data processing is done by visual interpretation 

which can be time consuming, labour intensive, and with the risk of introducing user bias. This study 

demonstrates the potential of using a quantitative method of deriving firn-pack structure quickly and more 

objectively than visual interpretations of GPR data. The observations of firn being buried by thick ice 

layers in recent years at White Glacier are similar to more southerly glaciers in the CAA (Bezeau et al., 

2013), and indicates that high elevation melt and internal refreezing is hydrologically isolating sections of 

firn. The total area of buried firn when extrapolated by elevation suggests that there could be up to 2 km2 

of buried firn area at White Glacier in 2019. As buried firn is hydrologically independent it cannot act as a 

buffer for meltwater, thus promoting amplified future runoff. Additionally, increased summer melt and 

refreezing in the firn column is likely the cause of reductions in ABA values between 2013 and 2018. 

Despite White Glacier being more northerly than other studies in the CAA there is evidence to suggest 

similar increases in ice fraction in the near-surface firn area (Bezeau et al., 2013; Zdanowicz et al., 2012). 

An increase to the ice fraction in the near-surface has implications for assessments of glacier volume 

change through geodetic methods, as density conversion factors would need to be adjusted to account for 

density changes in the firn area (Huss, 2013). Additionally, this study provided the first estimates of 

surface lowering in the accumulation area. Densification rates appear to be correlated with elevation, firn 

depth and average accumulation, which can help inform future geodetic mass balance studies.  

Similar to the retreat of the extent of the long-term firn pack, there is a trend of increasing ELA 

on White Glacier. From 1959 to 1999 the average ELA was 1020 m a.s.l. and the 2000 to 2018 average 

was 1169 m a.s.l. If the past 20 years are an indicator of future conditions, with the ELA rising at a rate of 

approximately 7 m a-1, the AAR is anticipated to reach zero by 2100, meaning that the glacier will be 
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entirely in the ablation zone at that time. However, warming in the Arctic is expected to accelerate 

(AMAP, 2017) and as a result the AAR will likely reach zero sooner than 2100. 

Glaciers across the Arctic are losing mass at variable rates depending on the region (Zemp et al., 

2019). While understanding total glacier mass change is important for estimating sea-level rise, 

understanding the changing distribution of facies across the glacier surface is an important part of the 

story. The major findings of this project are the reduction in long term firn area on White Glacier, that firn 

ice content is increasing over time, and that spatial patterns of firn presence are influenced by topographic 

variables similar to the variables that affect the end of winter snow depth. These results are not only 

relevant to White Glacier, but are also relevant to the >11,000 km2 of other glaciers on Axel Heiberg 

Island (Thomson et al., 2011) and across the Canadian Arctic, which only have a handful of direct 

observations. It is likely that these other ice masses are experiencing similar reductions to their long term 

firn area and as a result further reduced capacity for meltwater buffering over the long term as their 

internal pore space is filled. 
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Table 3-1 GPR parameters for each line used in this study. 

Year 

Line 

name 

Acquisition 

date 

Frequency 

(MHz) 

Time 

window (ns) Stacks 

Time 

sampling 

interval (ns) 

Length 

(km) 

2013 LINE02 2013-04-26 250 2500 4 0.4 3.2 

2013 LINE03 2013-04-26 250 2500 4 0.4 4.3 

2013 LINE04 2013-04-26 250 2500 4 0.4 2.2 

2013 LINE05 2013-04-26 250 2500 4 0.4 3.6 

2014 LINE39 2014-04-26 250 2500 8 0.4 5.4 

2014 LINE40 2014-04-26 250 2500 8 0.4 2.5 

2014 LINE41 2014-04-26 250 2500 8 0.4 1.4 

2014 LINE42 2014-04-26 250 2500 8 0.4 1.7 

2014 LINE43 2014-04-26 250 2500 8 0.4 6.2 

2015 LINE03 2015-04-27 250 3000 8 0.4 3.2 

2015 LINE04 2015-04-27 250 3000 8 0.4 4.2 

2015 LINE05 2015-04-27 250 3000 8 0.4 2.5 

2015 LINE06 2015-04-27 250 3000 8 0.4 2.1 

2017 LINE01 2017-04-28 250 2500 8 0.4 5.2 

2017 LINE02 2017-04-28 250 2500 8 0.4 6.6 

2017 LINE03 2017-04-28 250 2500 8 0.4 3.5 

2017 LINE04 2017-04-28 250 2500 8 0.4 14.1 

2018 LINE08 2018-05-02 250 2550 8 0.4 7.7 

2018 LINE09 2018-05-02 250 1000 8 0.4 4.5 

2018 LINE10 2018-05-02 250 1000 8 0.4 2.9 

2018 LINE11 2018-05-02 250 1000 8 0.4 2.4 

2018 LINE12 2018-05-02 250 1000 8 0.4 4.6 

2018 LINE01 2018-05-01 500 1000 8 0.2 4.2 

2018 LINE02 2018-05-01 500 1000 8 0.2 2.4 

2018 LINE03 2018-05-01 500 1000 8 0.2 3.1 

2018 LINE04 2018-05-01 500 1000 8 0.2 1.9 

2018 LINE05 2018-05-01 500 1000 8 0.2 3.5 

2018 LINE06 2018-05-01 500 1000 8 0.2 2.8 

2019 LINE01 2019-04-23 500 1000 8 0.5 6.5 

2019 LINE02 2019-04-23 500 1000 8 0.5 3.6 

2019 LINE03 2019-04-23 500 1000 8 0.5 6.4 

2019 LINE04 2019-04-23 500 1000 8 0.5 5.7 
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Table 3-2 Results of single factor ANOVA comparing the visual facies classifications and 

quantitative analysis (ABA) methods. All visual facies classifications were conducted using 250 

MHz GPR data, with exception of 500 MHz data for 2019 data. 

 

Mean average backscatter amplitude value for each 

zone (mV) 

Strength 

Association p-value 

Year GI SI F3 F2 F1 η2  

2013 0.178 0.206  n/a 0.222 0.346 0.502 4.2E-211 

2014 0.157 0.190 0.193 0.200 0.312 0.579 4.03E-296 

2015 0.133 0.150  n/a 0.149 0.311 0.647 2.7E-234 

2017 0.218 0.244  n/a 0.258 0.306 0.519 2.6E-195 

2018 0.160 0.189 0.189 0.234 0.337 0.612 3.2E-360 

2019 0.220 0.230 0.240 0.269 0.291 0.830 1.09E-294 
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Table 3-3 Factor loadings for each principal component identified in the PCA for the terrain 

variables at the location of the 2013 to 2018 GPR surveys in the accumulation area (> 1000 m a.s.l.). 

Variables considered significant are indicated with bold text. The Pearson correlation between the 

principal components and the average backscatter amplitude (ABA) value is provided in the 

bottom row. 

Component 1 
Contribution 

of variables 2 
Contribution 

of variables 3 
Contribution 

of variables 4 
Contribution 

of variables 

         

Elevation -0.248 4.000 0.651 35.976 -0.085 0.714 -0.035 0.120 

E-W scalar -0.030 0.060 0.056 0.266 0.774 59.720 0.627 39.458 

N-S scalar 0.030 0.060 0.084 0.606 -0.625 39.001 0.771 59.508 

Planform 

curvature 0.871 49.371 0.208 3.666 0.020 0.039 -0.041 0.168 

Profile 

curvature -0.846 46.485 0.043 0.157 -0.003 0.001 -0.029 0.083 

Slope 0.019 0.023 0.836 59.329 0.072 0.524 -0.081 0.662 

         

Eigenvalue 1.538  1.177  1.002  0.998  

         

Correlation (R) -0.165  0.497  -0.079  -0.030  
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Table 3-4 Factor loadings for each principal component identified in the PCA for the terrain 

variables at the location of the 2018 and 2019 GPR surveys in the accumulation area (> 1000 m 

a.s.l.). Variables considered significant are indicated with bold text. The Pearson correlation 

between the principal components and the snow depth for either 2018 or 2019 is provided in the 

bottom row. 

Component 1 
Contribution of 

variables 2 
Contribution of 

variables 3 
Contribution of 

variables 4 
Contribution of 

variables 

         

E-W scalar 0.026 0.044 0.204 3.541 -0.593 34.908 0.778 61.435 

N-S scalar 0.015 0.014 0.021 0.037 0.803 64.031 0.594 35.841 

Planform 

curvature 0.887 50.187 0.015 0.018 0.014 0.021 -0.033 0.109 

Profile 

curvature -0.850 46.073 0.120 1.234 0.011 0.013 -0.017 0.029 

Slope 0.216 2.970 0.750 48.084 0.047 0.224 -0.119 1.433 

Elevation -0.106 0.712 0.742 47.085 0.090 0.804 -0.107 1.153 

         

Eigenvalue 1.569  1.170  1.008  0.986  

         

Correlation (R) -0.081  0.431  0.055  -0.062  
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Table 3-5 dGPS information for the 15 stakes in the accumulation area (see Fig 3-14 for locations) 

and variables used for the densification calculations for 2018 to 2019.  

 
Stake 
name 

UTM 
zone 15 

2019 N 

UTM 
zone 15 

2019 E 

2018 
snow 

surface 

height 
(m a.s.l.) 

2019 
snow 

surface 

height 
(m a.s.l.) 

2019 
snow 

depth 

(m) 

Estimate 
of firn 

depth 

(m) 

Slope 
(degrees) 

Horizontal 
Displacement  

 (m) 

Dynamic 
component of 

motion (m) 

Expected 
2019 height 

(m a.s.l.) 

Difference 
between 

expected 

and 
observed 

(m) 

Rate 
per year 

(m a-1) 

JGC1 8830676 540736.4 1517.05 1517.217 0.8 35.74 5.88 1.49 0.153 1517.697 -0.479 -0.489 

CJA1 8830229 540003.4 1484.969 1485.351 0.84 34.63 4.47 3.53 0.276 1485.533 -0.182 -0.186 

LP2 8830038 540186.4 1460.83 1461.054 0.94 37.90 8.06 4.3 0.609 1461.160 -0.106 -0.108 

DCP1 8829785 540611.4 1416.875 1416.706 1.18 33.36 5.57 7.67 0.749 1417.306 -0.600 -0.612 

LP4 8829510 541029.8 1371.24 1370.944 0.87 35.11 6.85 9.41 1.131 1370.979 -0.035 -0.036 

EXTRA 8829296 541303.6 1324.596 1324.071 0.97 36.74 7.26 10.02 1.277 1324.289 -0.218 -0.213 

JGC2 8829034 541514.1 1299.771 1299.184 0.89 30.70 5.64 12.43 1.228 1299.433 -0.249 -0.244 

WPA1 8830544 541923.2 1451.949 1452.336 1.13 39.45 10.57 1.43 0.267 1452.812 -0.476 -0.483 

beaver 8830288 541882.7 1426.56 1427.297 0.87 40.00 4.74 2.46 0.204 1427.226 0.071 0.072 

WPA3 8829686 541659.7 1348.657 1348.163 0.75 35.40 8.05 4.8 0.680 1348.727 -0.564 -0.576 

WPA4 8828881 541752.1 1275.376 1274.972 0.9 25.40 6.32 13.53 1.500 1274.776 0.196 0.198 

WPA5 8828591 541478.7 1272.89 1273.305 0.84 22.45 3.17 7.74 0.429 1273.301 0.004 0.004 

BLUE? 8827847 543115.8 1123.494 1119.996 0.64 14.25 7.99 30.01 4.215 1119.919 0.077 0.078 

QMARK 8828336 542770.6 1170.787 1170.682 0.83 17.50 3.66 21.81 1.397 1170.220 0.462 0.466 

L1 8828661 542178.2 1230.519 1229.209 0.77 21.34 6.19 16.01 1.737 1229.552 -0.343 -0.346 

             

          
Averages: -0.16301 -0.1651 
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Table 3-6 Densification rates from 2011-2019 compared to the densification rate from 2018-2019. 

Stake 

Name 

Surface 

elevation 

(2019) 

m a.s.l. 

Firn 

depth 

(2018) 

m 

Horizontal 

Displacement 

(2018-2019) 

m a-1 

Densification 

rate  

(2018-2019) 

m a-1 

Horizontal 

Displacement 

(2011-2019) 

m a-1 

Densification 

rate  

(2011-2019) 

m a-1 

CJA1 1485.9 34.63 3.59 -0.186 3.69 -0.595 

LP2 1461.9 37.90 4.38 -0.109 4.37 -0.750 

LP4 1371.7 35.11 9.56 -0.036 9.85 -0.638 

JGC2 1299.2 30.70 12.16 -0.244 13.02 -0.639 
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Figure 3-1 Location of White Glacier on Axel Heiberg Island and its location within the Canadian 

Arctic Archipelago and the locations of the community of Grise Fiord and the Eureka weather 

station. 
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Figure 3-2 July 2014 orthophoto of White Glacier including the location of the mass balance stake 

network and five shallow firn cores drilled in spring 2019. The 2014 firn core was drilled at location 

CJA1.  
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Figure 3-3 Firn thickness across the accumulation area of White Glacier in 2018 as inferred from 

the 250 MHz ground-penetrating radar data.  
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Figure 3-4 Firn thickness for 2018 inferred from the 250 MHz GPR data, extrapolated by elevation 

across the accumulation area of White Glacier. The extrapolation starts where the firn pack first 

becomes evident at 1041 m a.s.l. Extrapolations were limited to slopes < 20° due to lack of sampling 

in steeper regions. 
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Figure 3-5 Glacier facies across the accumulation area of White Glacier from 250 MHz GPR data 

for: (a) 2013; (b) 2018, based on visual classification of the accompanying radargrams. 

  

a 

b 
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Figure 3-6 Average backscatter amplitude from 1 to 40 m depth for each year in the study. The 

scale for 2019 (f) is different due to the use of 500 MHz data, compared to 250 MHz in all other 

years (a-e). 

  

a b 

c d 

e f 
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Figure 3-7 An example of the difference between traces collected in the F1 zone and the Glacier Ice 

zone from the 2018 250 MHz GPR data the locations of which can be seen in Figure 3-5b. 

Amplitude along the trace is in mV and distance along the trace is shown in two-way travel time 

(ns) and depth (m). Only the trace envelope process was applied to this data (i.e., no gains). 
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Figure 3-8 Composition of the shallow firn cores collected in 2019. See Figure 3-2 for locations.  
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Figure 3-9 Composition of the shallow firn core collected at CJA1 in 2014.  
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Figure 3-10 Variability of 500 MHz GPR-derived average backscatter amplitude (mV calculated 

for the top 1-7 m of firn) with calculated ice fraction of each core collected in spring 2019. Elevation 

values are indicated by the colour of the dots, with lighter blue indicating higher elevation. 
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Figure 3-11 (a) 2019 firn core stratigraphy of CJA1; (b) 500 MHz radargram from 

2019 from the same location, with red rectangle indicating extent of the core in panel 

(a). Note: The gains applied to this radargram reduce the scattering normally very 

visible in the near-surface snowpack.  

a b 
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Figure 3-12 (a) Change in glacier facies extent across White Glacier from 2013 to 2019; (b) Annual 

mass balance for White Glacier from 2013 to 2018 (2019 data unavailable). 

  

a 

b 
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Figure 3-13 Glacier facies distributions derived from the GPR data and extrapolated by elevation, 

along with the ELA, for each year (2019 ELA unavailable).  
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Figure 3-14 Calculated values of densification rate (m a-1) for the 15 stakes in the accumulation area 

over the 2018 to 2019 period. Base image: July 2014 orthophoto, courtesy of L. Thomson (2016).  
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Chapter 4 

Conclusions and Future Work 

4.1 Summary 

The objectives of this project were to characterize the firn pack of White Glacier, to explore 

spatial patterns of firn density, and to quantify patterns of densification in the firn pack. The overarching 

goal was to increase the understanding of firn pack changes in a warming Arctic. The results of this study 

also show the capacity for average trace amplitude analysis to be used in future studies that apply GPR to 

investigations of firn packs on glaciers. Additionally, this study provides a baseline for future studies to 

assess changes to firn pack thickness and distribution, and it will also inform future geodetic mass balance 

measurements, which depend on the assumption that the overall extent structure of the firn pack is 

unchanged over the survey period. Similarly, the cores collected in this study provide a baseline for future 

studies of firn properties on White Glacier.  

The extent and thickness of the firn pack was derived from GPR data for the accumulation area of 

White Glacier. This was the first systematic study and mapping of the firn pack there, and characterizing 

the firn pack was the first step in understanding changes to this region over time. Through visual 

classification of glacier facies from GPR radargrams, it is clear that the long-term firn pack retreated in 

elevation by 15 m per year between 2013 and 2018, with a reduction in area of 3.96 km2 (10% of the total 

glacier area). Using radar backscatter as an indicator of firn presence it was found that there was a 

lowering in the average backscatter values derived from GPR over the top 1 to 10 m, and top 1 to 5 m, 

between 2013 and 2018, indicative of an increase in near-surface ice content. An investigation of surface 

lowering from 2018 to 2019 using dGPS data found there was average surface lowering occurring in the 

accumulation area at a rate of -0.165 m a-1 for spring 2018 to spring 2019 based on 15 stakes, and -0.655 

m a-1 for spring 2011 to spring 2019 based on 4 stakes.  
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These results indicate that the firn pack on White Glacier is losing its capacity to absorb and 

refreeze meltwater, potentially leading to greater, and unmeasured, runoff from high elevation regions. 

Currently, it is assumed in the mass balance calculations that all high-elevation melt is absorbed into the 

snow/firn pack. If this is no longer the case, then current methods could be underestimating the amount of 

runoff during negative mass balance years.  

 

4.2 Future work 

Future studies should continue to monitor the firn pack of White Glacier and how it is changing 

in a warming climate. Additionally, this method of average backscatter amplitude analysis can be applied 

to the firn areas on other glaciers. Adding GPR surveys to the yearly monitoring protocols for glaciers can 

provide an important method to understand changes occurring in the subsurface. Increased understanding 

of subsurface processes could help constrain uncertainties when calculating geodetic mass balance (Huss, 

2013). Including GPR surveys as part of annual data collection provides a valuable addition to a regular 

glaciological mass balance monitoring program, and can be simplified through a semi-automated process 

of inferring firn characteristics using ABA values. Repeat GPR surveys in this study demonstrated retreat 

of the long term firn area and a potential increase in total ice fraction, inferred from lowered ABA values. 

When GPR surveys are conducted with consistent settings from year to year the resulting data can provide 

the opportunity to determine how the firn pack is responding to external forcing (suggested GPR settings 

in Appendix I) (Dunse et al., 2009). Future studies should also seek to collect GPR surveys that cover 

more of the accumulation area. When possible firn cores should be collected to provide validation for 

inferences made from GPR data (Marchenko et al., 2017). Similarly, continued monitoring of surface 

height change can assist in understanding future densification rates (Schaffer et al., 2020), and repeat core 

sampling can provide validation and insights to changes in ice fraction. 
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The final goal of continued research would be a deeper understanding of the subsurface processes 

occurring in the firn area. Maintaining a longer record of firn pack change through a standardized 

approach, such as the average amplitude analysis of GPR traces presented here, would be valuable. 

Additionally, the ability to gather more data across the accumulation area of White Glacier and in the 

accumulation area of other glaciers in this region would allow for a more comprehensive understanding of 

firn changes across the CAA.  



 

79 

 

References 

AMAP. (2017). Snow, water, ice and permafrost in the Arctic (SWIPA) 2017. Arctic Monitoring and 

Assessment Programme (AMAP), Oslo, Norway. xiv + 269 pp. 

Bamber, J. L., & Payne, A. J. (2004). Mass balance of the cryosphere: observations and modelling of 

contemporary and future changes. Cambridge University Press. 

Bekryaev, R. V., Polyakov, I. V., & Alexeev, V. A. (2010). Role of polar amplification in long-term 

surface air temperature variations and modern Arctic warming. Journal of Climate, 23(14), 3888-

3906. 

Bezeau, P., Sharp, M., Burgess, D., & Gascon, G. (2013). Firn profile changes in response to extreme 21st 

century melting at Devon Ice Cap, Nunavut, Canada. Journal of Glaciology, 59(217), 981-991.  

Bintanja, R., & Andry, O. (2017). Towards a rain-dominated Arctic. Nature Climate Change, 7(4), 263. 

Blatter, H. (1987). On the thermal regime of an Arctic valley glacier: a study of White Glacier, Axel 

Heiberg Island, NWT, Canada. Journal of Glaciology, 33(114), 200-211. 

Bojinski, S., Verstraete, M., Peterson, T. C., Richter, C., Simmons, A., & Zemp, M. (2014). The concept 

of essential climate variables in support of climate research, applications, and policy. Bulletin of 

the American Meteorological Society, 95(9), 1431-1443. 

Box, J. E., Colgan, W. T., Wouters, B., Burgess, D. O., O’Neel, S., Thomson, L. I., & Mernild, S. H. 

(2018). Global sea-level contribution from Arctic land ice: 1971–2017. Environmental Research 

Letters, 13(12), 125012. 

Clarke, G. K. (1987). Fast glacier flow: Ice streams, surging, and tidewater glaciers. Journal of 

Geophysical Research: Solid Earth, 92(B9), 8835-8841. 

Cogley, J. G., Adams, W. P., Ecclestone, M. A., Jung-Rothenhäusler, F., & Ommanney, C. S. L. (1996). 

Mass balance of White Glacier, Axel Heiberg Island, NWT, Canada, 1960–91. Journal of 

Glaciology, 42(142), 548-563. 

Cogley, J. G., Hock, R., Rasmussen, L. A., Arendt, A. A., Bauder, A., Braithwaite, R. J., ... & Zemp, M. 

(2011). Glossary of Glacier Mass Balance and Related Terms, IHP-VII Technical Documents in 

Hydrology No. 86, IACS Contribution No. 2, UNESCO-IHP, Paris. 

Cook, A. J., Copland, L., Noël, B. P., Stokes, C. R., Bentley, M. J., Sharp, M. J., ... & van den Broeke, M. 

R. (2019). Atmospheric forcing of rapid marine-terminating glacier retreat in the Canadian Arctic 

Archipelago. Science advances, 5(3), eaau8507. 

Cuffey, K. M., & Paterson, W. S. B. (2010). The physics of glaciers (4th ed.). Burlington, MA: 

Butterworth-Heinemann/Elsevier. 



 

80 

 

Dai, C., Durand, M., Howat, I. M., Altenau, E. H., & Pavelsky, T. M. (2018). Estimating river surface 

elevation from ArcticDEM. Geophysical Research Letters, 45(7), 3107-3114. 

Daniels, D. J. (2004). Ground Penetrating Radar (2nd Edition). Institution of Engineering and 

Technology. Retrieved from: https://app.knovel.com/hotlink/toc/id:kpGPRE0007/ground-

penetrating-radar-2/ground-penetrating-radar-2 

Dawidowicz, K., & Krzan, G. (2014). Coordinate estimation accuracy of static precise point positioning 

using on-line PPP service, a case study. Acta Geodaetica et Geophysica, 49(1), 37-55. 

De Jong, T., Copland, L., & Burgess, D. (2018). Changes in Glacier Facies Zonation on Devon Ice Cap, 

Nunavut, Detected from SAR Imagery and Field Observations. The Cryosphere Discussions, 1-

28.  

Dunse, T., Schuler, T. V., Hagen, J. O., Eiken, T., Brandt, O., & Høgda, K. A. (2009). Recent fluctuations 

in the extent of the firn area of Austfonna, Svalbard, inferred from GPR. Annals of Glaciology, 

50(50), 155162.  

Dyurgerov, M. B., & Meier, M. F. (2005). Glaciers and the changing Earth system: a 2004 snapshot (Vol. 

58). Boulder: Institute of Arctic and Alpine Research, University of Colorado. 

Fisher, D., Zheng, J., Burgess, D., Zdanowicz, C., Kinnard, C., Sharp, M., & Bourgeois, J. (2012). Recent 

melt rates of Canadian arctic ice caps are the highest in four millennia. Global and Planetary 

Change, 84, 3-7. 

Forster, R. R., Box, J. E., Van Den Broeke, M. R., Miège, C., Burgess, E. W., Van Angelen, J. H., ... & 

Gogineni, S. P. (2014). Extensive liquid meltwater storage in firn within the Greenland ice sheet. 

Nature Geoscience, 7(2), 95. 

Frolov, A. D., & Ya. Macheret, Y. (1999). On dielectric properties of dry and wet snow. Hydrological 

Processes, 13(12‐13), 1755-1760. 

Fyfe, J. C., Von Salzen, K., Gillett, N. P., Arora, V. K., Flato, G. M., & McConnell, J. R. (2013). One 

hundred years of Arctic surface temperature variation due to anthropogenic influence. Scientific 

Reports, 3, 2645. 

Gardner, A. S., Moholdt, G., Wouters, B., Wolken, G. J., Burgess, D. O., Sharp, M. J., ... & Labine, C. 

(2011). Sharply increased mass loss from glaciers and ice caps in the Canadian Arctic 

Archipelago. Nature, 473(7347), 357-360. 

Gascon, G., Sharp, M., Burgess, D., Bezeau, P., & Bush, A. B. (2013). Changes in accumulation‐area firn 

stratigraphy and meltwater flow during a period of climate warming: Devon Ice Cap, Nunavut, 

Canada. Journal of Geophysical Research: Earth Surface, 118(4), 2380-2391.  

Hall, A. (2004). The role of surface albedo feedback in climate. Journal of Climate, 17(7), 1550-1568. 

Harig, C., & Simons, F. J. (2016). Ice mass loss in Greenland, the Gulf of Alaska, and the Canadian 

Archipelago: Seasonal cycles and decadal trends. Geophysical Research Letters, 43(7), 3150-

3159. 



 

81 

 

Harper, J., Humphrey, N., Pfeffer, W. T., Brown, J., & Fettweis, X. (2012). Greenland ice-sheet 

contribution to sea-level rise buffered by meltwater storage in firn. Nature, 491(7423), 240-243. 

Heid, T., & Kääb, A. (2012). Repeat optical satellite images reveal widespread and long term decrease in 

land-terminating glacier speeds. The Cryosphere, 6(2), 467-478. 

Hock, R., Hutchings, J. K., & Lehning, M. (2017). Grand Challenges in Cryospheric Sciences: Toward 

Better Predictability of Glaciers, Snow and Sea Ice. Frontiers in Earth Science, 5, 64. 

Hodgkins, R., Hagen, J. O., & Hamran, S. E. (1999). 20th century mass balance and thermal regime 

change at Scott Turnerbreen, Svalbard. Annals of Glaciology, 28, 216-220. 

Huss, M. (2013). Density assumptions for converting geodetic glacier volume change to mass change. 

The Cryosphere, 7(3), 877-887.  

Huss, M., Bauder, A., & Funk, M. (2009). Homogenization of long-term mass-balance time series. 

Annals of Glaciology, 50(50), 198-206. 

Jol, H. M. (Ed.). (2009). Ground Penetrating Radar Theory and Applications. Elsevier.  

Jol, H. M., & Bristow, C. S. (2003). GPR in sediments: advice on data collection, basic processing and 

interpretation, a good practice guide. Geological Society, London, Special Publications, 211(1), 

9-27. 

Kennedy, J. J. (1970). The eta coefficient in complex ANOVA designs. Educational and Psychological 

Measurement, 30(4), 885-889. 

Koerner, R. M. (1977). Devon Island ice cap: core stratigraphy and paleoclimate. Science, 196(4285), 15-

18. 

Krimmel, R. M., & Meier, M. F. (1975). Glacier applications of ERTS images. Journal of Glaciology, 

15(73), 391-402. 

Langley, K., Hamran, S. E., Hogda, K. A., Storvold, R., Brandt, O., Kohler, J., & Hagen, J. O. (2008). 

From glacier facies to SAR backscatter zones via GPR. IEEE Transactions on Geoscience and 

Remote Sensing, 46(9), 2506-2516. 

Lesins, G., Duck, T. J., & Drummond, J. R. (2010). Climate trends at Eureka in the Canadian high Arctic. 

Atmosphere-Ocean, 48(2), 59-80. 

Ligtenberg, S. R. M., Medley, B., Van den Broeke, M. R., & Munneke, P. K. (2015). Antarctic firn 

compaction rates from repeat-track airborne radar data: II. Firn model evaluation. Annals of 

Glaciology, 56(70), 167-174. 

Lundin, J. M., Stevens, C. M., Arthern, R., Buizert, C., Orsi, A., Ligtenberg, S. R., ... & Harris, P. (2017). 

Firn Model Intercomparison Experiment (FirnMICE). Journal of Glaciology, 63(239), 401-422. 



 

82 

 

Machguth, H., MacFerrin, M., van As, D., Box, J. E., Charalampidis, C., Colgan, W., ... & van de Wal, R. 

S. (2016). Greenland meltwater storage in firn limited by near-surface ice formation. Nature 

Climate Change, 6(4), 390-393. 

Machguth, H., Rastner, P., Bolch, T., Mölg, N., Sørensen, L. S., Aðalgeirsdottir, G., ... & Fettweis, X. 

(2013). The future sea-level rise contribution of Greenland’s glaciers and ice caps. Environmental 

Research Letters, 8(2), 025005. 

Marchenko, S., Pohjola, V. A., Pettersson, R., Van Pelt, W. J., Vega, C. P., Machguth, H., ... & Isaksson, 

E. (2017). A plot-scale study of firn stratigraphy at Lomonosovfonna, Svalbard, using ice cores, 

borehole video and GPR surveys in 2012–14. Journal of Glaciology, 63(237), 67-78. 

Mernild, S. H., Pelto, M., Malmros, J. K., Yde, J. C., Knudsen, N. T., & Hanna, E. (2013). Identification 

of snow ablation rate, ELA, AAR and net mass balance using transient snowline variations on 

two Arctic glaciers. Journal of Glaciology, 59(216), 649-659. 

Mikkelsen, A. B., Hubbard, A., MacFerrin, M., Box, J. E., Doyle, S. H., Fitzpatrick, A., ... & Pettersson, 

R. (2016). Extraordinary runoff from the Greenland ice sheet in 2012 amplified by hypsometry 

and depleted firn retention. The Cryosphere, 10(3), 1147-1159. 

Moorman, B. J., & Michel, F. A. (2000). Glacial hydrological system characterization using ground 

penetrating radar. Hydrological Processes, 14(15), 2645-2667.  

Mortimer, C. A., Sharp, M., & Wouters, B. (2016). Glacier surface temperatures in the Canadian High 

Arctic, 2000–15. Journal of Glaciology, 62(235), 963-975.  

Munneke, P. K., Ligtenberg, S. R., Suder, E. A., & Van den Broeke, M. R. (2015). A model study of the 

response of dry and wet firn to climate change. Annals of Glaciology, 56(70), 1-8. 

Natural Resources Canada (NRCAN). (2020). Geodetic tools and applications. Retrieved from: 

https://www.nrcan.gc.ca/maps-tools-publications/tools/geodetic-reference-systems-tools/tools-

applications/10925#ppp 

Navarro, F. J., Martín-Español, A., Lapazaran, J. J., Grabiec, M., Otero, J., Vasilenko, E. V., & Puczko, 

D. (2014). Ice volume estimates from ground-penetrating radar surveys, Wedel Jarlsberg Land 

glaciers, Svalbard. Arctic, Antarctic, and Alpine Research, 46(2), 394-406. 

Noël, B., van de Berg, W. J., Lhermitte, S., Wouters, B., Schaffer, N., & van den Broeke, M. R. (2018). 

Six decades of glacial mass loss in the Canadian Arctic Archipelago. Journal of Geophysical 

Research: Earth Surface. 123(6), 1430–1449.  

Noël, B., van De Berg, W. J., Lhermitte, S., Wouters, B., Machguth, H., Howat, I., ... & van den Broeke, 

M. R. (2017). A tipping point in refreezing accelerates mass loss of Greenland’s glaciers and ice 

caps. Nature Communications, 8, 14730. 

Noh, M. J., & Howat, I. M. (2015). Automated stereo-photogrammetric DEM generation at high latitudes: 

Surface Extraction with TIN-based Search-space Minimization (SETSM) validation and 

demonstration over glaciated regions. GIScience & Remote Sensing, 52(2), 198-217. 



 

83 

 

Østby, T. I., Schuler, T., Hagen, J. O. M., Hock, R., Kohler, J., & Reijmer, C. (2017). Diagnosing the 

decline in climatic mass balance of glaciers in Svalbard over 1957-2014. The Cryosphere, 11, 

191-215. 

Paul, F., Winsvold, S., Kääb, A., Nagler, T., & Schwaizer, G. (2016). Glacier remote sensing using 

Sentinel-2. Part II: Mapping glacier extents and surface facies, and comparison to Landsat 8. 

Remote Sensing, 8(7), 575. 

Pfeffer, W. T., Arendt, A. A., Bliss, A., Bolch, T., Cogley, J. G., Gardner, A. S., ... & Miles, E. S. (2014). 

The Randolph Glacier Inventory: a globally complete inventory of glaciers. Journal of 

Glaciology., 60(221), 537-552. 

Pithan, F., & Mauritsen, T. (2014). Arctic amplification dominated by temperature feedbacks in 

contemporary climate models. Nature Geoscience, 7(3), 181. 

Polar Geospatial center. (n.d.) ArcticDEM. Retrieved from https://www.pgc.umn.edu/data/arcticdem/ 

Porter, C., et al., 2018, “ArcticDEM”, https://doi.org/10.7910/DVN/ OHHUKH, Harvard Dataverse, V1, 

[Date accessed: 2019-11-06]. DEM(s) were created from DigitalGlobe, Inc., imagery and funded 

under National Science Foundation awards 1043681, 1559691, and 1542736. 

Rabatel, A., Dedieu, J. P., & Vincent, C. (2005). Using remote-sensing data to determine equilibrium-line 

altitude and mass-balance time series: validation on three French glaciers, 1994–2002. Journal of 

Glaciology, 51(175), 539-546. 

Radić, V., Bliss, A., Beedlow, A. C., Hock, R., Miles, E., & Cogley, J. G. (2014). Regional and global 

projections of twenty-first century glacier mass changes in response to climate scenarios from 

global climate models. Climate Dynamics, 42 (1-2), 37-58. 

Reeh, N., Fisher, D. A., Koerner, R. M., & Clausen, H. B. (2005). An empirical firn-densification model 

comprising ice lenses. Annals of Glaciology, 42, 101-106. 

Ruffell, A., McKinley, J., Robinson, M., & Bristow, C. (2013). Ground Penetrating Radar. 

Geomorphological Techniques. British Society for Geomorphology Remote Sensing Workshop, 

1-26. 

Schaffer, N. (2017). Dynamics and mass balance of Penny Ice Cap, Baffin Island, Nunavut, in a changing 

climate. (Doctoral dissertation, University of Ottawa, Ottawa, Canada). Available from: 

http://dx.doi.org/10.20381/ruor-20459 

Schaffer, N., Copland, L., Zdanowicz, C., Burgess, D., & Nilsson, J. (2020). Revised estimates of recent 

mass loss rates for Penny Ice Cap, Baffin Island, based on 2005‐2014 elevation changes modified 

for firn densification. Journal of Geophysical Research: Earth Surface. 

Sensors & Software. (2010). EKKO_Interp User’s Guide. Mississauga, ON. Sensors & Software Inc. 

Retrieved from: https://www.sensoft.ca/wp-

content/uploads/2015/11/EKKO_Interp.compressed.pdf  



 

84 

 

Sharp, M., Burgess, D. O., Cogley, J. G., Ecclestone, M., Labine, C., & Wolken, G. J. (2011). Extreme 

melt on Canada's Arctic ice caps in the 21st century. Geophysical Research Letters, 38(11). 

Sold, L., Huss, M., Hoelzle, M., Andereggen, H., Joerg, P. C., & Zemp, M. (2013). Methodological 

approaches to infer end-of-winter snow distribution on alpine glaciers. Journal of Glaciology, 

59(218), 1047-1059. 

Steenson, B. O. (1951). Radar methods for the exploration of glaciers (Doctoral dissertation, California 

Institute of Technology). 

Steger, C. R., Reijmer, C. H., Van Den Broeke, M. R., Wever, N., Forster, R. R., Koenig, L. S., ... & 

Miège, C. (2017). Firn meltwater retention on the Greenland ice sheet: A model comparison. 

Frontiers in Earth Science, 5, 3. 

Sylvestre, T., Copland, L., Demuth, M. N., & Sharp, M. (2013). Spatial patterns of snow accumulation 

across Belcher Glacier, Devon Ice Cap, Nunavut, Canada. Journal of Glaciology, 59(217), 874-

882. 

Thomson, L., & Copland, L. (2016). White Glacier 2014, Axel Heiberg Island, Nunavut: Mapped using 

structure from motion methods. Journal of Maps, 12(5), 1063-1071.  

Thomson, L. I., & Copland, L. (2017). Multi-decadal reduction in glacier velocities and mechanisms 

driving deceleration at polythermal White Glacier, Arctic Canada. Journal of Glaciology, 

63(239), 450-463. 

Thomson, L. I., Osinski, G. R., & Ommanney, C. S. L. (2011). Glacier change on Axel Heiberg Island, 

Nunavut, Canada. Journal of Glaciology, 57(206), 1079-1086. 

Thomson, L. I., Zemp, M., Copland, L., Cogley, J. G., & Ecclestone, M. A. (2017). Comparison of 

geodetic and glaciological mass budgets for White Glacier, Axel Heiberg Island, Canada. Journal 

of Glaciology, 63(237), 55-66.  

Vandecrux, B., MacFerrin, M., Machguth, H., Colgan, W. T., As, D. V., Heilig, A., Stevens, C.M., 

Charalampidis, C., Fausto, R.S., Morris, E.M. & Mosley-Thompson, E. (2019). Firn data 

compilation reveals widespread decrease of firn air content in western Greenland. The 

Cryosphere, 13(3), 845-859. 

Van Pelt, W., & Kohler, J. (2015). Modelling the long-term mass balance and firn evolution of glaciers 

around Kongsfjorden, Svalbard. Journal of Glaciology, 61(228), 731-744.  

Van Pelt, W. J. J., Oerlemans, J., Reijmer, C. H., Pohjola, V. A., Pettersson, R., & Van Angelen, J. H. 

(2012). Simulating melt, runoff and refreezing on Nordenskiöldbreen, Svalbard, using a coupled 

snow and energy balance model. The Cryosphere, 6(3), 641-659. 

Wadham, J., Kohler, J., Hubbard, A., Nuttall, A. M., & Rippin, D. (2006). Superimposed ice regime of a 

high Arctic glacier inferred using ground‐penetrating radar, flow modeling, and ice cores. Journal 

of Geophysical Research: Earth Surface, 111(F1). 



 

85 

 

Waite, A. H., & Schmidt, S. J. (1962). Gross errors in height indication from pulsed radar altimeters 

operating over thick ice or snow. Proceedings of the IRE, 50(6), 1515-1520. 

Welch, B. C., & Jacobel, R. W. (2003). Analysis of deep‐penetrating radar surveys of West Antarctica, 

US‐ITASE 2001. Geophysical Research Letters, 30(8) 1444. 

Wever, N., Würzer, S., Fierz, C., & Lehning, M. (2016). Simulating ice layer formation under the 

presence of preferential flow in layered snowpacks. The Cryosphere, 10(6), 2731-2744. 

WGMS. (2017). Global Glacier Change Bulletin No. 2 (2014–2015). Zemp, M., Nussbaumer, S. U., 

Gärtner-Roer, I., Huber, J., Machguth, H., Paul, F., and Hoelzle, M. (eds.), 

ICSU(WDS)/IUGG(IACS)/UNEP/ UNESCO/WMO, World Glacier Monitoring Service, Zurich, 

Switzerland, 244 pp., publication based on database version: doi:10.5904/wgms-fog-2017-10. 

White, A., & Copland, L. (2018). Area change of glaciers across Northern Ellesmere Island, Nunavut, 

between~ 1999 and~ 2015. Journal of Glaciology, 64(246), 609-623. 

Williams, R. S., Hall, D. K., & Benson, C. S. (1991). Analysis of glacier facies using satellite techniques. 

Journal of Glaciology, 37(125), 120-128. 

Wilson, N. J., Flowers, G. E., & Mingo, L. (2013). Comparison of thermal structure and evolution 

between neighboring subarctic glaciers. Journal of Geophysical Research: Earth Surface, 118(3), 

1443-1459. 

Wilson, N. J., Flowers, G. E., & Mingo, L. (2014). Mapping and interpretation of bed-reflection power 

from a surge-type polythermal glacier, Yukon, Canada. Annals of Glaciology, 55(67), 1-8.  

Woodward, J., & Burke, M. J. (2007). Applications of ground-penetrating radar to glacial and frozen 

materials. Journal of Environmental and Engineering Geophysics, 12(1), 69-85. 

Zdanowicz, C., Smetny‐Sowa, A., Fisher, D., Schaffer, N., Copland, L., Eley, J., & Dupont, F. (2012). 

Summer melt rates on Penny Ice Cap, Baffin Island: Past and recent trends and implications for 

regional climate. Journal of Geophysical Research: Earth Surface, 117(F2). 

Zemp, M., Huss, M., Thibert, E., Eckert, N., McNabb, R., Huber, J., Barandun, M., Machguth, H., 

Nussbaumer, S.U., Gärtner-Roer, I. & Thomson, L. (2019). Global glacier mass changes and their 

contributions to sea-level rise from 1961 to 2016. Nature, 568(7752), 382-386. 

 

 

 

  



 

86 

 

 

Classifications of radar lines 

 

 
 

Figure A-1 Example of the GL or glacier ice zone in the radargram of the 2019 500 MHz data. The 

GI zone shows minimal scattering below the annual snowpack, evident from the higher backscatter 

between 0 to 1 m depth.  
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Figure A-2 Example of the SI or superimposed ice zone in the radargram of the 2019 500 MHz 

data. The SI zone shows more scattering below the snow pack than the glacier ice zone, in 

particular between 1 to 3 m depth.  
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Figure A-3 Example of the F3 zone in the radargram of the 2019 500 MHz data. The F3 facie shows 

an additional reflection past the annual snow pack, shown as increased scattering between 0 to 2 m 

depth.  
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Figure A-4 Example of the F2 zone in the radargram of the 2019 500 MHz data. The F2 zone shows 

scattering indicative of firn below 5 m. Which can be seen in this radargram as the scattering 

between 4 to 10 m depth.  
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Figure A-5 Example of the F1 zone in the radargram of the 2019 500 MHz data. This radargram 

shows increased scattering all along the trace to 40 m indicating firn presence.  

 



 

91 

 

 

Figure A-6 Example of buried firn in the radargram of the 2018 500 MHz data. Buried firn can be 

seen in this radargram as scattering between 10 and 15 m depth indicative of firn with little 

scattering between that and the annual snowpack indicating firn being overlain by thick (> 5 m) of 

ice.  
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Core photos  

 

 

Figure B-1 Photo showing an example of the snow in the accumulation area that comprises the top 

section of the firn cores, representing the most recent year’s accumulation.    
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Figure B-2 Photo showing an example of the firn section of core CJA1 (April 26, 2019). Firn core 

sections are cohesive but can be broken apart with two hands and a notable amount of pressure. 

 

Figure B-3 Photo showing an example of the iced firn section of core CJA1 (April 26, 2019). Iced 

firn is marked by reduced porosity compared to regular firn. Iced firn is much more consolidated 

and is difficult or impossible to break with the hands.  

Firn 
Ice Lens 

Iced firn 

Ice 
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Figure B-4 Photo showing an example of the ice section of core CJA1 (April 26, 2019). Ice is clear 

with just closed off bubbles visible within the ice. 

 

Figure B-5 Photo showing an example of the weak firn section of core DCP1 (April 28, 2019). The 

main identifying feature of weak firn is the less consolidated nature of the crystals compared to the 

firn sections. In general, weak firn core segments can be crushed by squeezing with one hand. 
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White Glacier 2014 DEM and 2016 ArcticDEM hypsometry  

 

Figure C-1 Hypsometry for the 2016 ArcticDEM used in this study and the 2014 DEM used for 

mass balance calculations. The two hypsometry’s align well with a Pearson correlation >0.99 and a 

two-tailed paired t-test p-value of 0.0023. 
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Visual classification of glacier facies for all years 

This appendix provides the results from the visual classification of glacier facies extents derived from the 

GPR data for all years. For each year, the left panel provides an example radargram, with the facies 

classifications above it. The right panel shows the classification mapped spatially over a July 2014 

orthoimage of the upper section of the ablation area and the accumulation area of White Glacier.  

 

Figure D-1 Visual classification of glacier facies for 2013 with 250 MHz radargram.  

 

Figure D-2 Visual classification of glacier facies for 2014 with 250 MHz radargram.  
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Figure D-3 Visual classification of glacier facies for 2015 with 250 MHz radargram.  

 

Figure D-4 Visual classification of glacier facies for 2017 with 250 MHz radargram.  
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Figure D-5 Visual classification of glacier facies for 2018 with 250 MHz radargram.  

 

Figure D-6 Visual classification of glacier facies for 2019 with 500 MHz radargram.  
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Boxplots for the average backscatter amplitude (ABA) 

 

Figure E-1 Boxplots for the quantitative values based on glacier facies for each year. 
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Descriptive statistics for the average amplitude backscatter (ABA) 

Tables for each year of the descriptive statistics for the quantitative values based on the glacier facies 

zones. These statistics were calculated to determine if the values would pass the assumption of ANOVA 

that the data is independent, normal and symmetrical, has common variance, and there are no major 

outliers. The skewness should be roughly between -1 and 1, kurtosis between -2 and 2, the variances and 

standard deviations should be homogenous and no major outlies (determined by examining the range).  

Table F-1 Descriptive statistics for 2013 GPR data based on visual classification. 

 

Table F-2 Descriptive statistics for 2014 GPR data based on visual classification. 
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Table F-3 Descriptive statistics for 2014 GPR data based on visual classification. 

 

Table F-4 Descriptive statistics for 2017 GPR data based on visual classification. 
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Table F-5 Descriptive statistics for 2018 GPR data based on visual classification. 

 

Table F-6 Descriptive statistics for 2019 GPR data based on visual classification. 
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Histograms of accumulation area terrain variables 

Histograms of the terrain variables in the accumulation area of White Glacier. The groups represented by 

the colours for each plot are the distribution of the terrain variables for: the whole accumulation area of 

White Glacier (>1000 m a.s.l.), the values sampled by the GPR surveys in 2013, and the values sampled 

by the GPR surveys in 2018.  

 

Figure G-1 Histogram of terrain variables for elevation (m a.s.l.). 
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Figure G-2 Histogram of terrain variables for slope. 

 

Figure G-3 Histogram of terrain variables for E-W scalar aspect (positive = E, negative = W). 
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Figure G-4 Histogram of terrain variables for N-S scalar aspect (positive = N, negative = S). 

 

 

Figure G-5 Histogram of terrain variables for planform (across-slope) curvature. Positive values 

indicate that the surface is laterally convex (i.e., flow divergence), while negative values indicate 

that it is laterally concave (i.e., flow convergence). Linear surfaces are zero.  
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Figure G-6 Histogram of terrain variables for profile (along-slope) curvature. Negative values 

indicate that the surface is upwardly convex (i.e., flow deceleration), while positive values indicate 

that the surface is upwardly concave (i.e., flow acceleration). Linear surfaces are zero. 
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Windrose plots 

Windrose plots created for data from an automatic weather station located at high elevation (1460 m 

a.s.l.) on a nunatak in the accumulation area (79°31'53.76" N, 90°57'53.1" W; location shown in Figure 3-

2). Plots were created in R with code adapted from: https://rpubs.com/mariner610/windrose. The first plot 

used data from the whole years 2005 to 2014. The second plot used only the accumulation season months 

(September to April). Both plots show prevailing winds to be from the north-northwest.  

 

 

Figure H-1 Windrose plot for data from the whole year (2005-2014).  
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Figure H-2 Windrose plot for data from the accumulation season (2005-2014).  
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GPR Parameter definitions and suggestions for Sensors and Software 

PulseEkko Pro Systems 

Centre Frequency  

Since antennas in a GPR system do not just emit just one frequency, but instead emit frequencies across a 

spectrum, the centre frequency is used to describe the system (Ruffell et al., 2013). Centre frequency has 

an inverse relationship with penetration depth as lower frequencies can reach higher target depths, while 

higher frequencies typically have lower penetration depth and increased resolution. 

Time window  

The time window affects the maximum depth of acquisition for the profile as it is the window over which 

the signal can come back and be received. When the transmitter and the receiver are close together the 

penetration depth is typically half the time window multiplied by the propagation velocity of the material 

(Ruffell et al., 2013). Thus, the time window depends on the target depth. 1000 ns is appropriate for 80-

100 m on ice. 2500 or 5000 ns would be appropriate for deeper investigations. 

Step size 

Step size is the distance between collection points and is related to frequency and dielectric constants 

(Sensors & Software, 2015). If the step size is too large the resolution of the image is reduced. For 

collection on ice with 250 MHz a step size of 0.10-0.15 m would be appropriate and for 500 MHz a step 

size of 0.05-0.075 m is appropriate. The GPR unit will use step size if there is an odometer connected to 

it, otherwise the unit does not know how much distance it has crossed, so it uses time instead to trigger 

trace collection. If this is the case the trace interval is used instead which is the time between each trace in 

seconds. 

Stacks  

Stacking is the number of repeated measurements averaged to get a final measurement. Increasing the 

number of stacks will work to improve the signal to noise ratio but will also increase surveying time (Jol 

& Bristow, 2003). For data collection on ice a stack of 4 or 8 would be appropriate. 

Time sampling interval 

This is the time between sampling points on a GPR trace. It is a constant interval based on the centre 

frequency of the system and is often set automatically by the system (Sensors & Software, 2015). For 250 

MHz it is typically 0.4 ns and for 500 MHz it is typically 0.2 ns. 

Antenna separation 

This is typically fixed on most systems, but if it is not fixed a good starting point is 20% the target depth 

(Annan, 2005). 

Stacking type 
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DynaQ ON indicates that the automatic stacking setting is on. This type of automatic stacking is 

proprietary to Sensors and Software and it dynamically adjusts the stacking rate as the speed of the 

system changes (Sensors & Software, 2015). However, this requires an odometer to be connected to the 

system. 

Suggested parameters for visual analysis: 

Frequency: 250 Mhz 

Time window: 1000 ns 

Step size: 0.05 m  

Stacks: 8 

Time sampling frequency: 0.4 ns 
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