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ABSTRACT

In this study, recent changes in geometry and dynamics o f the Devon Island ice 

cap are quantified from remote sensing techniques and field observations. 

Comparisons o f the ice margin position in 1960’s aerial photography and 1999 

Landsat7 ETM+ imagery indicate a net decrease in area by -338 ± 40 km 2 or 2.4%, 

over this time period. The dominant changes include retreat o f tidew ater glacier 

margins on the eastern side o f the ice cap, shrinkage o f  the southwest arm, and 

increased bedrock exposure in the ice cap interior. Variability in the changes observed 

reflect inter-basin differences in the sensitivity o f  glacier mass balance to  climate 

warming.

Surface velocity fields mapped across -95%  o f the ice cap using satellite radar 

interferometry indicate that the western half o f  the ice cap is dominated by relatively 

uniform ‘sheet’ flow, but 3 fast-flowing outlet glaciers that extend 1 4 - 2 3  km  beyond 

the ice cap margin also drain this region. Several outlet glaciers that extend up to 60 

km inland from the eastern margin drain the eastern side o f  the ice cap. Four dominant 

ice flow regimes were derived from the relationship between the driving stress and the 

ratio o f surface velocity to ice thickness and indicate that -22%  (8%) o f the east (west) 

half o f the ice cap is sliding at the glacier bed. The volume o f ice calved between 1960 

and 1999 was estimated to be 20.5 +/- 4.7 km3 o f ice which accounted for -3 0 %  of the 

total ablation for this interval.
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Long-term thickness change rates were derived at several spatial scales across 

most o f  the Devon Island ice cap. Results reveal accumulation zone thinning 

throughout the southern and eastern basins with a maximum rate o f ~  -0.23 m  a '1 in 

the southeast sector. Dynamic thinning by o f the Southeast 1 and possibly Southeast 2 

outlet glaciers above the ELA likely contributes to the basin-wide thinning o f  the 

southeast accumulation zone. Dynamic thinning o f ~ -2 m occurs near the term inus o f  

the Belcher Glacier as well as thinning by ~ -2 m along the lower reaches o f  the South 

Croker Bay Glacier. Dynamic thickening by up to ~ 2 m along the lower reaches o f 

the North Croker Bay Glacier and by ~1 m in the ablation zone o f the southeast region 

along the Southeast 1 and 2 Glaciers prevails. In total, the main portion o f  the  Devon 

Island ice cap has decreased by -74 + 9 km3 o f  ice (67 ± 7 km3 water equivalent) 

between 1960 and 1999, contributing -0 .19  mm to global sea-level rise over this time 

period.
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CHAPTER 1

INTRODUCTION

The primary objective o f this thesis is to provide insight into the ice dynamics, 

recent changes in geometry, and overall mass balance o f the Devon Island ice cap, 

Nunavut. The Devon Island ice cap is one o f  the largest ice caps in the Canadian 

Arctic which, in total, contains the greatest proportion o f land ice in the Northern 

hemisphere outside the Greenland ice sheet. It is currently estimated that ice caps and 

glaciers have contributed -0.51 mm a '1 to sea level rise from 1960 to 1994, increasing 

to -0 .93 mm a"1 for the period 1994-2003 (Dyurgerov and Meier, 2005). In light o f the 

fact that climate warming is expected to be larger in high northern latitudes than in 

other regions (IPCC 2001), it is likely that contribution from glaciers and ice caps in 

these regions will increase significantly. It is therefore critical to quantify long-term 

changes in the geometry o f these ice masses in order to provide accurate estimates o f  

their contribution to global sea-level rise, and to determine the dominant factors (ie. 

surface mass balance, dynamics, or rates o f iceberg calving) that are responsible for 

these changes in order to predict their response to future climate warming.

The Devon Island ice cap occupies -14,000 km2 o f the eastern third o f Devon 

Island (Figure 1.1) with a volume o f 3962 +/- 140 km3 based on radio-echo sounding 

measurements performed in 2000 (Dowdeswell and others, 2004). In situ m ass balance 

data collected along the northwest transect by Dr. R. Koerner (Geological Survey o f  

Canada) since the early 1960’s indicate a slightly negative balance o f  — 0.086 m W e 

a '1. Accumulation across the ice cap is derived primarily from distal m oisture sources

1
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with th e  exception o f  the southeast sector, which receives significant mass input from 

the N orth  Open Water polynya at the head o f Baffin Bay (Koerner, 1970). The 

southeast sector also experiences the highest surface ablation rates across the ice cap 

(up to ~  -2 m a '1) resulting in a steeper mass balance gradient throughout this region 

(0.0027 m a '1 m '1) than the northwest (0.0015 m a '1 m '1). The net annual surface m ass 

balance between these regions however is similar, and is driven prim arily by the 

intensity and duration o f summer melt (Koerner, 2002).

Observed, modelled, and proxy data indicate that mean annual air tem peratures 

at high northern latitudes have experienced a net increase by ~1°C since the end o f the 

Little Ice Age (IPCC, 2001, Johannessen and others, 2004, Serreze and others, 2000). 

W arming took place primarily through two distinct warming events w ith the first 

event recorded between 1926 and 1940. During this event, average tem peratures 

across the Arctic increased by ~1°C over a 10 year period o f time resulting in high 

concentrations o f ice in the stratigraphic record o f  firn cores retrieved from the Devon, 

Agassiz, and Axel Heiberg ice caps (Koerner, 1977), and a 16 m snow pit on  the Grant 

Ice cap, Northern Ellesmere Island (Hattersley-Smith, 1963). With the exception o f  

moderate warming between 1947 and 1963 (Bradley and England, 1978), general 

cooling prevailed in the Canadian Arctic until the early 1980’s, at which tim e a second 

major stage o f anthropogenically induced warming commenced. Global tem peratures 

associated with this event increased by -1 .5  °C (Johannessen and others, 2004) 

resulting in a significantly negative trend in surface mass balance along the northwest 

transect o f the Devon Island ice cap since 1988 (Cogley, personal comm unication, 

2005).

2
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O ur current knowledge o f the large-scale ice flow dynamics on th e  geometry 

and m a ss  balance o f land ice in the Canadian Arctic is limited (Koerner, 2002). 

Previous studies however, have shown that the influence o f changes in ice dynamics 

on the geometry o f and mass loss from northern hemisphere land ice outside Canada is 

significant. It is estimated that iceberg calving accounts for up to 50% o f  the total 

mass loss from the Greenland ice sheet (Weidick, 1985). Repeat airborne laser 

altim etry measurements along most o f the major outlet glaciers that drain the 

Greenland ice sheet reveal that dynamic thinning associated with m any o f these 

calving fronts is responsible for enhanced thinning throughout much o f  th e  ablation 

zone o f  these outlet glaciers with the highest and most extensive thinning in the 

southeast and southwest regions (Abdalati, 2001). In the southeast region, channelized 

fast flow extends up to 70 km inland from the ice margin along the H elheim  Glacier 

where dynamic thinning o f ~ -1 m a '1 occurs well into the accumulation zone o f  the ice 

sheet (Abdalati, 2001). In the northeast region, channelized flow associated with the 

Northeast Ice Stream, as identified in C-band ERS-1 SAR imagery by Fahnestock and 

others (1993), extends up to 550 km inland from the ice sheet margin. Zwally and 

others (2002) detected seasonally enhanced flow o f the Greenland ice sheet at Swiss 

Camp approximately 35 km inland o f  the ice sheet margin in west-central Greenland 

where the ice is -1220 m thick. This finding revealed important linkages between the 

transmission o f melt water from the ice surface to the glacier bed and rates o f  flow by 

basal sliding, which may have important implications for the role played by changes in 

large-scale flow dynamics in ice sheet response to global warming (Parizek and Alley, 

2004). Dowdeswell and others (1999) used repeat InSAR techniques to detect tim e

3
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varying flow over Austfonna, the largest ice cap in the Eurasian Arctic (—8100 km2). 

D ynam ic thinning along a major tidewater glacier that drains this ice cap w as observed 

to ex tend  inland to the interior drainage divide and was associated with significant 

mass loss from this region by iceberg calving (Unwin, Unpublished P hD  Thesis). 

Similarly, iceberg calving was estimated to account for -30%  o f the to ta l volume 

ablated from the Academy o f Sciences ice cap, the largest ice cap in the Russian high 

Arctic (-5600  km2) (Dowdeswell and others, 2002).

In  a series o f three papers, this thesis provides new insight into the recent 

geometric changes, the dynamic behavior, and the influence o f ice dynam ics on the 

mass balance o f the Devon Island ice cap, Nunavut, Canada. In the first paper 

(Chapter 2), areal changes o f  the Devon Island Ice cap since 1960 are quantified by 

comparing the ice margin identifiable in aerial photography with the m argin in 1999 

Landsat7 ETM+ satellite imagery. Analyses o f  theoretical glacier response times and 

drainage basin hypsometry, as derived from the Canadian Digital E levation Dataset 

(CDED), are used to classify all ice cap drainage basins according to their relative 

sensitivity to future climate warming and to explain the spatial variability in the 

observed changes in ice extent. In the second paper (Chapter 3), the surface velocity 

field o f most o f the Devon Island ice cap is mapped using satellite radar interferom etry 

(InSAR). In conjunction with ice thickness data obtained from Dowdeswell and others 

(2004), downslope surface velocities are used to identify and map the dominant ice 

flow regimes o f the ice cap and to quantify the current rate o f iceberg calving from  

96% of that part o f the ice margin that terminates in the ocean. In the third paper 

(Chapter 4), rates o f ice cap thickness change are investigated. Rates o f  thickness

4
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change are calculated separately for the accumulation and ablation areas o f  individual 

drainage basins. For the accumulation areas, comparisons between the observed flux 

out o f  the accumulation zone and the theoretical balance flux are used to estimate the 

mean rate o f thickness change. For the ablation zones, the observed flux  into the 

ablation zone was compared with the rates o f mass loss by iceberg calving determ ined 

in the second paper and rates o f surface melt computed by Mair and others (2004) to  

estimate the rate o f thickness change. Along most o f  the major outlet glaciers, rates o f  

thickness change were computed as a function o f the continuity o f ice flow by 

comparing values o f ice flux at successive gates along these features. Finally, field 

measurements were used to determine rates o f  thickness change at 3 locations in the 

southwest region o f the ice cap. The results presented in this thesis provide new  

insight into the magnitude and distribution o f  recent changes in the geom etry o f one o f  

the largest ice masses in the northern hemisphere, and provide the basis for a new  

assessment o f their implications for global sea level.

To date, 2 o f the 3 papers in this thesis have been published (or accepted for 

publication) in peer-reviewed scientific journals. The first paper, Recent changes in 

the areal extent o f  the Devon Island ice cap, Nunavut, Canada, has been published in 

the journal Arctic, Antarctic, and Alpine Research. The second paper, Dynamics and  

iceberg calving rates o f  the Devon Island ice cap, Nunavut, has been accepted for 

publication in the Journal o f Glaciology, and the third paper, Recent changes in the 

thickness o f  the Devon Island ice cap, Nunavut, Arctic Canada, has been submitted fo r 

publication to the Journal o f Geophysical Research. Co-authorship on these papers 

represents contributions in the form o f data input from other researchers and editing
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from Dr. Sharp. All data compilation, processing, and analysis was performed by  

myself.

In addition to the publications produced from this thesis, work performed 

during the course o f this research has resulted in a further 2 co-authored publications. 

In the first co-authored paper entitled ‘37-year mass balance across the Devon Ice  

Cap’ (published in the Journal o f Geophysical Research; M air and others, 2004), I 

contributed field measurements o f long-term accumulation rates across the Devon Ice 

Cap. N ew  information on the surface velocity fields derived from InSAR techniques, 

controls on the inland extent o f fast glacier flow along the North and South Croker 

Bay Glaciers, and the delineation o f major drainage basins was contributed to th e  

second co-authored paper entitled ‘Flow and form  o f  the Devon Island Ice Cap, 

Canadian Arctic ’ (published in the Journal o f Geophysical Research; Dowdeswell and  

others, 2004).
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CHAPTER 2

RECENT CHANGES IN AREAL EXTENT OF THE DEVON 

ISLAND ICE CAP, NUNAVUT, CANADA

2.1 INTRODUCTION

Global climate models consistently predict that anthropogenic climate 

warm ing will be manifested most strongly in northern high latitudes (IPCC, 2001; 

Johns, and others, 1997; Mitchell, 1995). There is already considerable evidence that 

the predicted changes are occurring (Overpeck and others, 1997; Serreze and others, 

2000). The predicted temperature changes would impact strongly on the m ass balance 

and extent o f the glaciers, ice caps and ice sheets in the region, and the resulting 

shrinkage o f these ice masses could contribute significantly to global sea level change 

over the next century (Meier and Dyurgerov, 2002; Van de Wal and W ild, 2001; 

Meier, 1984).

Outside Greenland, the largest amounts o f land ice (-150,000 km 2) in the  

Northern Hemisphere are found in the Canadian Arctic islands (Koerner, 1966). 

However, little is known about recent changes in the extent o f these ice m asses. Areal 

change measurements have been made for a section o f the Barnes Ice C ap (BIC) on 

Baffin Island (Jacobs, and others, 1996) and for the small, stagnant M urray  Ice Cap 

(MIC) on northern Ellesmere Island (Braun, and others, 2001). Over the period 1961 

to 1993, the area o f the measured sector o f  the BIC decreased by -1 % , w hile that o f  

the MIC decreased by -28%  between 1959 and 2000. Here we report results o f an
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investigation into recent changes in the extent o f the Devon ice cap, Nunavut. 

Investigation o f  glacier change at the scale o f the whole ice cap is o f  particular interest 

because there are strong spatial gradients in climate, mass balance characteristics, 

glacier geometry, and terminus conditions across the ice cap. Thus, different sectors o f  

the ice cap may be subjected to different climate forcings, they may have different 

inherent mass balance sensitivity to specific forcings, and they may respond to these 

forcings at different rates.

Glacier response times are influenced by a combination o f ice m ass geometry, 

mass balance gradient, and terminus ablation rates (Johannessen, 1989; Bahr and 

others, 1998). All o f these factors vary significantly across the D evon ice cap. 

Differences in mass balance gradient between the east and west sides o f the  ice cap 

have been attributed to the effect o f the Baffin Bay moisture source on  regional 

accumulation patterns. These patterns are believed to have influenced the long-term 

evolution o f the ice cap geometry such that glaciers draining to its eastern m argin 

occupy larger basins and descend to lower elevations than glaciers draining to  the w est 

(Koerner, 1977a). Large differences in terminus ablation rates between the east and 

west margins may have a significant effect on response times characteristic of these 

regions.

This study quantifies recent changes in the areal extent o f the Devon Island ice 

cap by comparing the position o f ice margins extracted from 1959/1960 aerial 

photographs and 1999/2000 satellite imagery. Information on the topography o f the 

ice cap surface, obtained from the Canadian Digital Elevation Dataset (CDED), w as 

used to delineate drainage basins within the ice cap, and changes were analysed at the
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scale o f  individual drainage basins. Relationships among the magnitudes o f  observed 

changes, the characteristic response times, and the hypsometry o f drainage basins w ere 

investigated to provide insight into the mechanisms controlling ice margin variations. 

Also, tw o independent methods were used to estimate volume change fo r selected 

basins and for the ice cap as a whole.

2.2 STUDY AREA

The Devon Island ice cap occupies approximately 14,400 km2 (between 7 4 °  

30’ N and 75° 50’N and 80° 00’W and 86° 00’W) on Devon Island, which is located 

in the south east o f the Queen Elizabeth Islands, Nunavut, Canada (Figure 2.1). Recent 

radio echo sounding data indicate that the current ice cap volume is 3962 + /- 140 km 3 

with a maximum ice thickness o f approximately 750 m at the head o f  the eastward 

flowing basins (Dowdeswell, and others, 2004). The highest elevation is 1901 m at the  

ice cap summit. The eastern margin o f the ice cap faces the North Open W ater (NOW ) 

polynya at the head o f Baffin Bay. Large outlet glaciers that descend to sea level in 

this region experience high rates o f accumulation (up to 0.5 m a '1) and surface ablation 

(up to -2 m a '1) as well as mass loss by iceberg calving, resulting in relatively steep 

mass balance-elevation gradients (0.0027 m a '1 m"1; Koerner, 1970). Sm aller tidewater 

glaciers reach the ocean along the northern and southern margins o f  the ice cap. B y 

contrast, the western margin o f the ice cap terminates entirely on land at elevations o f  

300-500 m. This part o f the ice cap is located in a precipitation shadow, where rates o f  

accumulation and ablation (up to 0.2 m a"1 and ~ -1 m a"1 respectively), along w ith  

mass balance gradients (0.0015 m a '1 m '1) are much reduced. An arm extending
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approxim ately 80 km to the south-west o f the main ice cap consists largely of near 

stagnant, ablating ice. Nearly all o f  this sector o f the ice cap lies below the equilibrium  

line altitude (ELA) as defined by mass balance data compiled by Koerner (1970).

Proxy data and field measurements provide insight into the clim ate history o f  

the ice cap since the end o f the Little Ice Age (LIA). Records o f summer m elt layers 

from ice cores in the Canadian Arctic indicate an abrupt warming trend beginning ca. 

1850 A D , with a second significant temperature increase after ca. 1925 (Koerner, 

1977b). Stake measurements made across the northwest part o f the ice cap (Sverdrup 

Glacier) since 1960 indicate a negative mass balance since observations began, with a  

trend towards increasingly negative balances since the late 1980’s (Koerner and 

Lundgaard, 1995).

2.3 METHODS

Changes in the surface area o f the Devon Island ice cap were determined from  

remotely sensed imagery acquired in 1959/1960 and 1999/2000. Ice m argins w ere 

digitized for each data set and drainage basin boundaries common to both data sets 

were delineated. Overlay analysis and raster cartographic techniques were then  

employed to detect and quantify areal differences between the extracted data sets.

2.3.1 Data Sources

The satellite image data used in this study were obtained from 3 Landsat 7 

ETM+ panchromatic (15 m resolution) scenes acquired on July 13, 1999 (path 38 row s 

6 and 7) and August 2, 2000 (path 36 row 7). All satellite images were purchased as 

L1G (radiometrically and geometrically corrected) processed data. The aerial
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photography consisted o f 250 1:60,000 photographs acquired in late July and early 

August o f  1959/1960 by the Government o f  Canada. The digital elevation model 

(DEM) used in this study was a subset o f the Canadian Digital E levation Dataset 

(CDED) produced from the National Topographic System (NTS) 1:250,000 m ap 

sheets which, in turn, were derived from the 1959/1960 aerial photography mentioned 

above. The DEM ’s were re-projected from the WGS-84 geographic coordinate system 

( 3 x 6  arc seconds) to a 100 m resolution NAD83 UTM grid. Vertical accuracy o f the  

DEM is +/- 20 m over bedrock and ice margins and increases to +/- 50 m throughout 

the interior regions o f the ice cap (A. Gagne, personal communication, 2002).

2.3.2 Image Preparation

All image data were referenced to the UTM  projection on the NAD83 datum. 

Satellite images were georeferenced to the 1:250,000 NTS map sheets using at least 40 

ground control points (GCPs) that were clearly identified in both images (RM S error <  

60 m). The satellite imagery was orthorectified in PCI Orthoengine™  V8.0 using the  

Satellite Orbital Modeler and the CDED DEM to correct for terrain distortions. T he 

orthorectified images were manually mosaiced to produce a 15 m resolution ortho­

image o f the entire Devon Island ice cap. The aerial photographs were obtained as 

contact prints and digitized at 300dpi (5 meters ground resolution) using a  Vidar 36” 

upright scanner. Each digital photograph was georeferenced to the Landsat 7 ortho­

mosaic by selecting between 7 and 12 GCPs (depending on the amount o f  exposed 

bedrock) over bedrock features clearly identifiable in both images (RMS error < 1 5  

m). The digital photos were then orthorectified in the PCI Orthoengine™  V8.0 Aerial
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Photography Modeler using the CDED DEM to correct for terrain distortions. Four 

mosaics o f the aerial photography were generated in Orthovista™  (image mosaicing 

software) and clipped to the geographic extents o f the corresponding 1:250,000 m ap 

sheets.

2.3.3 Linework Capture

Ice margins and boundaries o f interior bedrock regions were captured through 

on-screen digitizing techniques in ArcView 3.2™ geographic inform ation system 

from both orthorectified digital data sets. Linework representing ice margins w as 

digitized in ‘point mode’ as a series o f line segments and later converted to single 

polygon coverage in Arclnfo 8.0™. Interior bedrock regions were digitized directly as 

polygons in ArcView 3.2™. The 1960 ice margin was digitized from the contiguous 

ice mass. Any parts o f the ice cap that were separated from the main ice cap b y  

melting between 1960 and 1999 were included in the 1999 surface area calculations.

2.3.4 Drainage Basin Delineation

Drainage basins were delineated to allow areal changes to be associated w ith  

distinct catchment regions (Figure 2.2). A river network for the ice cap surface w as 

initially simulated from the DEM and overlayed on the satellite image mosaic. U sing 

the ‘jBasin’ utility in ArcView 3.2™, outlet locations (points where the simulated 

drainage paths flow o ff the ice cap edge) were identified interactively and the  

associated catchment areas were delineated based on flow accumulation and direction 

grids. Due to inaccurate representation o f  the ice surface by the DEM  in some areas,
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particularly towards the margins, ice flow (as observed from the Landsat image) is no t 

always consistent with the downslope direction derived from the DEM. In these cases, 

manual editing o f the boundaries was necessary to prevent drainage basin boundaries 

from cross-cutting ice flow lines. This was done through visual interpretation o f the 

Landsat ortho-mosaic. Drainage basin boundaries were then clipped by bo th  the 1960 

and 1999 ice margin polygons.

2.3.5 Area Calculation

Calculation o f area change in each drainage basin was performed using raster 

overlay techniques in ArcView G1S. The drainage basin boundary layer w as clipped 

by the 1960 and 1999 ice margin polygons to produce the same internal drainage 

divide structure for both years. The polygon coverages and interior bedrock regions 

were then converted to a 15 m resolution raster grid. Cells were coded w ith  unique 

arbitrary values assigned to each polygon with the same polygons having the sam e 

coded value for both years. For each data set (1959/1960 and 1999/2000) the interior 

bedrock regions were subtracted from the ice surface polygon coverage, resulting in 

‘ice surface only’ coverages. Areal changes were then calculated by com paring 

tabulated pixel counts for each gridded ice surface coverage on a per polygon basis.

2.3.6 Error Analysis

Errors associated with the ice cap area measured from the air photos were a 

function o f both the accuracy o f the co-registration between the air photos and the  

Landsat 7 ETM+ ortho-mosaic and the accuracy with which the ice cap m argin w as 

identified and digitized. Errors o f the Landsat 7 ETM + derived areas w ere only a
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function o f  the accuracy with which the ice cap margin was identified and digitized. 

Ice cap margins were digitized using on-screen digitizing in ArcView GIS that 

allowed the operator to zoom in to the pixel level for point data collection. Digitizing 

inaccuracies over unobscured sections o f the ice cap margin were therefore based on 

(a) im age resolution and (b) contrast between the ice cap surface and th e  adjacent 

terrain.

Co-registration errors between the air photo ortho-mosaics and the Landsat 7 

ETM + ortho-mosaic were estimated to be +/- 22 m based on residual values between 

40 (10 points from each air photo mosaic) independent check points identified in each 

data set. However, for the area measurement to be affected by the m axim um  amount, 

the co-registration error would have to displace each mosaic in equal and  opposite 

directions from each other. Since it is more likely that these errors are random , a value 

o f +/- 11 m (50% of the co-registration error) was chosen as a more realistic estimate 

o f the error attributed to co-registration (see Table 2.1).

Measurement uncertainty o f  the unobscured sections o f  the ice margin w as 

judged to be no greater than the pixel size o f  the image being digitized (+/- 15 meters 

for the satellite mosaic and +/- 5 meters for the aerial photography m osaic). This error 

was calculated as the product o f the total ice cap boundary length minus the length 

obscured, and the pixel width. For obscured sections o f  the ice cap perimeter, error 

was estimated as the product o f  the obscured segment length and a  maximum 

estimated line offset value applied to each type o f obscurity (Table 2.1). Because all 

missing or obscured sections o f the aerial photography ortho-mosaic w ere digitized 

from the 1:250,000 NTS map sheets, estimated offset distances were based on the co-
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registration accuracy between the aerial photography ortho-mosaic and the 1:250,000 

NTS m ap  sheets (+/- 75 meters).

O ffset distances were estimated for the satellite ortho-image based  on the 

confidence with which the ice margin could be identified within each  type o f  

obscurity. Because the margin was generally not completely obscured by cloud and 

shadow', error along these sections was estimated at +/- 90 meters. Sections o f the ice 

margin under cloud were faintly (intermittently) identified through semi-transparent 

(broken) cloud cover. Similarly, sections o f the ice cap margin obscured by  shadow 

were enhanced by applying a contrast stretching function to the imagery th a t allowed 

the margin to be identified with some degree o f confidence in these areas. Ice  margins 

obscured by late lying snow pack, however, were less distinct and identification 

accuracy was estimated at +/- 120 meters. Along these sections, the margin w as 

digitized at the angle o f inflection between the ice cap boundary and the snow-covered 

ground that was highlighted by differential illumination as a result o f  the local 

incidence angle o f the sun. In total, the ice cap margin was obscured (either partially 

or fully) by 3% and 0.8% in the satellite imagery and the aerial photography 

respectively.

Additional error could potentially have been generated in the orthorectification 

process due to registration errors between the imagery and the DEM . The DEM used  

in this study is essentially a digital version o f  the NTS topographic m ap sheets to  

which the Landsat 7 imagery was georeferenced with an RMS error o f  +/- 75 meters. 

The aerial photography was subsequently georeferenced to the Landsat 7 imagery 

(RMS error o f +/- 15 meters) increasing the registration error betw een the aerial
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photography and the DEM to +/- 90 meters. Therefore, the uncorrected aerial 

photography and Landsat 7 imagery may have been orthorectified based on 

topographic information offset by up to 90 meters from the associated features on the 

imagery. Orthorectification errors resulting from inaccurate co-registration between 

the D E M  and imagery however were not considered in this study because both data 

sets w ould  be affected equally by this problem therefore the relative difference in area 

m easurements would be minimal.

2.3.7 A rea Estimates and Total Error

The total error (TE) o f the area measured from each data source w as computed 

from the formula;

where g l ... gn represent the individual sources o f  error as specified in Table 2.1. The 

total area (TA) and the associated error as measured from the 1999 Landsat imagery 

therefore is;

TALandsat= 14,004 +/- 40 km

and for the 1960 Aerial photography is;

T A a e r i a l  photography — 14,342 +/- 31 km
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The error associated with the change o f  areal extent (difference between the 

1999 area and the 1960 area measurement) was taken as the greater o f  the 2 error 

estim ates.

Therefore,

Total area change = 3 3 8 + /-4 0  km2

Area change measurements derived for individual drainage basins w ere 

estimated to be accuate to +/- 11% for basins with unobscured margins. F o r all other 

drainage basins, error was estimated as a function o f the length (and type) of the 

obscured margin within the basin.

The error analysis presented in this study likely overestimates the actual error 

because it assumes a maximum digitizing offset along the entire perim eter o f  the ice 

cap boundary. Previous work based on repeat digitizing experiments has dem onstrated 

that errors associated with digitizing points along the perimeter o f  a polygon are 

limited to a statistically derived epsilon band which is significantly smaller than the  

maximum offset width (Dunn, and others, 1990). ft is beyond the scope o f  this study 

however, to minimize the stated error by deriving a statistical distribution o f  digitized 

points about the ice cap margin.
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2.4 RESULTS

The Devon ice cap has experienced a net decrease in area o f  338 +/- 40 km 2 

over the  past 40 years. Surface area changes were most significant in 4 distinct regions 

o f the ice cap.

(1) Retreat o f the 4 major tidewater glaciers on the east coast (Figure 2.3)

-j
accounted for 38 +/- 4 km o f the decrease in area o f the ice cap. The m ost northerly 

glaciers (i) and (ii) experienced retreat o f up to 1300 m from the 1960 terminus 

location and the central glacier (iii) retreated approximately 750 m. The m ost 

southerly glacier (iv) experienced maximum retreat o f  up to 3000 m.

(2) Increase in the area o f exposed bedrock in the interior regions o f  the ice cap 

accounted for 28 +/- 5 km2 o f the decrease in ice surface area (Figure 2.3). The basins 

most affected are located in the mountainous north-east and south-east regions o f the  

ice cap. The increase in exposed bedrock area in these regions indicates a lowering o f  

the ice cap surface.

(3) Marginal retreat o f the south-west arm (Figure 2.4) accounted for a 200 +/- 17

km2 decrease in surface area o f the ice cap.

(4) Ice margin advance by an average o f 130 meters along a 80 km section o f the

northwest margin (Figure 2.5) accounted for a 10.5 +1-2 km2 increase in surface a rea  

o f  the ice cap.
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The changes described above account for approximately 76% o f  the to tal 

change experienced by the Devon ice cap. The remaining changes in term s of a rea  

decrease have occurred primarily as a result o f glacier retreat within sm all basins 

located throughout the south and north-east sectors o f the ice cap. The remaining 

increases in area have resulted from advance o f the Sverdrup glacier (basin 12) by up 

to 250 meters and the 2 major outlet glaciers that drain south into Croker B ay (basins 

42 and 40) which have experienced advance o f between 100 -  400 meters along their 

termini.

2.5 ANALYSIS

Variability in the areal changes observed could be due to regional differences 

in climate forcing, to variations in the sensitivity o f glacier mass balance to given 

changes in climate, or to differences in the response time o f different sectors o f the ice 

cap to mass balance changes. It is also probable, however, that the variations in ice 

margin fluctuations have resulted from a complex interaction o f  these factors 

combined with the fact that tidewater terminating glaciers are likely to  respond 

different from land-terminating glaciers given similar climatic conditions.

2.5.1 Prevailing Climate Pattern

Differential changes at the ice margin may reflect growth related to the 

influence o f a prevailing climate pattern on the ice cap geometry. The predom inant 

moisture supply for the ice cap is derived from the cyclonic weather systems that 

move across the ice cap from Baffin Bay. These systems deposit over tw o times as
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much precipitation over the east sector o f the ice cap than the west (Koerner, 1966). 

Ice cap growth in the extreme southeast is also encouraged by the m aritime effect 

associated with the North Open Water polynya, which suppresses summer m elt in th is 

region (Koerner, personal communication, 2002). Koerner (1977a) has suggested that 

this pattern has likely persisted since at least 6000 - 5000 years B.P. to produce the 

asymmetric geometry o f the ice cap that exists today. The eastern basins are  typically 

larger and descend to lower elevations than basins in the west. This results in the east 

side o f the ice cap being subjected to greater amounts o f surface ablation and m ass 

loss due to ice berg calving than basins on the west side. The significant m ass losses 

that have occurred along the east side o f the ice cap may therefore suggest that those 

regions o f  the ice cap that experienced preferential growth in the past as a result of th is 

prevailing climate pattern are most susceptible to recent increases in average air 

temperature.

2.5.2 Basin Hypsometry

Analysis o f the hypsometry o f the major basins was performed to investigate 

the influence o f basin topography on ice cap response to recent climate changes. Tw o 

parameters were used to characterize the basin topography: a Balance Ratio (BR; 

Furbish and Andrews, 1984) and a sensitivity index derived in this study which 

provides a measure o f the relative change in glacier mass balance resulting from a 

prescribed change in ELA.

The balance ratio (BR) was calculated from the equation:
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BR = (Zm -  ELA) /  (ELA -  Zt) (2)

where Zm = maximum elevation o f  the glacier, Zt = terminus elevation o f  the glacier, 

and ELA = equilibrium line altitude. For a rectangular glacier, the change in the 

altitude o f  the glacier terminus that results from a prescribed change in the ELA is an 

inverse linear function o f the Balance Ratio. For glaciers with other shapes, the 

relationship is still inverse, but non-linear (Furbish and Andrews, 1984, p202-203). 

Thus if  the ice cap as a whole were subjected to a spatially uniform change in ELA, 

the change in terminus position resulting from that ELA change would primarily be a 

function o f  the BR and planimetric shape o f the basin.

B R ’s were calculated for the major drainage basins o f  the Devon Island ice cap 

using ELA estimates derived from the 1960-1966 mass balance observations by  

Koerner (1970). The ice cap was divided into quadrants, with boundaries following 

the watershed divides and appropriate ELA values were applied to each region. ELA s 

for the northwest and southeast zones were identified directly from K oerner’s 

measurements (950 meters a.s.l. and 800 meters a.s.l. respectively) and E L A ’s w ithin 

the northeast and southwest zones were taken as the average o f the 2 adjacent zones 

(875 meters a.s.l.). Basin hypsometry was derived from the CDED data and analysis 

was limited to basins larger than 170 km2, which comprise more than 85% o f  the to tal 

ice cap area.

Although the ELA used to calculate the balance ratio index should be that for 

an ice cap in steady state, the mass balance associated with the ELAs chosen above is 

slightly negative. Based on analysis o f  the mass balance / ELA relationship, K oerner
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however, suggests that a steady state ELA for the northwest sector o f the  ice cap is 

920 +/- 80 meters. As the ELA assumed for the north-west region o f  950 meters falls 

in this range, we are therefore confident that our method o f estimating the E L A  for the  

rest o f  the ice cap is adequate for proper balance ratio calculations.

The calculated BRs display a strong logarithmic relationship (r2 =  0.78) w ith 

percent area change o f  the major drainage basins (Figure 2.6). M ost basins with B R  

values below 1.0 have experienced a significant reduction in surface area. M aximum 

elevations o f these basins are collectively among the lowest on the ice cap (Table 2.2) 

resulting in a relatively small altitudinal range above the ELA. In particular, Basins 39 

and 48 reach maximum elevations o f only 998 and 1169 meters a.s.l. respectively, 

resulting in extremely low BR values for these basins. Basins with B R ’s greater than

1.0 have experienced much less o f an area decrease, and in some cases, these basins 

have increased in size. Those that have experienced growth (42, 40, 25, and 17) are 

concentrated mainly along the western margin. Although these basins only reach 1500 

-  1600 meters a.s.l., their average terminus elevation is 400 meters a.s.l., which results 

in a small elevational range below the ELA. Also, because the termini o f  these basins 

are relatively high, they experience cooler temperatures that inhibit glacier retreat. 

Basins that have experienced limited shrinkage (< -1 %) and have B R ’s greater than

1.0 (2, 44, 41, 43 and 45) extend up to elevations equal to or close to those o f the ice 

cap summit. These basins generally have larger accumulation area ratios (AARs) than  

glaciers that have shrunk significantly, and their mass balance was presumably less 

strongly affected by the post LIA rise in ELA.
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Excluding the southwest arm, basin shape appears to have had som e influence 

on the amount o f area loss at the ice cap margin. Basin shapes were grouped into 3 

main categories according to the Furbish and Andrews (1984) classification scheme: 

Type “A ” -  rectangular shaped basins, type “C” -  basins that taper up-glacier, and 

type “D” -  basins with wide mid sections that narrow in both up and dow n glacier 

directions. For glaciers with BR’s less than 1.0, type “D” shaped basins have 

decreased in size by an average o f 3.4% whereas those in type “A” basins have only 

shrunk by an average o f  1.7%. Areal change o f  glaciers in basins with balance ratios 

greater than 1.0, show no correlation with shape, however.

Basin hypsometry was analyzed further to determine the sensitivity o f m ajor 

drainage basins to climate warming. Basin sensitivity (BS) values were estimated as 

the fractional change in AAR resulting from a 100 meter rise in the ELA:

BS = AAAR+ioom /A A R  (3)

where,

AAR = Accumulation area /  Total Basin Area (4)

AAR (accumulation area ratio) represents the proportion o f the basin area within the 

accumulation zone and AAAR+ioom is the change in accumulation area ratio resulting 

from a 100 meter rise in ELA as documented in the CDED DEM for 1959/1960 (year 

o f the aerial photography used to derive the CDED DEM).
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Overall, the calculated BS values display a strong linear relationship (r2 =  0.79) w ith  

percent area change o f the major drainage basins (Figure 2.7). This relationship is 

controlled mainly by BS values o f the basins situated at lower elevations (ie. basins 

38,52,48, and 39). These basins have relatively high BS values (> 0.2) and have 

experienced significant areal change over the past 40 years. A trend is less obvious fo r 

basins w ith BS values < 0.2.

The spatial distribution o f BS values highlights the relative susceptibility o f  

various regions o f the ice cap to climate warming (Figure 2.8; Table 2.2). Basins w ith 

BS values greater than 0.23 (‘VFF; basins 38, 39, 48, 52) have small A A R s and have 

experienced the greatest average retreat o f all major basins since 1960. These basins 

are restricted to lower elevations (ie. have low maximum and terminus elevations; see 

Table 2.2) where shrinkage appears to be a direct function o f the relative loss o f  

accumulation area due to raising the ELA. Drainage basins classified as ‘highly 

sensitive’ ( ‘FF; 31,29, 43, 45, 17, and 25) include those that occupy the  western 

margin and have experienced recent advance. These basins are predom inantly type ‘C ’ 

in shape implying that the accumulation area ratio increases rapidly as the  ELA is 

lowered. Recent advance throughout this region indicates that these basins m ay not ye t 

have reacted fully to recent climate warming. Medium sensitivity basins ( ‘M ’; 46,15, 

44, and 41) are concentrated on the eastern side o f  the ice cap. They are predom inantly 

type ‘A ’ in planimetric shape (accumulation area ratio decrease is directly proportional 

to a rise in ELA) and reach near-summit elevations with A A R’s averaging 0.71. 

Finally, low sensitivity drainage basins (‘L ’; 12, 42, 2, and 40) have properties very
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similar to  the ‘M ’ basins except that they drain towards the north and south coasts and 

have an average AAR o f 0.81.

The hypsometric curves plotted in Figure 2.9 indicate the distribution o f  

surface area within a basin in relation to elevation above or below the ELA . Basins in 

which the  ELA intersects the steepest section o f  the curve (basins 38 and 52) are m ost 

sensitive to climate change because moving the ELA from the current location results 

in changes in accumulation area that are large relative to the total basin area. In some 

cases however, the ELA intersects the hypsometric curve close to the upper limit o f  

the cumulative basin area (basins 39 and 48). The accumulation areas w ithin these 

basins have almost entirely disappeared resulting in consistently high ELAs regardless 

o f fluctuations o f the ELA. The ELAs of highly sensitive basins (‘El’) intersect steep 

sections o f  the hypsometric curves. The sensitivity o f these basins is reduced however 

by the fact that the areal fraction o f these basins below the ELA is generally less than 

0.4. Medium sensitivity basins (‘M ’) have between 0.2 and 0.3 o f  their cumulative 

area below the ELA whereas low sensitivity basins consistently have less than 0.2 o f  

their area below the ELA. Both o f  these basin types intersect relatively low  sloping 

sections near the inflection point along the hypsometric curves, indicating that the 

accumulation area o f these basins will decrease at a much faster rate as the ELA is 

raised than it will increase as the ELA is lowered.
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2.5.3 Response Time

Approximate response times (RT) were calculated for each o f  the m ajor 

drainage basins using the volume time scale following Johannessen, and  others, 

(1989);

RT = H / b t (5)

where H  is the maximum thickness o f  ice within the basin and bt is the m ass balance at 

the glacier terminus. Ice thickness data were obtained from Dowdeswell’s 2000 R ES 

data set (Dowdeswell, and others, 2004) and terminus ablation rates were interpolated 

from Koerner’s, 1961 -  1998 mass balance observations as compiled by Dyurgerov 

(2002).

A moderate inverse relationship (r2 = 0.65) exists between RT and percent area  

change o f  the major basins across the ice cap (Figure 2.10). The maximum areal 

changes have occurred in those basins with the shortest calculated response times, and 

the magnitude o f change decreases logarithmically (and in some cases the basins grow  

rather than shrink) as the calculated response times increase.

Three distinct groupings emerged from these RT calculations (Table 2.3). R T s 

in the first group o f basins range from ca. 125 years to ca. 380 years. This group 

includes -70%  o f all major basins. Although all basins in this group term inate at o r 

near sea level where ablation rates are highest, basins with the shortest RTs in th is  

group (29, 38, 39, 46, 48, and 52) are restricted to the peripheral regions (ie. their 

source regions do not extend to the ice cap summit region) where the ice is thinnest.
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Except for basin 39 (southwest arm), all basins in this category are located along the 

east or south margins o f the ice cap. Other basins within this group (2, 40, 42, 12, 41, 

15, and 44) extend further inland towards the ice cap summit, lengthening the  RT due 

to increased ice thickness. Basins exhibiting intermediate (ca. 700 years) an d  long (ca. 

950 years) RTs terminate at higher elevations (500 -  600 meters a.s.l.) w here terminus 

ablation rates are relatively small. These basins are concentrated along the  western 

margin and they also extend inland towards the interior summit region where ice 

thickness is greatest.

The RTs calculated here are consistent with characteristic RTs suggested by  

Bahr, and others (1998). Glaciers in larger basins with steeper mass balance gradients 

(east side) have significantly shorter RTs than glaciers in smaller basins w ith 

shallower mass balance gradients (west margin). This difference suggests th a t the east 

and west sectors o f  the ice cap may be responding to distinctly separate periods o f  

climate forcing.

2.5.4 Multiple Regression Analysis o f Areal Change

To determine the influence o f BS, BR, and RT on the areal changes (AC) 

measured, multiple regression analysis was performed, resulting in the equation:

AC = (-9 .87  (+/- 0.86) * BS) + (0.002 (+/- 0.0005) * RT) (6)
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(r2 = 0.854). BR was highly correlated with RT (r2 = 0.86) and was therefore excluded 

from this analysis. P-values o f 0.00001, and 0.002, were obtained for the coefficients 

o f BS and RT respectively.

2.5.5 Volume Change Estimates

Ice cap volume change was calculated using 2 independent m ethods. The first 

method was based on calculating the difference between the 1960 ice cap  volume, 

derived from the volume-area scaling (VA) technique (Bahr and others, 1997), and the  

2000 ice cap volume derived from Dowdeswell’s RES data. Using this method, the 

1960 volume was calculated for the southwest arm and the main ice cap separately, 

and summed for a total ice cap volume estimate. The second method calculates the  

change in volume o f a glacier as the product o f the maximum thickness and the length 

change at the terminus (MT) (Hooke, 1998, p219). In order to account for the  

influence o f glacier width, the total area change measured in each basin was multiplied 

by the maximum thickness to estimate the resulting change in volume. Using th is 

method, volume change was calculated for each major drainage basin separately and 

summed to estimate the total ice cap volume change.

The 1960 ice cap volume (VOL1960) was calculated from the VA m ethod using 

the formula:

VOL,960 = SC * A I9601 25 (7)
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where, A 1960 is the area o f the ice cap in 1960 and 1.25 is the appropriate exponent for 

small ice caps (Bahr and others. 1997). The scaling constant (SC) is derived from the  

formula:

S C = V O L 2 o oo / ( A , 9 9 9 L25)  ( 8 )

where A 1 9 9 9  is the area in 1999 and VOL2000 is the volume in 2000 taken from  

DowdeswelPs RES data. VOL2000 measurements o f 3854 km3 and 107 km 3 produced 

scaling constants o f 0.0299 and 0.0095 for the main ice cap and the southwest arm  

respectively. Applying the scaling constants to the 1960 measurements resulted in a

3 3total volume estimate o f 4030 km (124 and 3906 km for the southwest arm  and m am  

ice cap respectively). Differences between the 1960 and 2000 volum e estimates 

derived from the VA method and from Dowdeswell’s RES measurements respectively 

indicate a loss o f 68 km3 for the entire ice cap and 16 km3 for the southw est arm over 

the past 40 years. Volume changes estimated using the MT method were a  loss o f 62 

km3 for the whole ice cap and 18 km3 for the southwest arm. These estim ates imply a 

thinning o f ~3 meters averaged over the main part o f the ice cap and ~8 m eters over 

the southwest arm.

The error for the VA method was estimated at +/- 12 km3, based on the 1960’s 

area measurement error o f +/- 30 km2. For the M T method the error o f +/- 9 km3 w as 

estimated as the product o f the average area measurement error betw een 1960 and 

1999 (+/- 35 km2) and the average ice cap thickness (284 meters). The total volume
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loss o f  the Devon ice cap between 1960 and 1999 was therefore estimated as 65 +/- 12 

km3.

Our computed volume loss o f 65 km3 equates to a 0.15 mm contribution to  

global sea level between 1960 and 1999. When extrapolated to all ice cover in the 

Canadian arctic, this would represent a total contribution o f -1 .5  m m . This is 

approximately one-sixth the current estimated contribution from all A laskan glaciers 

(Arendt, and others, 2002) which cover -40%  less surface area than ice in the 

Canadian Arctic.

2.6 CONCLUSIONS

Remotely sensed imagery acquired in 1959/1960 and 1999/2000 reveals a net 

decrease in surface area o f the Devon Island ice cap o f  338 +/- 40 km  with an 

associated volume loss o f 65 +/- 12 km3. The dominant trends in geometric change are 

retreat (thinning) o f  the eastern margin, growth o f the western basins, and rapid 

shrinkage o f the southwest arm. Major tidewater glaciers along the east coast have 

retreated up to 3 km over the past 40 years. These glaciers drain from basins that have 

experienced increased bedrock exposure indicating that the ice surface w ithin these 

basins has lowered. Advance o f the north-west margin suggests either that conditions 

favourable to ice sheet growth are prevalent in this region, or that this sector o f  the ice 

cap is still responding to the cooler conditions o f  the Little Ice Age. The southwest 

arm o f the Devon Island ice cap lies almost entirely below the regional ELA (Koerner, 

1970). Thus, rapid retreat o f the ice margin in this region reflects the loss o f the  

accumulation area for this sector as a result o f  ELA rise driven by post LIA warming.
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Statistical analysis has shown that 85.4% o f the variance in basin a rea  change 

is explained by variations in the basin sensitivity and response times o f  different 

drainage basins. The logarithmic relationship between BR and AC suggests that the 

ice cap will shrink at a much faster rate in response to a given rise in the E L A  than it 

will grow in response to an equivalent lowering o f the ELA. Similarly, cumulative 

area curves for most basins indicate that the rate o f accumulation area loss as the ELA  

is raised is greater than the rate o f accumulation area gain when the ELA is lowered. 

Finally, response times o f 700 to 1000 years throughout the western region indicate 

that the advance o f these basins is likely a delayed response to cooler L IA  climatic 

conditions. In contrast, shorter response times (100 -  400 years) for the remaining 

basins suggest that the observed retreat over these regions is likely a response to post 

LIA warming.
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Image Type Error Source Line Segment 
Length (km)

Line Placement 
Error (m)

Area Estimate 
Error (+/-km ‘2)

Landsat 7 Digitizing 2678 15 40
Landsat 7 Cloud 19 90 2
Landsat 7 Shadow 14 90 1
Landsat 7 Snow 50 120 6
Landsat 7 Total 40
Aerial Photography Digitizing 2546 5 13
Aerial Photography Co-registration 2567 11 28
Aerial Photography Obscured and missing imagery 21 75 2

Aerial
Photography Total 31

Table 2.1 Summary o f error associated with extracting linework from the satellite and 
aerial photography image data.
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Basin ID ELA
Zone

Balance
Ratio

Basin % Area 
Sensitivity Change

Basin
Shape

Accumulation 
Area Ratio

Minimum 
Elevation (m)

Max. 
Elevation 
(meters 

above sea 
level)

12 ...14WV„; 0.91 L(0.09) -0.4 A 0.83 0 1854
42 s w 1.2 L(0.09) 0.3 D 0.77 0 1835
2 NE 1.37 L(0.07) -0.2 A 0.82 0 1901

40 SW 1.38 L(0.09) 0.3 A 0.81 5 1897
46 SE 1.2 M(0.14) -1.9 C 0.65 0 1674
15 NE 1.37 M(0.13) -1.4 A 0.69 0 1901
44 SE 1.74 M(0.10) -0.4 A 0.77 0 1853
41 SE 1.89 M(0.14) -0.3 D 0.57 0 1901
25 NW 3.06 M(0.14) 0.3 A 0.87 540 1667
31 Ntt 0.8 H(0.23) 1.1 C 0.59 312 1521
20 NT. 0.91 11(0.1X) -2.4 D 0.61 0 1708
43 SW 2.53 H(0.16) 0 C 0.73 398 1633
45 SW 2.84 H(0.20) -1.2 C 0.77 538 1443
17 NW 3.38 H(0.22) 0.8 C 0.73 561 1666
50 SW 0.03 MlfO.ooi -10.5 \  A 0 119 098
52 SE 0.2 VI 1(0.46) -2.5 A 0.15 34 1 141
4S SE 0.21 VI 1(0.59) -4.5 D o.01 0 1 169
58 SE 0.75 VI 1(0.51) JJ 9 A 0.45 0 1484

Table 2.2 Hypsometrically derived index values and associated glacier attributes for 
all major drainage basins. Shaded rows indicate basins with balance ratios below  1.0.
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Basin ID Quadrant % Area 
Change

Terminus 
Mass Balance 
(Kg m'2 a'1)

Maximum 
Thickness (m)

Response 
Time (yrs)

25 Nw 0.3 -680 666 979
45 Sw -1.2 -595 571 959
17 Nw 0.8 -620 589 950
51 \ w 1.1 -850 576 ('77
■13 Sw 0 -940 621 660
2 Ne -0.2 -1875 712 379

40 Sw 0.3 -1875 705 376
42 Sw 0.3 -1875 695 370
12 Nw -0.4 -1500 555 370
41 Se I o -2250 775 344
15 Ne -1.4 -1875 597 318
44 Se -0.4 -2250 706 313
48 Se -4.3 -2250 539 239
46 Se -1.9 -2250 463 205
52 Se -2.5 -2200 403 183
29 Ne -2.4 -1875 318 169
38 Se -2.2 -2250 330 146
39 Sw -10.3 -1600 200 125

Table 2.3 Response time estimates and associated glacier attributes for each 
major drainage basin across the ice cap. Shaded rows highlight the interm ediate 
class o f  response time estimates.
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Figure 2.1 Location o f the Devon Island ice cap in the Canadian Arctic Archipelago. 
Image o f the ice cap is an orthorectified m osaic o f  Landsat 7 satellite panchrom atic 
data acquired on July 13, 1999 and August 2, 2000. Contour interval is 200 meters.
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Drainage Basin Divide 52 Basin ID

Figure 2.2 Drainage basins o f  the Devon Island ice cap. Only the basins labelled w ith  
unique identification numbers were used for analysis in this study.
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 — I960 ice margins and drainage divides.

2J$ Percent increase h j  area of exposed bedrock

Figure 2.3. 1960 ice margins superimposed on 1999/2000 Landsat im age mosaics 
highlight retreat o f the major tidewater glaciers over the past 40 years. Shaded basins 
have experienced a minimum increase o f 2 km 2 o f exposed bedrock area between 
1960 and 1999 within the ice cap interior.
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z ' 1960 ice margin

Figure 2.4 Ice margin retreat and apparent thinning o f the southwest arm.
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1960 ice margin

Figure 2.5 Section o f the advancing northwest margin.
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Figure 2.6 Plot o f  the logarithmic relationship between calculated balance ratios and 
percent area change o f glaciers in the major drainage basins between 1959/1960 and  
1999/2000.
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Figure 2.7 Plot o f the linear relationship between basin sensitivity and percent area 
change o f glaciers in the major drainage basins measured between 1959/1960 and 
1999/2000.

48

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



Basin Sensitivity  
Index Values

]  0.01 -0 .1 0  (Low)
]  0 .1 0 -0 .1 4  (Medium)
1 0 .1 4 -0 .2 3  (High)
1 0.23 -  1.00 (Very High) 
] Not Classified

Figure 2.8 Relative sensitivity o f  glaciers in the m ajor drainage basins to  increasing  
the ELA by 100 m eters.
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Figure 2.9 Hypsometric curves o f  the norm alized cumulative area for each major drainage 
basin plotted in relation to the ELA (vertical line at 0) for each quadrant o f  the  ice cap.
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Figure 2.10 Plot o f the logarithmic relationship between response time and percent 
area change o f glaciers in the major drainage basins measured between 1959/1960 and 
1999/2000.
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CHAPTER 3

FLOW DYNAMICS AND ICEBERG CALVING RATES OF THE 

DEVON ISLAND ICE CAP, NUNAVUT, CANADA

3.1 INTRODUCTION

M ost o f  the outlet glaciers that drain the interior regions o f the D evon Island 

ice cap, Nunavut, Canada, terminate in tidewater, making them potentially sensitive to  

changes in both climate and sea-level. Iceberg calving from the term ini of these 

glaciers has not previously been quantified, but may constitute a significant mode o f  

mass loss from the ice cap. The rate o f  calving may be sensitive to changes in the flow 

dynamics o f the glaciers and to changes in terminus position related to instabilities o f  

the grounding line. Knowledge o f the velocity structure o f the ice cap is essential for 

identifying the major pathways by which ice is removed from the ice cap, and for 

estimating the rate o f mass loss by iceberg calving and its relative contribution to  

overall changes in the mass o f  the ice cap. A  recent study by Burgess and Sharp

•3

(2004) estimated that the Devon Island ice cap has decreased in volume by  -67  km  

between 1960 and 1999. M air and others (in review) suggest that surface melting m ay 

account for between 60 -  90% o f  this loss indicating that iceberg calving m ay account 

for up to 40% (27 km3) o f the total mass loss over this time interval.

In this study, surface velocities were derived for almost the entire Devon ice 

Island cap using satellite radar interferometry (InSAR). The pattern o f  surface
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velocities in the look direction of the satellite was analysed to identify the  dominant 

ice flow regimes and the spatial relationships between slow and fast flowing sectors o f  

the ice cap. Downslope surface velocities were projected from look direction 

velocities in order to quantify the flow rates o f  all major glaciers on the ice cap. Ice 

thickness data acquired using airborne radio echo sounding (Dowdeswell and others, 

2004) were used in conjunction with surface velocity values to calculate calving fluxes 

at the terminus o f  94% o f all tidewater glaciers draining the ice cap. The velocity and 

ice thickness data were also used to investigate the nature o f the transition zones 

between slow and fast ice flow, and the mechanisms o f  ice flow along the m ajor 

glaciers that drain the interior regions o f the ice cap.

3.2 STUDY AREA

The Devon Island ice cap occupies approximately 14,000 km 2 o f the eastern 

part o f Devon Island, Nunavut, in the Canadian high Arctic (Figure 3.1). Landsat 7 

ETM+ imagery acquired in 1999 suggests that ice flow patterns are strongly influenced 

by the form o f  the underlying bedrock surface, and that they differ significantly 

between the east and west sides o f the ice cap. W est o f the central north-south divide, 

the ice cap rests on a relatively flat plateau and flows westwards as a single broad lobe 

(-82  km long) that terminates on land between 400 and 600 m a.s.l. This region is also 

drained by 2 outlet glaciers that flow south into Croker Bay and by the Sverdrup 

Glacier that flows north into Jones Sound (Figure 3.2). These glaciers all extend m ore 

than 14 km beyond the main ice cap margin. East o f the central divide, the topography 

is primarily mountainous. Large outlet glaciers that extend up to 41 km inland from
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the coast drain the north-east sector. The east-central region is dissected by  a series o f  

outlet glaciers that extend up to 60 km inland from the ice cap margin. M ost o f these 

outlet glaciers terminate in tidewater, and they comprise 89% of the 73 km  o f the ice 

cap m argin that reaches the sea (Dowdeswell and others, 2004). Flow stripes (Figure 

3.3) are characteristic surface features along these glaciers indicating that ice motion 

is likely due to sliding at the glacier bed (Gudmundsson and others, 2003; 

Gudmundsson and others, 1998). Margin - parallel layering and surface parallel m elt 

streams are surface features common to the remaining areas o f  the ice cap below 

-1000 m a.s.l.

3.3 INTERFEROMETRIC MEASUREMENTS

Surface velocity fields across the Devon Island ice cap were derived from  

InSAR which measures topography and displacement o f the Earth’s surface as a result 

o f  the interference pattern created between a coherent pair o f radar images acquired 

from successive satellite passes along the same orbital path (M assonnet and Feigl, 

1998). In order to isolate the component o f surface motion in the interferogram, the 

effects o f topography must be removed by either subtracting an independent DEM  

from the InSAR pair (Joughin, and others, 1996) or through double-differencing w ith 

a second coherent InSAR pair (Gabriel and Goldstein, 1989). In this study, double 

differencing was performed with 2 radar pairs acquired over the south-east region o f  

the ice cap during the ERS1/2 tandem mode mission in 1996 (see Table 3.1 for orbital 

pairs and Figure 3.2 for the footprint o f the radar images). Topography w as removed 

from the interferograms over the western half and the north-east region (where only
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single radar pairs were available) using the Canadian Digital E levation Dataset 

(CDED) as the external DEM. The ‘motion only’ interferograms were unwrapped and 

converted to absolute values by referencing bedrock features identifiable in  the radar 

im agery to zero velocity (Zebker and others, 1994). The 3 ‘m otion on ly’ 

interferograms were then manually mosaicked to produce line o f sight velocity fields 

( V/xjs) over 98% o f the ice cap surface (Figure 3.2). Line o f sight velocities w ere 

projected to true downslope velocities (V os)  based on the satellite-ice surface 

geom etry (Cumming and Zhang, 1999; Vachon and others, 1996) according to the 

formula;

Vd s  = Vlos / ((cosa sinv sin#) + (sinot cos#)) (1)

where a = slope o f the ice cap surface, v = angle between the look direction of the 

satellite and the direction o f ice flow, and # = incidence angle o f the radar beam (33 ° 

for the ERS satellites). Throughout the interior regions o f the ice cap, ice w as assumed 

to flow in the direction o f maximum slope o f ice cap surface. Surface slopes were 

computed from the Canadian Digital Elevation Dataset (CDED) that was smoothed at 

a horizontal scale equivalent to ~6 times the local ice thickness. The direction o f ice 

flow over outlet glaciers was mapped from the orientation o f flow stripes visible in the 

Landsat 7 ETM+ imagery. Projecting line o f sight velocities to downslope velocities 

produces unreliable results over regions where ice flow is nearly perpendicular to the 

look direction o f the satellite (Unwin, 1998). Therefore, since InSAR from  only a
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single look direction was available, true surface velocities could be com puted for only 

-75%  o f  the ice cap surface.

3.3.1 Error estimates for InSAR measurements

The main source o f velocity error (Verr0r) associated with the measurements o f  

downslope surface displacement derives from projecting the line o f  sight velocities 

from a single look angle. Throughout the interior regions where ice velocity is 

generally < 20 m a"1, Verror was quantified by comparing the projected InSAR data 

with point velocity values from repeat differential global positioning system  (GPS) 

measured in the field. The positions o f thirteen velocity stakes deployed above the 

equilibrium line altitude (Figure 3.2) were measured during May 2000 using Leica 

Geosystems Series 500 GPS dual frequency antennae. GPS tracking data w as 

collected for 3-4 hours at each site. The data were post-processed using the  GIPSY- 

OASIS II software package (Webb and Zumberge, 1995), which includes models and 

estimation algorithms, developed by N A SA ’s Jet Propulsion Laboratory (JPL), that 

account for orbit, Earth orientation, clock biases and a range o f other geodetic and 

astronomic parameters. The l a  uncertainty in horizontal positioning w as <0.02 m  

(J.F. Zumberge, personal communication, 2004). Repeat measurements w ere made at 

each stake in April 2001. Slight measurement errors may have been incurred in the 

repositioning o f  antennae on the stakes and from wind induced m ovem ent during 

measurement periods. We estimate the error in the annual surface displacement 

measurements to be < 0.05 m. Measured annual surface displacements ranged from
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2.33 m , near the saddle o f the southern half o f  the north-south ice divide, to  12.24 m  

just above the equilibrium line in the south-eastern sector (A8 and A9 respectively in 

Figure 3.2). The average discrepancy between the velocity stake data  and the  

associated InSAR pixel data agreed to within an average o f +/- 2.54 m a '1 indicating a 

conservative V error o f +/- 3 m a '1 throughout the interior regions o f the ice cap.

Verror over ice moving greater than 20 m a '1 (where D G PS velocity 

m easurements not performed) were determined to be a function o f the accuracy w ith 

which the direction o f ice flow was measured. The direction o f ice flow over these 

regions was determined from the visual inspection o f flow stripes in the Landsat 7 

imagery and was estimated to be accurate to within +/- 2° in azimuth. This error 

translated into an accuracy o f 2 -  10% of the projected surface velocity values, 

depending on the angle between the direction o f ice flow and look angle of th e  

satellite.

Significant variability in seasonal velocity measured over several high arctic 

glaciers (Cress and Wyness, 1961; Iken, 1972; Copland and others, 2003a; Bingham 

and others, 2003) suggests that additional error may be introduced when extrapolating 

InSAR derived velocity measurements to annual values. Summer velocities up to  

100% higher than winter velocities were recorded at certain low elevation velocity 

stakes by Copland (2001) on the John Evans Glacier, Nunavut. Such variability would 

not be detected in the short-term ( 1 - 3  day) InSAR velocity measurements. A lthough 

the effects o f  seasonal variability cannot be quantified due to a lack o f  summer 

velocity measurements over the ice cap, it is likely that the areas affected are restricted 

to the main outlet glaciers. Since the radar imagery used in this study was acquired in
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the w in ter and spring months (before the onset o f melt), velocities derived from these 

data likely represent minimum annual values.

3.4 SPECKLE TRACKING MEASUREMENTS

Intense crevassing and relatively high velocities at the termini o f  th e  Eastern, 

Belcher, and Unnamed Glaciers caused de-correlation between the ERS 3-day repeat 

pass image pairs over these regions. The technique o f speckle tracking (Gray and 

others, 2001; Joughin, 2002) was therefore used to measure surface velocities over the  

terminus o f  the Belcher Glacier. Speckle tracking measures movement o f  the surface 

o f the earth between 2 coherent radar images acquired from successive orbital cycles 

(Gray and others, 2001). Coherence is based on the backscatter properties of each 

image, which allow the pairs to be co-registered to within a fraction o f  a pixel. In th is  

study, pixels were re-sampled to 250 m resolution. Displacement rates and directions 

are measured by matching the speckle pattern o f a roving chip (several p ixels in size) 

to a reference image. Unfortunately, poor coherence between the Radarsat 1 pairs 

precluded the application o f this technique to other areas o f the ice cap. Ice velocities 

o f 180 -  300 m a '1 were measured throughout the terminal reaches o f  the  Belcher 

Glacier. Velocities o f up to 21 m a '1 were, however, measured over adjacent bedrock 

outcrops (where velocity should be 0 m a '1), indicating that the error o f  the velocity 

estimates is up to 10% o f the measured value.

58

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



3.5 ICEBERG CALVING RATES

The volume o f ice calved was quantified for 94% of that part o f the  perimeter 

o f the ice cap that terminates at sea-level. Total discharge was calculated as;

QTotal= Q fl ux +  Q v_ loss ( 2 )

where Qjim is the volume o f ice flux discharged at the tidewater termini between 1960 

and 1999 and Q vj oss is the volume loss due to the observed change o f  terminus 

position over that interval (Burgess and Sharp, 2004).

Although the predominant ice flow regimes at the location o f the flux  gates for 

which Qflyx was determined are known (derived in a later section), the exact ratio o f  

sliding to ice deformation at each gate is not known. A range o f estimates o f  Qflm w as 

therefore made, based on different assumptions regarding the contribution o f  internal 

deformation to overall glacier motion. The maximum estimate was based on the 

assumption that glacier flow was entirely by basal sliding or bed deform ation ( Vsudi„g =  

Fas). The minimum estimate assumed that internal deformation also contributed to  

glacier flow, and that the depth averaged velocity was equal to 80% o f  the measured 

downslope surface velocity ( Vdepth_avg = Vds x  0.8; Paterson, 1994). The occurrence o f  

flow stripes on all major glaciers however suggest that basal motion is likely m ore 

important to glacier flow than internal deformation indicating that the upper velocity 

estimate is probably closer to the actual value.

Flux gates were located as close as possible to the termini o f  all tidewater 

glaciers. However, flux gates o f the Eastern and Unnamed Glaciers had to be
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positioned 3 kilometres up-glacier from their termini due to a lack o f  surface velocity 

data for regions further downstream. Also, ice flux from 6% o f  that part o f  the ice cap 

perimeter that terminates at sea-level could not be derived due to an absence o f surface 

velocity data. The glaciers concerned originate from relatively small basins isolated 

from the main ice cap, however, and probably do not contribute significantly to the  

volume o f  ice discharged from the ice cap.

Another important source o f  error associated with the iceberg calving flux  

measurements (besides Verror) is inaccuracies in the ice thickness data (herror). Point 

measurements o f ice thickness were obtained in 2000 (Dowdeswell and others, 2004) 

along transects flown 5 -  10 km apart in north-south and east-west directions across 

the main part o f the ice cap, and up the centrelines o f most o f the main outlet glaciers. 

The data were then interpolated across the entire ice cap using an inverse distance 

weighted surfacing algorithm constrained by exposed bedrock visible in the 1999 

Landsat ETM+ imagery in order to properly constrain channelized flow (Dowdesw ell 

and others, 2004). The spatial resolution o f the resultant grid cells was 1 km  with an 

estimated error in ice thickness o f ±  10 m. Errors associated with glacier w idth (W) a t 

the location o f the flux gate were considered insignificant.

Other sources o f error associated with extrapolating calving flux estimates over 

the period o f 1960 -  1999 are introduced by the variability in velocity o f  these glaciers 

on seasonal and/or long term time scales. As mentioned above, velocities near the 

glacier termini may fluctuate on a seasonal time scale indicating that the spring InSA R 

data used to derive velocity estimates in this study likely underestimate the actual 

annual velocities, and hence rates o f  calving flux. Since significant sum m er m elting
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generally only extends from early July to early August (Alt, 1978), th e  resulting 

fluctuations in flow rate should not affect the annual velocity measurem ents by m ore 

than -1 0 % . It is difficult to estimate the long term variability in glacier flow  due to the  

lack o f  velocity data across most o f  the ice cap over the past 40 years. However, a 

point velocity o f 36 m a '1 measured on the Sverdrup Glacier by Cress an d  Wyness 

(1960) agrees to within 5 m a"1 o f the 1996 InSAR measured velecity suggesting a 

reasonably consistent rate o f flow at this location since 1960. On the other hand, 

evidence o f fast glacier flow (see Figure 3.3) near the termini o f the Southeast 1 and 

Southeast2 glaciers indicates that the velocity throughout this region (which is 

currently <15 m a '1) has decreased significantly since the formation o f these surface 

features. I f  this apparent reduction in velocity has occurred since 1960 then the  

extrapolated calving flux derived from the InSAR data would be an underestimate o f  

the 40 year average across this calving front.

Upper and lower estimates o f  flux (Q max and Q min respectively) a t each gate 

were calculated from the formulae;

Q m ax  =  V Tm ax W  (3)

Q nun =  V T mm W  (4)

where

V Tm ax  (  Vsliding Verror)  ( h  +  h error) (5)

and
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V Tm in  ( Vdepth avg Verror) ( f i  te r ro r ) (6)

VTmax and VTmin represent average values across the flux gates, w hich were 

then multiplied by the flux gate width. This technique o f averaging pixel values along 

the flux gate, as opposed to a summation o f the pixel values, was chosen to avoid 

including extra pixels in the calculation which can occur when representing irregular 

or diagonal lines in a gridded format.

The value o f Qvj oss was calculated as the product o f the 1960 -  1999 area 

change and the average o f all gridded ice thickness values across the tidewater 

terminus o f  each outlet glacier. Area changes were determined as the difference 

between the 1960 and 1999 outlines o f the ice cap margin (Burgess and Sharp, 2004). 

The estimated accuracy o f volume change measurements at the glacier term ini w as 

derived by assuming a +/- 15 meter digitizing error around the perimeter o f  the area o f  

change and a +/- 10 meter error in the measured ice thickness. Due to the absence o f  

bathymetry data beyond the tidewater termini, volume changes were derived assuming 

that the thickness o f ice throughout the area o f change is consistent with ice thickness 

along the current ice margin.

3.6 RESULTS

3.6.1 Flow pattern o f the Devon Island ice cap

The line o f sight velocity map reveals a significant difference in the pattern o f  

ice flow between the eastern and western sectors o f the Devon ice cap (Figure 3.2). In 

the western half o f the ice cap, ice movement occurs predominantly by slow  ‘sheet’
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flow (<  ~15 metres a '1), although several areas o f more rapid flow occur along the 

southw est margin. The largest o f these areas occurs upglacier o f the North Croker B ay 

Glacier, where more rapid flow penetrates up to 30 km inland from the ice cap  margin. 

Flow associated with the South Croker Bay Glacier penetrates up to 20 km  inland o f  

the ice cap margin. The Croker Bay glaciers terminate in Lancaster Sound, and their 

velocities reach maxima of -210  and -240  m a '1 for the north and south glaciers 

respectively. A third region o f more rapid flow is associated with the Sverdrup Glacier 

which flows north into Jones Sound. Unfortunately, a lack o f velocity data precludes 

analysis o f the inland extent o f enhanced glacier flow in this region. However, 

Koerner (personal communication, 2004) indicated that the inland extent of fast 

glacier flow associated with the Sverdrup Glacier is defined by the concave up form o f  

the ice cap surface which extends -5  km inland o f where the glacier enters the m ain 

valley. The Sverdrup Glacier draws ice from both its main tributary (M ain Branch - 

Figure 3.2), and an eastern arm (East Branch -  Figure 3.2), the up-glacier extension o f  

which is restricted by the head o f the Eastern Glacier. Enhanced ice flow at the head o f  

a third flow feature to the west o f the main tributary (West Branch -  Figure 3.2) is 

limited as it terminates approximately 14 km downglacier o f its head and does not 

contribute to the flow o f the Sverdrup Glacier.

Ice drainage from the north-east sector o f the ice cap occurs prim arily via large 

outlet glaciers that flow through mountain valleys to reach sea-level. M ost of the 

glaciers in this region originate at valley heads that restrict the inland extension o f fast 

ice flow. Exceptions to this are the Eastern Glacier (basin 3) and 3 tributary glaciers to 

the Belcher (Belcher Tributaryl, Belcher Tributary2, and Belcher Tributary3 -  Figure
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3.2) all o f  which draw from the slower flowing ice o f the interior region. T h e  Belcher 

Glacier itself originates along the north slope o f the main east-west ice divide. In the  

upper reaches o f this glacier, velocity increases to ~75 m a"1 upstream  of the 

confluence with Belcher Tributaryl ~15 km upglacier from the terminus. Velocities 

increase to -120  m a '1 at this confluence reaching maximum values o f -2 9 0  m a '1 a t 

the glacier terminus. Belcher Tributary2 and 3 merge with the main glacier at the  

terminus, forming the widest ‘fast flowing’ calving front on the ice cap.

Velocities o f the Eastern Glacier increase over approximately 30 km  from the 

slow-moving interior regions to reach a maximum o f -120  m a"1, 10 km  up-glacier 

from the terminus. Although velocities at the terminus o f the Eastern G lacier could no t 

be measured, intense crevassing suggests that the speed o f  this glacier increases as it 

approaches marine waters. The remaining ice in the northeast sector is drained through 

a series o f tidewater glaciers that range in maximum speed from 30 to 100 m a"1. 

These glaciers drain relatively small basins (< -15  km2) that are separate from the 

main ice cap accumulation area.

‘Fast’ flow along the Southeast 1 and Southeast 2 glaciers extends farther into 

the accumulation zone than any other flow feature across the ice cap (Figure 3.2). The 

ice divide at the head o f Southeast 1 has a convex upglacier form suggesting that th is 

outlet glacier may be extending headwards into the less active basin to the w est (basin 

54). Both glaciers converge 40 km downglacier from the head resulting in a near 

stagnant region (<10 m a '1) approximately 250 km2 that terminates along an  8 km ice 

front in Hyde Inlet (Figure 3.2). Despite low velocities throughout this region, flow  

stripes visible on the surface o f the Southeast 1 Glacier suggest that this feature w as
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once flow ing faster than at present (Figure 3.3). Sharp shear zones along bo th  margins 

and folded moraines near the terminus are indicators that this glacier may have surged 

in the past (Copland and others, 2003b; Dowdeswell and Williams, 1997).

Ice from the southern slopes o f the Cunningham Mountains drains through a 

series o f  steep valley glaciers towards Lancaster Sound, most o f which terminate on 

land. Included in this group is a possible surge-type glacier identified by Copland and 

others (2003b). Measured velocities on this glacier reach a maximum o f —150 m a"1, 

but the surface morphology o f the glacier suggests that, if  it is indeed a surge-type 

glacier, it is currently in the quiescent phase o f a surge cycle.

3.6.2 Glacier flow regimes

Four major flow regimes were identified based on the relationship between the 

ratio o f  surface velocity to ice thickness (v/h) and the driving stress (id) analysed 

along the North Croker Bay, Southeast 1, Belcher Glaciers and across the  western 

lobe. When the ice flow is solely due to ice deformation, the param eter (v/h) 

represents the mean shear strain rate in a vertical profile through the ice. W hen basal 

motion is important, this parameter no longer represents the shear strain rate in the ice, 

but the inverse o f the ratio o f (v/h) to (id) has units o f Pa s and is therefore a measure 

o f the "effective viscosity" o f the glacier system, 

td was derived from:

id = P i g h  sinot (7)
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where pi is the density o f ice (910 kg m'3) and g  is the acceleration due to gravity (9.81 

m s"2). The effects o f local variations in surface slope due to longitudinal stress 

gradients in the ice were removed by averaging surface slope values over distances 

equivalent to -1 0  times the ice thickness. Figure 3.4 illustrates the theoretical 

relationships between v/h and id that characterize the major flow regimes identified in 

this study.

Flow Regime 1 is distinguished by values o f v/h < 0.075 a '1 and a h igh  positive 

correlation with id (r2 > 0.85), though the sensitivity o f v/h to changes in id is low  

(Figures 3.4a -  d). This behaviour suggests that the ice is frozen to the bed and glacier 

movement is by internal deformation alone (Cooper and others, 1982; Budd and Smith, 

1981). Within this flow regime, however, the ratio o f  v/h to Xd m ay increase 

downstream (Figures 3.5a - c). This is probably a reflection o f softening o f  the ice as it 

warms up with increasing distance o f transport. Flow Regime 1 is characteristic o f the 

upper reaches leading into major outlet glaciers (Figures 3.6a -  c) and o f  the whole 

western lobe (Figure 3.6d). In these regions, glaciers have convex upward surface 

profiles (Figures 3.7a -  d), and flow is not constrained laterally by  bedrock 

topography. Flow Regime 1 is also observed in the terminal reaches o f  the Southeast 1 

Glacier flow line where the velocity, and hence v/h, is low (see Figures 3.3 and 3.7c). 

In this region, v/h decreases as Xd rises, suggesting increased flow resistance and 

"effective viscosity" towards the glacier terminus. This may be indicative o f  a frozen 

bed at the glacier margin.

The relationship between v/h and Xd changes significantly at v/h -  0.075 a ’1 

(Flow Regime 2; Figure 3.5a -  c). In this flow regime, the ratio o f  v/h to Xd is
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generally higher, the relationship between the two variables is more sensitive, and the 

sign o f  the relationship may be opposite to that observed in Flow Regime 1 (Figures 

3.5b, c). This is not, however, always the case (Figure 3.5a). The ensemble o f  changes 

observed suggests a down flow reduction in "effective viscosity" and flow resistance 

and a contribution o f basal motion to the surface velocity. The beginning of Flow 

Regime 2 coincides with convergent flow at the head o f the major ou tle t glaciers 

(Figures 3.6a, c) and the appearance o f flow stripes on the ice surface (Figures 3.6a -  

c). Gudmundsson and others (1998) argued that flow stripes form only where the  

velocity at the bed is large relative to the shearing through the ice thickness, 

supporting the argument that basal motion m ust be significant in regions with th is 

flow regime. Flow Regime 2 commences ~5 km upglacier from steps in th e  bedrock 

topography along the North Croker Bay and Southeast 1 Glaciers (Figures 3.7a, c). 

These locations also coincide with the transformation to a concave up surface profile 

(Figures 3.7a -  c) from the convex up profile, which is characteristic o f F low  Regime

1. Rapid acceleration o f Vos and ice thinning at the cusp o f the bedrock steps (Figures 

3.7a,c) indicate that the onset o f basal sliding is controlled primarily by the subglacial 

topography at these locations (McIntyre, 1985).

Ice Flow Regime 3 appears to be defined by threshold values o f  v/h >  ~ 0.28 a’

1 and Td > -0.75 bars (Figures 3.5a, b). In this region, v/h is inversely related to id and 

the slope o f the relationship between the two variables is steeper than in F low  Regime

2. The ratio o f  v/h to Td is higher again than in Flow Regime 2, im plying a further 

reduction in viscosity and probably an increase in the relative contribution o f basal 

motion to the surface velocity. Regions o f Flow Regime 3 occur throughout the mid to
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lower reaches o f the major glaciers where flow stripes are well developed on the ice 

surface. Along the North Croker Bay Glacier flow line, Flow Regime 3 begins where 

the glacier enters the bedrock valley at km 48 (Figure 3.6a) and V d s  increases rapidly 

(60 -  170 m a '1 over a 1 km distance). A rapid increase o f  V d s  (and hence v/h) marks 

the beginning o f Flow Regime 3 at km 42 along the Belcher Glacier flow line (Figure 

3.6b). In contrast to the North Croker Bay Glacier, however, the flow o f ice within th is 

region is driven mainly by large values o f td that occur over steeply sloping (and 

rough) bed topography that descends to -300  m b.s.l. within 2 km o f the  glacier 

terminus. In both situations, intense crevassing at the onset o f Flow Regim e 3 suggests 

that an increase in the rate o f ice deformation occurs at the transition from Flow  

Regime 2 to Flow Regime 3. In addition, meltwater channels term inating at these 

crevasse fields (visible in the 1960’s aerial photography) indicate that surface run-off 

may penetrate to the glacier bed via the crevasses and potentially enhance flow rates 

throughout this zone during the summer months A fourth regime, Flow Regime 4, is 

defined by threshold values o f  v/h > 0.28 a '1 and id < 0.75 bars (Figure 3.5a). In th is 

region, the wide range o f values o f v/h for consistently low values o f  Xd is indicative o f  

low friction at the glacier bed. This may suggest that deformation o f  subglacial 

sediments contributes to basal motion, which remains a major com ponent of the 

surface velocity o f the glacier. Flow Regime 4 is characteristic o f the term inal reaches 

o f the North Croker Bay Glacier, where the glacier is grounded below sea level 

(Figure 3.7a). It is not, however, found along the Belcher and Southeast 1 Glaciers that 

are also grounded below sea level.
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Identification o f distinct flow regimes across the ice cap indicates that the  

mode o f  ice movement evolves as one o f a few possible sequences along a  flow line 

between the interior region and the ice cap margin. The initial transition occurs at the  

head o f  the outlet glaciers where cold-based ice moving by internal deformation only 

(Bentley, 1987) transforms to warm-based flow and basal sliding commences. This 

mode o f  flow continues until the glacier either (a) reverts back to being cold-based 

(where flow is by internal deformation only) or (b) is enhanced by h igh driving 

stresses or narrowing bedrock valleys. Glaciers that transform into (b) likely 

experience high rates o f internal deformation (Truffer and Echelmeyer, 2003) and 

enhanced basal sliding as a result o f  the penetration o f surface m eltw ater through 

crevasses during the summer melt season (Zwally and others, 2002; Boon and Sharp, 

2003, Copland and Sharp, 2003a). A third transition occurs near the term ini of a few  

glaciers where Xd is greatly reduced while high velocities are maintained. T he 

mechanics o f this mode o f glacier flow are likely similar to ice stream flow  where 

glacier movement occurs over a highly deformable and/or lubricated bed and the m ain 

resistance to flow occurs at the glacier margins (Truffer and Echelmeyer, 2003; 

Bentley, 1987).

Threshold values o f v/h and xa separating the 4 distinct flow regim es in the  

scatter plots were applied to raster datasets o f  these parameters in order to  map the  

distribution o f ice flow regimes across the entire ice cap. For the raster grids, surface 

slope was averaged as a function o f  area rather than in an along profile direction. T his 

spatial averaging has the effect o f slightly over (under) estimating the slope relative to
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the profile analyses over high (low) slope areas. These variations how ever did no t 

have any affect on the flow regime classification.

Further uncertainties in Xd may also derive from the fact that the glacier shape 

factors were not included in the computed values o f td. A few representative shape 

factor values were computed along the major outlet glaciers (assuming a  parabolic 

glacier cross-section; Paterson, 1984) and they indicated that applying this correction 

could reduce the computed values o f id by up to -25% . Also, it is possible that the  

longitudinal averaging used in this study (10/z) was inadequate to fully remove the  

effects o f  longitudinal stress gradients from Xd. In particular, near the glacier termini 

where averaging was less than 1 Oh, computed values o f Xd may be slightly higher than  

the true values. In any case, slight discrepancies between the actual and computed 

values o f Xd would have only minor implications for flow regime classification relating 

exclusively to the separation o f Flow Regime 3 from Flow Regime 4.

Approximately 50% o f the mapped area o f the ice cap was classified as Flow  

Regime 1, which includes the interior region above 1000 m a.s.l. as well as -600  km  

o f the southeast sector which lies below 300 m a.s.l (Figure 3.8). Flow Regime 2 is 

confined mainly to the outlet glaciers, but it also occurs in some small areas along th e  

western margin. Excluding the areas that were not mapped, this regime comprises 

approximately 22% o f the total area east o f the central divide (basins 3, 10, 11, 15, 20, 

24, 25, 29, 30, 33, 35, 36, 37, 40, 39, 60, 66, 70, 73) but only 8% o f  the area west o f  

the central divide (basins 9, 13, 38, 43, 54, 61, 65, and 67), indicating that basal 

motion is much more prevalent in the east. Flow Regime 3 occurs up to  22 km  

upglacier from the termini o f the North and South Croker Bay Glaciers and up to 25
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km upglacier from the terminus o f the Belcher Glacier (along Belcher Tributary2), 

reflecting the combination o f  relatively high driving stresses and high velocities in 

these regions. Flow Regime 4 is confined to the termini o f the North Croker Bay, 

East3, East Central 1, and the South Cunningham Glaciers as well as a sm all section 

along the Southeast2 Glacier. The glaciers classified as Flow Regim e 4 are all 

grounded above sea-level except for the terminus region o f the North Croker B ay 

Glacier, suggesting that reduced basal friction o f these glaciers may be attributed to  

the presence o f deformable sediments at the bed rather than to buoyancy effects a t 

tidewater margins.

3.6.3 Rates o f Iceberg Calving

The rate o f ice calved directly into the ocean due to flux at the tidewater 

margins was estimated to be 0.42 +/- 0.14 km3 a '1. This equates to a calving flux rate  

o f 16.8 +/- 5.7 km3 between 1960 and 1999 assuming invariant glacier flow  velocities 

over this time interval. Volume loss due to retreat o f the tidewater termini increase the  

total mass loss by 3.6 +/- 0.026 km3 resulting in a total volume loss due to  iceberg 

calving o f 20.5 +/- 4.7 km3 over the past 40 years. The northeast sector (basins 10, 11, 

15, 20, 24, 25, 29, 30, 31, 33, and 36) produced 67% o f the total volume o f  ice calved. 

The Belcher Glacier alone was responsible for 70% of this amount, which equates to  

almost half (47%) o f the ice cap total (Figure 3.8). Most o f the mass lost from th e  

Belcher Glacier (-93% ) is accounted for by ice flux as opposed to term inus change. 

This reflects the relatively thick ice (-250 m) and high velocity (up to 290 m a"1) a t 

this ice front. Although 2 major glaciers terminating at the southeast m argin o f  the ice
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cap (basins 39 and 60) have extensive calving fronts (-18  km long), th is region 

accounts for only 16% of the total calving flux. This is due mainly to the low  surface 

velocities o f these glaciers. The southern most calving front (basin 60) is unique in 

that th e  majority o f mass calved from this terminus is due to retreat o f the  ice front 

(-60% ) rather than ice flux. The North and South Croker Bay glaciers have advanced 

since 1960. This reduces the calculated volume loss due to flux by 12%. Similarly, 

glacier advance reduced the calculated calving flux o f the Sverdrup G lacier by 13%. 

Mass loss due to calving from the western glaciers accounts for -10%  o f  the total 

volume o f  ice calved from the Devon Island ice cap. In total, the 8 m ajor tidewater 

glaciers draining the ice cap (indicated in Figure 3.9) are responsible for -9 0 %  of the 

total discharge o f ice calved. The rest is derived from small alpine glaciers (generally 

< 1 km wide) that flow from basins in the northeast and eastern sectors.

3.7 CONCLUSIONS

The continuous surface velocity field o f  the Devon Island ice cap mapped 

using InSAR techniques reveals a significant contrast in ice flow dynam ics between 

the east and west sides o f the ice cap. The eastern half o f  the ice cap is drained by 

several fast flowing outlet glaciers that extend up to 60 km inland from the  ice cap 

margin, and in some cases reach within a few kilometres o f  the central ice divides. The 

western half o f the ice cap is drained primarily by sheet flow, but also by a few outlet 

glaciers that are restricted to within less than 30 km o f the ice cap margins.

The predominant ice flow regimes were classified based on the relationship 

between the ratio o f  surface velocity to ice thickness and the driving stress derived
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along 4  flow lines from distinctly different regions across the ice cap. The classified 

regim es were mapped across -75%  of the ice cap surface for which both  surface 

velocity  and ice thickness data are available. The interior and southeast ice regions 

were classified as Flow Regime 1 type flow and are characterized by frozen bed 

conditions where ice movement is solely by internal deformation. The m ain sections 

o f m ost outlet glaciers were classified as Flow Regime 2, in which basal m otion 

occurs. The transition to Flow Regime 2 along a flow line marks the onset o f basal 

sliding and is usually associated with ice flow over a step in the bedrock topography. 

The appearance o f flow stripes on the ice surface in regions o f  Flow Regime 2 

supports the argument that significant basal motion contributes to the surface velocity 

in these areas. Flow Regime 3 is characterized by enhanced basal motion and internal 

deformation due to a significant increase in driving stress. Flow Regime 4 is 

characterized by a wide range in values o f (v/h) (including maximum values) within 

sections o f the glacier with consistently low values o f driving stress. This flow  regime 

occurs within a few kilometres o f the termini and is indicative o f  m inim al basal 

friction that may result from the presence o f deformable sediments at the glacier bed.

Approximately 20.5 km3 o f ice was calved from the Devon Island ice cap 

between 1960 and 1999. Approximately 89% o f  the total volume o f  ice calved w as 

discharged from the eastern margin, with the largest single source being the Belcher 

Glacier which was responsible for -50%  o f the total amount. Com paring the total 

volume of ice lost due to calving and total mass loss o f -6 7  km3 from the Devon 

Island ice cap between 1960 and 1999 (Burgess and Sharp, 2004) indicates that 

iceberg calving may account for up to 30% o f the total volume loss over the past 40
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years. Iceberg calving therefore represents a significant form o f ablation from the 

Devon Island ice cap and should be accounted for when determining the state  of health 

o f th is ice mass as a whole. Dowdeswell and others (2002) also found that about 40%  

o f m ass loss from the 5,575 km2 Academy o f  Sciences Ice Cap in Russian Severnaya 

Zem lya was lost by iceberg calving. Together with the evidence from D evon Island 

ice cap, this suggests that iceberg production is an important component o f  the total 

mass loss from large Arctic ice caps.
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Icecap Radarsat ERS PerP'
region Orbit Orbit ERS Image Dates Baseline(m)

South East - 24397/4724,
24898/5225

M a rl5-16, Apr 19- 
20, 1996

-187, -6

West - 24894/5311 Apr25-26, 1996 -1

2924 / 2967 Feb6/9,1992 -60

Belcher
terminus

25810/
26153

- Octl4-Nov7,2000 -

Belcher
terminus

26345/
26688 - Nov20-Dec 14,2000 -

Table 3.1. Orbit numbers and dates o f radar imagery used for velocity mapping over 
the Devon Island ice cap.
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Figure 3.1. 1999 Landsat 7 ETM + ortho-mosaic o f  the Devon Island ice cap, Nunavut, 
Canada. Inset shows the location o f  the Devon Island ice cap in the Canadian A rctic 
Archipelago.
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Figure 3.2. Look direction surface velocities overlayed onto a 1999 L andsat 7 ETM + 
satellite ortho-mosaic o f the Devon Island ice cap. Accelerated g lacier flow is 
identified by the closely spaced colored fringes which are evident along th e  entire 
length o f most o f  the major outlet glaciers. Red, green, and blue boxes ou tline  the 
footprints for the west, southeast, and northeast ERS radar image pairs respectively. 
Orbital numbers are listed in Table 3.1. The equilibrium  line altitude (ELA) used  here 
is situated at -8 0 0  m  a.s.l. throughout the southeast, -9 5 0  m a.s.l. th roughout the 
northwest, and 875 throughout the southwest and northeast regions o f  th e  ice cap 
(Koemer, 1970).
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Figure 3.3. A subset o f  a 2000 Landsat 7 ETM + image mosaic highlighting surface 
features indicative o f  fast glacier flow throughout the terminus region o f  the Southeast 
1 and Southeast 2 glaciers.
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Figure 3.4. Theoretical relationships between (v/h) and driving stress (id) fo r each o f  
the m ajor flow regimes across the Devon Island ice cap. Solid arrows indicate the 
direction o f  glacier flow. In Flow Regime 1 v/h increases slightly, indicating non­
linear viscous flow (in response to relatively large increases in id). This relationship 
reflects the shear strain rate w ithin the ice suggesting that flow is b y  internal 
deform ation alone. An increase in the slope o f  the relationship in Flow Regim e 2 (a) 
indicates sliding (probably over bedrock) at the glacier bed or warmer (less viscous) 
ice. The inverse o f this relationship (b) indicates reduced basal friction in the direction 
o f flow, implying increased sliding downstream. Flow Regime 3 is characterized by a  
further increase in the sensitivity o f  v/h to changes in id- The inverse relationship 
between v/h and Td in this flow regim e likely indicates reduced till strength o r 
increased basal lubrication towards the glacier terminus. The vertical relationship 
characteristic o f Flow Regime 4 indicates sliding over sediments deform ing according 
to Coulomb-plastic flow at the glacier bed. The x-intercept o f  this relationship 
indicates the yield strength o f the subglacial sediment, which m ay decrease (as 
indicated by dotted arrow) toward the glacier terminus.
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Figure 3.5a. The predominant modes o f  glacier flow across the Devon Island ice cap 
identified based on the relationship betw een m ean shear strain rate (v/h) and driving 

stress (ta) along the North Croker Bay Glacier. Threshold values (red lines) separate 
each distinct ice flow regime based on changes in the relative slope o f  the clusters in 
each feature space. Coloured arrows in a, b, and c indicate the down-glacier direction 

o f ice flow.
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Figure 3.5b. The predom inant modes o f  glacier flow across the Devon Island  ice cap 
identified based on the relationship betw een m ean shear strain rate (v/h) and driving 

stress (id) along the Belcher Glacier. Threshold values (red lines) separate each 
distinct ice flow regime based on changes in the relative slope o f  the clusters in each 
feature space. Coloured arrows in a, b, and c indicate the down-glacier d irection o f  ice 
flow.
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Figure 3.6a. Planimetric view o f the dominant flow regimes along the N orth  C roker 
Bay Glacier. Centerline profiles are superimposed on a subset o f the 1999 Landsat7 
ETM + satellite imagery. Location o f  image subset and profiles is identified  in Figure 
3.8.
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satellite imagery. Location o f image subsets and profiles are identified in F igure 3.8.
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Figure 3.6c. Planimetric view o f the dominant flow regimes along the Southeast 1 
Glacier. Centerline profiles are superimposed on a subset o f the 1999 Landsat ETM + 
satellite imagery. Location o f image subsets and profiles are identified in Figure 3.8.
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Figure 3.6d. Planimetric view o f  the dominant flow regimes along the W estern Lobe. 
Centerline profiles are superimposed on a subset o f the 1999 Landsat7 ET M + satellite 
imagery. Location o f image subsets and profiles are identified in Figure 3.8.
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Figure 3.7a. Profiles o f  driving stress, surface and bed topography, and downslope 
velocity along the North Croker Bay Glacier. Gaps in the downslope velocity profile 
between km 0 - 5  and km 58 -  59 represent sections where InSAR data could not be  
derived.

92

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



' «  2 4 0

1 8 0

o 120

">3 0

400 10 20 30
Distance from  interior divide (km)

Figure 3.7b. Profiles o f driving stress, surface and bed topography, and downslope 
velocity along the Belcher Glacier. The absence o f  bed topography data betw een km  4 

-  24 precluded calculation o f id throughout this zone.
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Figure 3.7c. Profiles o f driving stress, surface and bed topography, and downslope 
velocity along the Southeast 1 Glacier.
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Figure3.7d. Profiles o f  driving stress, surface and bed topography, and downslope 
velocity along the W estern Lobe.
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CHAPTER 4

RECENT CHANGES IN THICKNESS OF THE DEVON ISLAND

ICE CAP

4.1 INTRODUCTION

Knowledge o f  the rates o f thickness change o f the Earth’s large ice  masses is 

crucial to understanding their state o f  balance and contribution to g lobal sea level 

change. Combined, the Greenland and Antarctic ice sheets would raise sea-level by  > 

80 m if  they were to disintegrate completely. Smaller ice caps and glaciers how ever 

pose a more immediate concern, and m ay have accounted for a significant fraction (>  

50%) o f  total sea-level rise over the last century (Dyurgerov and M eier, 2005). In  

order to better quantify the current contribution o f these ice masses to sea  level rise  

and understand how they may respond to future climate warming that is predicted fo r 

the high northern latitudes (IPCC, 2001), it is essential to quantify their current rates 

o f volume change and determine the main factors (i.e. changes in ice dynamics, n e t 

surface mass balance, iceberg calving) controlling the changes observed.

The Devon Island ice cap occupies -14 ,000  km2 o f the eastern h a lf  o f  Devon 

Island (Figure 4.1), which makes it one o f the largest ice masses in the Canadian h igh 

Arctic. This ice cap derives a significant proportion o f  its accum ulation from  the N orth  

Open W ater Polynya in Baffin Bay, which is the prim ary precipitation source for ice 

in this region (Koemer, 1977). According to field measurements collected b y  Dr. R. 

Koemer o f the Geological Survey o f  Canada, the average mass balance o f  the
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northw est sector o f the Devon Island ice cap (Figure 4.2) over the period 1961-2001 

was -0 .0 8 6  mWe a '1 (G. Cogley, personal communication, 2005). Inter-annual 

variations in net mass balance on the ice cap, however, arise mainly from variations in  

the sum m er balance (Koemer, 2002). Negative mass balance years tend to be  

associated with anticyclonic conditions and the northward shift o f  the arctic front. 

Conversely, melt is suppressed and snow accumulates in years when circulation over 

the ice cap is dominated by the Baffin Bay Cyclone (Alt, 1978). Positive m ass 

balance can also occur in summers when snow is deposited by lows that track  south 

and southeast across the islands from the polar ocean (Alt, 1987). The duration o f the 

summer m elt season on the ice cap is well correlated with the July 500 hPa height ov er 

the ice cap (Wang and others, 2005).

An estimate o f volume change o f the D evon Island ice cap based prim arily on  

in situ mass balance data collected in the northwest sector o f the ice cap by Dr. R. 

Koem er between 1961 and 1991 indicates that the main part o f  the ice  cap has 

decreased in volume by -4 2  km 3 water equivalent. This value how ever is a  m inim um  

estimate as it does not account for losses due to iceberg calving. A  sim ilar estimate o f  

volume loss o f -3 2  km3 water equivalent over the past 40 years was obtained through 

extrapolation o f surface elevation changes m easured by repeat laser altim etry 

measurements performed by NASA along 4 transects across the ice cap (Figure 4.2) in  

1995 and 2000 (Abdalati and others, 2004). Both o f  these sets o f  observations are  

invaluable for calibrating regional scale measurem ents but, due to their restricted area l 

coverage, large uncertainties may be introduced when they are extrapolated to  

compute volume change for the Devon Island ice cap as a whole.
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Com parison o f  the ice margin identified on 1960 aerial photography and on  

1999 L andsat ETM + imagery highlights significant spatial variability in the  rate and  

sign o f  fluctuations o f the margins o f the Devon Island ice cap (Burgess and Sharp, 

2004). The dominant changes identified include retreat o f most o f the larger tidewater 

glaciers (by as much as ~ 3 km in the southeast region) and advance o f  the western 

m argin by  ~ 120 m. The net volume decrease o f the main ice cap (excluding the  

stagnant southwest arm) was calculated to be 48 ± 5 km 3 using volum e-area scaling 

techniques (Burgess and Sharp, 2004). Using a combination o f  ice-core derived 

estimates o f net accumulation and m elt modeling, M air and others (2004) estimated 

the net volume reduction o f the ice cap to be -5 9 .2  ± 26.6 km 3 due to net surface m ass 

balance alone. They identified the southeast region as the area where the greatest 

volume changes appear to be occurring. Combined with mass loss due to iceberg 

calving (20.5 ± 4.7 km 3 between 1960 and 1999; Burgess and others, in press), it is 

estimated that total loss from the Devon Island ice cap over the past 40 years may be 

as high as ~ -79 km3. It is evident that there is significant variability in the m agnitude 

and sign o f volume change across the Devon Island ice cap, and, accounting for th is 

variability results in estimates o f  volume change that are consistently larger than those 

derived from ‘localized’ mass balance observations and altimetry.

In this study, estimates o f  the long term  (40 years) rates o f  thickness change o f  

the Devon Island ice cap, Nunavut, Canada, are derived using several approaches. 

First, average rates o f thickness change were calculated for the accum ulation zones o f  

individual drainage basins as the area weighted difference betw een the m easured ice  

flux and balance flux across the equilibrium line (ELA). For the ablation zones o f
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these basins, average rates o f  thickness change were calculated from the  difference 

betw een the mass flux across the ELA, and the sum o f  the volume losses by surface 

mass balance and iceberg calving. Second, in situ measurements o f  rates o f  thickness 

change were obtained for 3 sites throughout the southwest region o f  the ice  cap using  

(a) the ‘coffee can’ technique developed by Hamilton and W hillans (2000), and (b) 

m easurem ents o f the 40 year surface mass balance and vertical strain across a 1 km  x 

1 km  grid. Third, thickness change rates were derived along 6 m ajor ou tle t glaciers 

(the Belcher, Unnamed, North and South Croker Bay, and the Southeast 1 and 2 

Glaciers) as a function o f the difference in ice flux between successive gates spaced 5- 

8 km apart, and the average net surface mass balance between flux gate  locations. 

Along the Belcher Glacier alone, direct measurements o f surface lowering w ere 

quantified by comparing surface elevation values obtained from 1960’s aerial 

photography with values obtained from radio-echo sounding surveys in 2000.

These measurements should allow us to answer important questions concerning 

the state o f balance o f the Devon Island ice cap. These include: (i) W hat is the 

magnitude o f volume loss from the ice cap since 1960 and how  m uch  does th is 

contribute to global sea-level change? (ii) How is volume change distributed betw een 

drainage basins? (iii) Is area change at the scale o f  individual drainage basins a good  

guide to volume change? (iv) How is volum e change distributed betw een the 

accumulation and ablation zones? (v) Are there distinctive longitudinal patterns o f  

elevation change along outlet glaciers, and how do these patterns com pare with those 

at the basin wide scale? (vi) Do these patterns reflect enhanced term inal thinning in  

basins where iceberg calving is an important mass sink? and (vii) Is there evidence
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from the  patterns o f thickness change, either within whole basins or along outlet 

glaciers, for recent changes in flow dynamics that have resulted in  rates o f  

thinning/thickening that are not easily accounted for by changes in surface m ass 

balance alone?

4.2 DATASETS

Calculations o f rates o f thickness change were made possible b y  the recent 

developm ent o f ice thickness, topography, surface mass balance, and ice surface 

velocity datasets for the Devon Island ice cap. Ice thickness data were derived from  

airborne radio-echo sounding measurements obtained during the spring o f 2000 

(Dowdeswell and others, 2004). The ice thickness data are accurate to ± 10 m  whereas 

the ice surface elevation values are accurate to ±  7 m. Surface mass balance data fo r 

the accumulation zone were derived from interpolation o f  long-term  net accum ulation 

rates m easured at eight sites in the accumulation area o f  the ice cap. N et accum ulation 

at each site was determined using down-borehole 137Cs gam m a-ray spectrom etry to  

detect the depth to the 1963 “bom b” layer that was deposited as fallout from  

atmospheric thermonuclear weapons testing in the Russian high Arctic in 1962 (M air 

and others, 2004). M ean net accumulation rates over the 37 year period (1963 -  2000) 

were calculated as a function o f  depth to the reference layer and the density o f the 

overlying fim. Fim  density profiles were determined by w eighing and m easuring 

individual core segments as they were extracted from each borehole. B ased on field  

measurements o f net accumulation performed at 3 sites in the southern region o f th e
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ice cap  in Spring 2005, the accumulation grid developed by M air and others (2004) 

was m odified  to take into account accumulation rates that locally exceeded those 

shown by  M air and others (2004) by a factor o f  1.5. The area affected encom passed 

the source regions o f  the South Croker Bay, Southeast 1, and Southeast2 Glaciers (see  

Figure 4.2). This modification had the effect o f  raising the mass balance o f  basin 38 b y  

-2 .5 %  and basin 39 by -6% , resulting in a net increase o f  0.017 km 3 a '1 in  the m ass 

balance o f  the whole ice cap. For the ablation zone, the net balance w as calculated 

using a positive degree-day model driven by air temperature data from Resolute B ay, 

Nunavut, corrected for conditions specific to the ice cap (M air and others, 2004). 

Surface velocity fields for the ice cap were derived by satellite radar interferom etry 

(InSAR) using ascending pass ERS 1 and 2 data obtained during the tandem  m ode 

mission in the spring o f 1996 and the 3-day repeat pass mission acquired in  February, 

1992 (Burgess and others, in press). Errors associated with these data are  ± 3 m  a '1 

throughout the interior regions o f the ice cap, and from 10 -  30% o f  the m easured 

velocity along the fast flowing outlet glaciers depending on the angle betw een the  

satellite look direction and the direction o f  ice flow. Since these data represent ice 

velocities over a 1 -  3 day time interval, uncertainties related to possib le tem poral 

variations in flow rates also exist when com paring InSAR derived ice fluxes w ith  

balance flux values derived from the 37 year accum ulation values as described above. 

The lack o f  data on seasonal variability in rates o f flow o f  the Devon Island ice cap  

precludes us from quantifying this uncertainty. Finally, the surface topography o f the  

ice cap was obtained from the Canadian Digital Elevation Dataset (CDED), which w as 

produced from 1:60,000 aerial photography acquired in 1959/1960 by  the G overnm ent
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o f Canada. Errors associated with lim ited bedrock control, problem s w ith  

photogram m etric data capture over low contrast regions, and conversion o f  data from  

analogue to digital format result in surface elevation errors o f ±50 m a long  the m ain  

outlet glaciers and up to ±100 m throughout the ice cap interior. A second DEM  o f  the 

Belcher Glacier was recently produced from this photography along the  Belcher 

G lacier only. Ground control points obtained from differential G P S  (DGPS) 

m easurem ents in the Spring o f  2005 indicate that these data are accurate to  ±  2m.

4.3 M ETHODS

4.3.1 Basin-wide thickness changes

Average thickness changes were calculated for the accum ulation and  ablation 

zones o f  10 major (>~100 km2) drainage basins, excluding the western lobe of the ice 

cap, for which InSAR derived surface velocities are sparse. Basins for which the 

accumulation area comprises < 5% o f  the total basin area (basins 60, 37, an d  25) w ere 

considered to consist o f  ablation zones only.

For the accumulation zone, the mean rate o f thickness change w as calculated 

from the difference between the balance and observed fluxes across the ELA :

S H I S t acc ( ( Q  Balance QlnSAR ) /  A acc) (1)

where Qbalance H V g aiance E L A ien g th (2)

and QinSAR HViusar ELAiengtk ( 3 )
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Vbalance is the balance velocity (the depth averaged flow rate required to  maintain 

profile equilibrium in an ice mass [Paterson, 1994]; km a '1), V In S A R  is the down-slope 

surface velocity derived from satellite radar interferometry (km a"1) (Burgess and  

others, in press), and Aacc is the area o f  the accumulation zone w ithin a particular basin  

(km2). HVinsAR (HVbaiance) (km2 a '1) is the average o f all grid cells a long  the E L A  

within a particular basin, where each grid cell is the product o f  V i „ s a r  { V B a l a n c e )  and ice 

thickness (H) (km) at that grid cell location. The long term ELA was estim ated as 950 

meters a.s.l. for the northwest, 800 meters a.s.l. for the southeast, and 875 m eters a.s.l. 

for both the northeast and southwest regions (after Koemer, 1970). The boundaries o f  

the ELA regions are indicated in Figure 4.3.

Vbalance was derived from the model o f  Budd and W arner (1994) using  surface 

mass balance (Mair and others, 2004) m odified as described above, ice  thickness 

(Dowdeswell and others, 2004), and surface topography (CDED), as inpu t data. The 

pattern o f  glacier flow produced by the balance velocity m odel (Figure 4.4) closely 

reflects the InSAR derived flow pattern (Figure 4.2), with the exception o f 4 flow  

features that are not observed in the InSAR data (identified as A, B, C , and D in 

Figure 4.4). Since these features are embedded within much larger drainage basins, the 

m isrouting o f flow along them would not affect balance flux calculations a t the basin  

scale. Flow unit A, however, appears to divert modeled flux from the South Croker 

Bay Glacier. Flow unit D is located in the southeast region and drains directly south  

from the summit region to join up with the Southeast2 Glacier approxim ately 30 km  

up glacier from its terminus. Discontinuous patches o f enhanced velocity  in  the InSA R
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data along the path o f this feature support the existence o f  a m ajor flow  unit in th is  

area (Unidentified Glacier -  Figure 4.2). It is likely that this feature w as not fu lly  

resolved by the InSAR data because ice flow in this region is nearly perpendicular to  

the look angle o f the satellite (52°). Despite these differences, the overall sim ilarity 

betw een the flow structures produced by the balance velocity model and the InSA R  

measurem ents provides confidence in the comparability o f  these data.

In order to make V In S a r ,  which is a surface quantity, compatible w ith  V b a i a n c e ,  

which is a depth-averaged quantity, V [ „ s a r  was multiplied by 0.8 over regions w here 

the predom inant mode o f  ice flow is inferred to be by internal deform ation. This value 

is a conservative approximation based on the ratio o f  surface velocity to velocity  

measurements at depth measured near the sum m it o f the Devon Island ice cap  by R eeh  

and Paterson (1988). V In S A R  was assumed to be equal to the depth averaged velocity in  

areas where the predominant mode o f  ice flow is inferred to be by sliding. A lthough 

internal deformation may still occur where basal sliding dominates, this contribution is 

expected to be small (< 5%) relative to the uncertainties in the InSAR derived surface 

velocities (15 -  20%), which are accounted for in the calculations o f  ice flux. 

Inferences o f  whether ice movement is predom inantly by internal deform ation o r 

sliding are based on an analysis o f the relationship between the ratio o f  velocity to ice  

thickness (V/H) and the driving stress (Burgess and others, in press).

The total error associated with the application o f equation 1 to each basin w as 

estimated as:

dH/dtacc_ermr ~ ( ^  balance + InSAR )  ^ -̂ acc (4)
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where A Qbaiance (AQinSAR) was calculated as the difference betw een  an upper 

estim ate o f flux (Qbalance_upper (QlnSAR_uPPer)) and the best estimate o f  flux  (Q baiance 

(Q in S A R )) (see Table 1). Qbaiance_uPPer was derived as the product o f  the u p p e r estim ate 

o f  ice thickness (H+i0m) and V baiance_uPPer, where Vbaiance_uPPer was p roduced  from the 

balance flux model using upper estimates o f net surface mass balance (b +  beiTOr; M air 

and others, 2004) and H+iom- QinSAR_uPPer was derived as the product o f  H+iom and  

VinSAR_uPPer, where V insAR_uPPer was derived by adding the estimated ice velocity  error 

(specified in Burgess and others, in press), to VinSAR. Error associated w ith  Aacc had  a 

negligible effect on the final value o f  5H/5tacc.

For the ablation zones, the average thickness change was calculated  from the 

difference between the measured flux across the ELA and the sum o f  the m ass losses 

by surface ablation and calving:

d H / 3 t a b i  ( Q i n S A R  V o l a b l  Q c a l v i n g )  /  A  FCCla bJ  (5)

where Volabi (see Table 1) is the volumetric net balance o f the ab lation  zone as 

obtained from M air and others (2004), Q caivmg (see Table 1) is the volum e o f  ice lost 

by iceberg calving as computed by Burgess and others (in press), and Areaabi is the  

total area o f the ablation zone. As indicated in Table 1, mass loss due to net surface 

ablation and iceberg calving are negative values.
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Since a positive net balance could have the effect o f glacier advance as well as 

thickening, the apparent thickness change estimate for a basin experiencing grow th 

was adjusted by the formula:

d H / d t a b i  advance dH/dtabi ( V o U l  Areciabt) (6)

where Volabi is the average annual volume increase due to advance o f  the basin since 

1960 (Burgess and Sharp, 2004). This correction factor was applied to basin  38, w hich 

is the only ablation zone that has experienced growth over the past 40 years. Basin- 

wide thickness change rates o f ablation zones with a negative balance are n o t affected 

by volume loss at the margin.

The total error associated with equation 5 was calculated as:

where A Voladv was obtained from M air and others (2004) and A Q caiving w as 

obtained from Burgess and others (in press). Errors in Areaabi had an insignificant 

effect on the estimate o f  <3H/<3tabi,.

4.3.2 In situ measurements o f thickness change

dH/dtabi error (^QinSAR + W 0 lab,2 +AQ calvi„g2 )  / Areaabi (7)
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In situ measurements o f  ice thickness change were obtained at 3 locations (S ite  

1 -  1800 m, Site 2 -  1400 m, and Site 3 -  1000 m  a.s.l.) in the southwest reg ion  o f th e  

ice cap in  2004 and 2005 (see Figure 4.2 for locations). These m easurem ents, w hich  

were derived using two separate methods, provide independent checks o n  thickness 

change estimates produced using remote sensing techniques.

The first method was calculated from the thickness change equation:

dH/dtthkkchg -  b4o -  F  (H ( s  x+ s y)  + u (dH/dx)) (8)

(Paterson, 1994;pg257)

where b4o is the accumulation rate averaged over a 40 year time period (1963 -  2003) 

m easured using down borehole 137Cs gam m a spectrometry and fim  core  density 

profiling as described above. The majority o f  ice core segments extracted from all 3 

sites were intact ranging from 30 -  50 cm in length with a diam eter assum ed to be  2 

mm smaller than the inside diam eter o f the ice core barrel. Density m easurem ents 

from all sites were estimated to be accurate to ~ ± 5% based on core length  

measurement and weight. e x a n d 2 v are surface strain rates in the along flow an d  

transverse to flow directions respectively. Strain was calculated from  the m agnitude 

and direction o f  displacement between spring 2004 and 2005 o f  4 stakes arranged in  a 

1 km x 1 km  grid determined using repeat differential global positioning system  

(DGPS) techniques. F  was assigned a value o f  0.8 in order to relate strain ra tes  

measured at the ice cap surface to depth-averaged values, u is the dow nslope velocity
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derived from repeat DGPS stake measurements, and dH  was calculated over a 1 km  

distance (dx) from the ice thickness grid produced by Dowdeswell and o thers  (2004).

The second method used was the ‘coffee can’ technique (H am ilton and  

W hillans, 2000), which derives the long term rate o f thickness change at a  single po in t 

accord ing  to:

dH/dtcc = (b40 / p )  + z + u v (9)

w here b4o (positive for accumulation) is the net mass balance averaged  over the 

period from  1963 to 2003, p is fim  density at the depth o f a m arker below  the surface, 

z is the vertical velocity o f the ice surface derived from repeat differential GPS 

m easurem ents (negative downwards), and v is the slope angle at the ice surface 

(negative downwards).

dH/dtcc is essentially the difference between b and z, where z is corrected fo r 

fim  compaction and the downslope component o f  motion. The validity o f  th is m ethod 

relies on the assumption that p  increases consistently with depth, which im plies that b 

and v have been relatively constant over the last 40 years or more. This w as  tested at 

each site by assessing whether or not there is a linear relationship betw een z  and 1/ p a t 

depths o f 20, 16, 12, 8, and 4 m, as would be expected from Sorge’s L aw  (Ham ilton 

and Whillans, 2000). The data from sites 1 and 2 do show such a linear relationship, 

indicating that compaction rates have not been significantly influenced by recent 

changes in temperature or precipitation. The “coffee-can” m ethod should  therefore 

result in valid calculations o f the rate o f  thickness change at these locations (Ham ilton
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and W hillans, 2000). The upper 20 m  o f the ice cap at site 3 was com posed entirely o f  

ice w ith  an assumed density o f  917 kg m 3. Uncertainties o f the resultant ‘coffee c a n ’ 

m easurem ents were based primarily on the accuracy o f the GPS m easurem ents w hich 

was +  3, 5, and 6 cm a '1 in the vertical dimension for sites 1, 2, and 3 respectively.

4.3.3 Thickness changes along major outlet glaciers

Rates o f dynamic thickness change were computed along 6 m ajor outlet 

glaciers that drain the Devon Island ice cap (North and South Croker Bay, Southeast 1 

and 2, Unnamed, and Belcher Glaciers) based on the divergence o f  ice flux  betw een 

successive flux gates along the glaciers and net surface mass balance betw een these 

gates:

d H / d t G l a c i e r  ~  (Q l n S A R g l  ~ Q l n S A R g 2  +  V o l b g l _ j> 2 ) I  ( A v B Q g i _ g 2 ~ )  ( 1 0 )

where g l  and g2 are flux gates positioned on the up- and down-glacier ends o f 5 — 8 

km long glacier segments. Flux gates were chosen to enclose sections o f  the g lacier 

that were relatively homogeneous in terms o f lateral constraints along the margins. A s 

with equation (3), Q i „ s a r  (m 3 a '1) was derived as the product betw een H V j „ s a r  (nr2 a"1) 

and the glacier width ( W i d t h c i a d e r ) ( m ) ,  where H V i „ s a r  was obtained as an  average 

value across W i d t f i G i a t i e r  at each flux gate location. Areagi_g2 (m2) is the a rea  betw een 

g l and g2, and Volbgi_g2 (nr3 a"1) is the mass gain or loss derived as the product 

between the average net surface mass balance between flux gates (as obtained from  

M air and others, 2004) and Areagi_g2 -
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The error associated with equation 10 was calculated as:

A d H / d t o i a c i e r  = ( 1/ &Qgl2 + A Q j  + AVolhgt_g22 ) / Areagi_ g2 (11)

where

A W idth2 A H 2 AV, 2
A Q = Q(J-—— +— +— ^ )  (12)

Width H  V,nSAR

and

A Vol i , , =AZjArea . , (13)^  smbg\_g2 gl_g2

where Ab was obtained from M air and others (2004).

Thickness change could only be computed for the lower 16 km  o f  the B elcher 

Glacier due to missing or unreliable ice thickness measurements along m uch o f the  

upper sections o f  the glacier (Burgess and others, 2005). D irect m easures o f  surface 

elevation change were therefore computed along the entire length o f  this glacier as the 

difference between values derived from aerial photography obtained by the  

Government o f Canada in 1960 (ELEV 1960; ± 2 m), and those derived from  radio-echo
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sounding data obtained by Dowdeswell and others (2004) in 2000 (ELEV2000; ± 7 m). 

The accuracy of these measurements, estimated as the square root of the sum of the 

errors squared divided by the 40-year time interval between dataset acquisitions, is ± 

0.18 m a 1.

4.4 RESULTS

4.4.1 W hat is the post 1960 volume change for the whole ice cap and how  much does 

this contribute to global sea level?

Volume loss derived from the basin-wide calculations was -53.2 +6  km 3 w ater 

equivalent, (~ -4.3 mWe), averaged across the main portion o f the D evon Island ice 

cap between 1960 and 1999. The basins on which this estimate is based  constitute 

78% o f  the main part o f  the ice cap. The volume loss from the rem aining 22%  o f  the 

ice cap was estimated as the sum o f  the volume losses from these basins by  surface 

m elt (-16.5 +2 km 3 water equivalent; M air and others, 2004) and iceberg calving (- 

0.014 +0.007 km 3 water equivalent; Burgess and others, in press). This equates to  a 

total loss o f  -67 ± 7 km3 water equivalent (~ -5.6 mWe) between 1960 and 1999, or an

3 1 1 •average annual loss rate o f -1.7 km a ' water equivalent (~ -0.14 m W e a ' ) over th is 

period o f time. Assuming that the total area o f  the E arth’s oceans is 360 x  106 km2, it 

is estimated that the Devon Island ice cap has contributed 0.19 ± 0.02 m m  to global 

sea level between 1960 and 1999. This amounts to -1 %  o f  the world-w ide input from  

small ice caps and glaciers based on the current estimated contribution from  these
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sources to be -0 .59  mm a '1 averaged over the past 43 years (Dyurgerov and M eier, 

2005).

4.4.2 H ow  is volume change distributed between basins?

All basins examined in this study experienced net volume loss betw een 1960 

and 1999, except for basin 38, where volume increased by 6.94 ±1.32 km 3 o f  ice over 

this period o f time (see Table 2). The greatest losses were from basins 39 an d  60 in the 

southeast region, where ice volume decreased by 17.18 +1.23 km3 and 20.75 +0.26 

km 3 respectively. Ice volume also decreased significantly in Basin 15 (by 12.29 +1.44 

km 3) in the northeast region. Basins 9, 25, 30, 37, 40, and 3 experienced an average 

net loss o f 2.4 + 0.25 km 3 o f ice. Among these basins, the highest ice volum e loss 

occurred from basin 30 (4.29 +0.18 km 3).

4.4.3 How are thickness and volume changes distributed between accum ulation and 

ablation areas and what are the factors controlling the changes observed?

Basin-wide estimates indicate that the accumulation zones o f  the  northern 

basins (9, 3, and 15) are more-or-less in balance, while the accum ulation zones o f  

basins 30 and 40 along the eastern m argin are slightly negative (Figure 4.3; Table 1). 

Basins 38 and 39 in the southern region appear to be thinning throughout th e ir 

accumulation zones at rates o f -0.12 + 0.12 m a’1 and -0.23 + 0.11 m  a '1 respectively 

(Figure 4.3). In situ thickness change measurem ents indicating equilibrium  conditions 

at Site 1 and slight thinning at Site 2 in the southwest accum ulation zone (Table 3) 

agree closely with the basin wide values in this region. Significant th inning derived
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across the 1 x 1 km grid at Site 3 (-0.23 ± 0.07 m a’1) how ever is a result o f  ice 

drawdown due to accelerated flow towards the South Croker Bay G lacier. With the 

exception o f this value, the in situ measurements are likely representative o f  thickness 

change over a broader area because they are located in regions o f  low  dynam ic activity 

(<15 m  a’1) where seasonal velocity fluctuations are m inimal (<1 m  a '1). In  addition, 

the horizontal mass balance gradient between the sites is shallow (0.11 k g  m '2 a '1 m ' 

1 [in elevation]).

The average rates o f thickness change for the ablation zones o f basin  39 in the  

southeast region, and basin 3 along the north coast are near zero (Figure 4.3). In these 

basins, mass loss due to surface melt is replaced almost entirely by influx across the 

ELA (see Table 1). In basin 38, flux across the ELA exceeds mass loss due to surface 

melt resulting in net thickening o f the southwest ablation zone by 0.55 ±  0.22 m a '1. 

The ablation zones o f the remaining basins in the north and northeast regions (9, 15, 

and 30) are thinning by ~ -0.14, -0.62, and -0.28 m a '1 o f ice respectively (Figure 4.3). 

Surface lowering by ~ -0.30 m a '1, as detected along the NASA_EW 2 (Figure 4.2) in  

basin 40, agrees with the basin-wide thinning rate o f  — 0.28 m a '1 at th is location. 

Basins 9, 30, and 40 are losing mass prim arily to surface m elt alone (Table 1) whereas 

more than half o f the annual mass loss w ithin basin 15 is due to iceberg  calving 

(— 0.25 km 3 a’1 o f ice) (Burgess and others, in press). Basins 25, 37, and 60 are  

situated almost entirely below the ELA and experience net losses o f  ~ -0.045, -0.053, 

and -0.53 km 3 a"1 o f ice respectively due prim arily to surface m elt alone (see Table 1).
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4.4.4 Is area change at the basin scale a good guide to volume change?

Volume change derived from areal change measurements for the D evon  Island

ice cap as a whole (Burgess and Sharp, 2004) is -2 0  km 3 less than that estim ated in  

this study. There is however a relatively close relationship (r2 =  0.8) among the  

individual basins. Volume changes estimated using the 2 methods agree to  within 1.2, 

1.16, and 0.54 km 3 for basins 3, 30, and 37, and to within m easurem ent uncertain ty  fo r 

basins 9, 25, and 40. The volume-area scaling technique therefore appears to  provide a  

reasonable estimate o f volume change for these basins. This is not, how ever, the case 

for basins 39, 60, 38, and 15 where estimates o f  volume change based on  changes in  

area are lower than the values calculated in this study by 11.73, 6.39, 3 .82 , and 2.75 

km 3 respectively (see Table 2). Three o f  these basins appear to be experiencing 

significant thickness change due to changes in ice dynamics w ithin either th e ir 

accumulation (basin 39) or ablation zones (basins 15 and 38) (see below), while basin  

60 is thinning throughout due to primarily surface melt alone. In all o f  these cases, 

volume loss is not proportionally reflected at the ice cap margin.

4.4.5 Do outlet glaciers have distinctive longitudinal patterns o f thickness change and  

how do these patterns compare with thickness changes at the basin wide scale?

Direct observations o f surface elevation change along the B elcher G lacier 

indicate pronounced lowering by ~ -0.5 m a '1 w ithin - 7  km  o f the head o f  this g lacier 

and by ~ -0.6 m a"1 within 5 km  o f the terminus. Increases in the e levation  o f the ice  

surface by up to lm  a"1 at the ice front (as derived from the 1960-2000 elevation data) 

contradict thinning by ~ -2 m a '1 w ithin -1 0  km  inland o f  the terminus as derived from
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the flux  difference method (Figure 4.5). This discrepancy may reflect tim e variant 

flow rates o f this glacier that are not accounted for by the velocity m easurem ents 

derived in this study. Close agreement between the annual rate o f  surface lowering 

obtained in this study, and the rate o f surface lowering derived from  the N A SA  

airborne surveys between km 9 and 17 (NASAJBEL; Figure 4.2), indicate that the  

N A SA  measurements are representative o f decadal scale rates o f thickness change at 

this location. Basin-wide thinning by -0.62 ± 0.14 m a '1 o f the ablation zone in basin  

15 is in agreement with the rate o f surface lowering derived from direct m ethods (-0.3 

+ 0.2 m  a '1), averaged along the entire Belcher Glacier. N et thinning along the B elcher 

Glacier, which occupies -37%  of the ablation zone o f basin 15, is therefore likely  

similar or slightly less than the changes that are occurring throughout the rem ainder o f  

this ablation zone. The Unnamed Glacier appears to be thinning along m ost o f  its 

length with maximum rates o f -  -1.2 m a '1 which occur -1 8  km from  the  ice front, 

decreasing to -  -0.5 m a '1 -1 0  km from the terminus. Rates o f  thickness change at - 1 5  

and 7 km from the terminus however are indistingushable from zero (F igure 4.6). T he 

lack o f velocity data within 4 km o f  the term inus o f this glacier precludes calculation 

o f  thickness change rates within this zone. In the southwest region, th ickness changes 

along the upper -1 2  km o f  the North and South Croker Bay Glaciers, w hich  occupy 

only -18%  of the ablation zone o f  basin 38, are indistinguishable from  zero . 

Thickening by up to - 2  m a '1 along the lower reaches o f the North C roker B ay glacier 

(<400 m a.s.l.; Figure 4.7) is consistent with, but greater than, the pattern  o f  thickening 

that prevails throughout the ablation zone o f  this basin (-0 .55 ± 0.22 m  a '1). B y  

contrast, thinning by -  -2 m a '1 prevails throughout the lower reaches (<400 m a.s.l.)
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o f  the South Croker Bay Glacier (Figure 4.8). Large uncertainties in the rate o f  

thinning at the terminus o f the South Croker B ay Glacier indicate that thinning at th is 

location could range from ~ -0.5 to -3  m a"1. In the southeast region (basin 39), 

thinning by up to ~  -1 m a '1 along the upper ~15 km o f the Southeast 1 outle t g lacier 

(Figure 4.9) is consistent with, but greater than, basin wide th inning of th is 

accumulation zone by -0.23 ± 0.12 m a '1 (Figure 4.3). Thickening by up to  -1  m  a-1 

occurs -2 0  km inland from the terminus along the Southeast 1 and 2 outle t glaciers 

where surface velocities decrease to < -1 0  m a"1 (Figure 4.11). The Southeast 1 and 2 

Glaciers occupy 50% o f the ablation zone o f  this basin and represent the m ain  

pathways along which a sufficient supply o f ice is delivered to the ablation zone to  

offset mass loss due to surface melt in this region.

4.4.6 Do thickness change patterns near the glacier termini reflect enhanced thinning 

where iceberg calving is an important sink?

The ice front associated with the Belcher Glacier is the m ost actively  calving 

region on the Devon Island ice cap, discharging -0 .25  km 3 o f  ice annually  (Burgess 

and others, in press). Flux imbalance calculations along the last 10 km  o f  this g lacier 

indicate apparent dynamic thinning by -  2 m a"1 at this terminus (Figure 4.5). D irect 

observations however indicate that net ice surface lowering (only -  -0.6 m a '1 

averaged over the past 40 years) is confined to between 6 and 7 km  inland from the  

terminus while the region immediately behind the ice front is thickening. Despite th is  

discrepancy, thinning, as indicated in both datasets, m ay be related to  dynam ic 

downdraw due to increasing ice flux towards the calving front. U nfortunately, velocity
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data is  no t available within 4 km o f  the Unnam ed Glacier, which is the second m ost 

im portan t calving glacier on the Devon Island ice cap discharging -0 .0 4  km3 o f  ice 

annually . Intense transverse crevassing associated with this ice front how ever indicates 

that longitudinal extension, and possible dynamic thinning throughout th is zone is 

occurring.

4.4.7 Is there evidence from the patterns o f  thickness change either w ith in  w hole 

basins o r along outlet glaciers for recent changes in flow dynamics that have resulted 

in rates o f  thinning/thickening that are not easily accounted for by surface m ass 

balance?

It seems likely that thinning by -0.23 + 0.11 m a '1 throughout the accum ulation 

zone o f  basin 39 (where the average net surface balance is -  0.17 m  a '1) is the result o f  

a recent increase in the rate o f ice flow from this region. This increased flow  is likely 

to have affected the upper region o f the Southeast 1 Glacier (and possibly the  

Southeast 2 Glacier) where thinning currently occurs w ithin ~ 5 km  o f the  ice divide 

(Figure 4.9). In addition, it is evident from the balance velocity map that ‘fas t’ glacier 

flow may extend to within -1 0  km o f  the interior northern divide along flow  unit D  

and a second flow unit to west o f  this feature (Figure 4.4). The relatively h igh  num ber 

o f  “ice streams” that drain the accumulation zone o f this basin m ay m ake it m ore 

sensitive to changes in ice dynamics than regions than are drained by  sheet flow  alone.

High ice fluxes across the ELA within basin 38 result in dynamic thickening o f  

the ablation zone in this basin by -0 .55  ±0.22 m  a '1. Thinning by — 2 m  a '1 below  

-4 0 0  m a.s.l. along the South Croker Bay Glacier is also attributable to changes in ice
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dynam ics as average surface ablation rates throughout this section are ~  -0.5m a"1. 

Conversely, dynamic thickening by - 2  m  a '1 occurs along the lower reaches of the  

N orth Croker Bay Glacier where net surface ablation rates are also ~  -0.5m a '1.

Dynamically induced thickening by up to ~1 m a-1 occurs -2 0  km in land  o f the 

term inus o f the Southeast 1 and 2 Glaciers where net surface ablation rates are -  -0.35 

m a '1. Ice flow decelerates dramatically along these glaciers from the topographically 

confined channel where basal sliding dominates to the non-confined channel where ice 

is flowing by internal deformation alone (see Figure 4.11). Dow nstream  thickening 

along these glaciers may also be enhanced by the influx o f ice along th e  margins, 

which occurs along m ost o f the length o f both glaciers. The presence o f looped 

moraines and degraded flow stripes near the terminus (Burgess and others, 2005) 

(Figure 4.11) suggest that this section was flowing much faster in th e  past. A n  

overdeepened subglacial trough (-250  m below sea-level) aligned w ith the Southeast 1 

Glacier indicates a shift in the relative importance o f fluxes from the Southeast 1 to 

Southeast 2 Glaciers, and is consistent with a shutdown o f the Southeast 1 Glacier.

Recent increases in the flux rate at the terminus o f the Belcher G lacier (Figure 

4.5) are likely responsible for apparent dynamically induced thinning by -  -0.6 to -2 m  

a '1 within 10 km o f this calving front. Similarly, pronounced surface low ering by —  

0.5 m a '1 between km 0 and km 7 along this glacier where the onset o f  ‘fast’ flow  

occurs (near the ELA), is also indicative o f  a dynamically driven changes in ice 

thickness.

4.5 DISCUSSION
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Differences in magnitude and/or sign between the rates o f  thickness change 

along the  m ajor outlet glaciers, and those determined at the drainage basin  scale in the 

southern basins are associated with differences in flow regime within a sing le drainage 

basin. This difference is particularly evident in basin 38, where dynam ic thinning 

along the  lower reaches o f the South Croker Bay Glacier coincides w ith n e t thickening 

o f the ablation zone in this basin. Dynamic thinning along the South Croker B ay 

Glacier is due to longitudinal extension where ice flux increases towards th is  term inus 

and ice movement is primarily by sliding at the glacier bed (Burgess and others, 

2005). Thickening on the other hand, is most likely to occur throughout the  rem aining 

areas where flux rates decrease towards the terrestrially grounded margin. Thickening 

however also occurs along the lower sections o f  the North Croker B ay G lacier w here 

reduced flux towards the terminus causes thickening despite basal sliding throughout 

this zone. Thickening along this section may be caused by increased sidewall drag 

caused by a sharp reorientation o f the bedrock valley. A lternatively, a pro-glacial 

moraine, or shoal, beyond the terminus o f  this glacier may be the source o f  

backpressure resulting in longitudinal compression and thickening up glacier from this 

terminus.

In the ablation zone o f basin 39, the large-scale pattern o f  th ickness change is 

likely one o f thickening at higher elevations (600 -  800 m a.s.l.) where ice flux enters 

from the accumulation zone, and thinning near the margins where the m axim um  rates 

o f surface ablation (up to -1 .9  m a '1; M air and others, 2004) occur. Significant 

deviations from this pattern along the Southeast 1 and 2 Glaciers m ay be due to the  

fact that the upper reaches o f these glaciers have accelerated resulting in thinning n ea r
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the E L A  along the Southeast 1 Glacier (and possibly Southeast 2). Thickening due to  

longitudinal compression occurs -2 0  km inland o f the termini o f these glaciers w here 

velocities drop sharply, offsetting mass loss at the surface due to melt.

Total volume change o f  the main part o f  the Devon Island ice cap o f  -32  k m 3 

water equivalent over the past 40 years, as estimated from extrapolation o f  the N A SA  

airborne laser altimetry measurements (Abdalati and others, 2004), is significantly  

lower than  our estimate o f 67 ± 7 km 3 water equivalent. This m ay reflect a  difference 

in thinning rates between the period covered by our assessment and that covered b y  

the N A SA  measurements, but it may also derive from the fact that the N A S A  transects 

did not sample the regions where the most significant changes appear to b e  occurring. 

As shown in Figure 4.2, the NASA transects are confined prim arily to the main east- 

west divide and the western lobe, which are relatively inactive regions. As indicated in  

this study, the most significant changes are occurring within the accum ulation zone o f  

the southeast region, the lower reaches o f the South Croker Glacier, the ablation zone 

o f basin 15 including the Belcher terminus region, and along the low -lying basins th a t 

are almost entirely below the ELA, such as basin 60 (see Table 2). M easurem ents o f  

surface elevation change performed by N A SA  may be biased towards an  

underestimate o f  the total volume change that has actually occurred by excluding these 

areas in the 1995 and 2000 airborne laser surveys.

In many ways, the pattern o f thickness changes observed over the D evon Island  

ice cap is similar to that measured by N A SA ’s Program  for Arctic R egional Clim ate 

Assessment (PARCA) over the Greenland ice sheet (Thomas and others, 2001). T he  

broad scale pattern o f thickness change over both Greenland and D evon is one o f n ea r
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balance at high elevations and thinning near the ice cap margins (Krabill and others,

2000). A ccum ulation zone thinning rates o f -  -29 cm a"1 and -  -23 cm a '1 d o , however, 

occur in  the southeast regions o f Greenland (Thomas and others, 2000) and D evon 

respectively. In both cases, these basins appear to be influenced significantly by the  

behaviour o f the major outlet glaciers that drain them (King Christian IV , Pikiutdleq, 

and H elheim  for Greenland [Abdalati and others, 2001] and Southeast 1 and 2 fo r 

Devon). Thinning occurs well into the accumulation zones o f the Devon Island  ice cap  

and Greenland along these glaciers. Finally, several m ajor tidewater glaciers that d rain  

the Greenland Ice Sheet (Rink Isbrae, Kangerdlugsuup, Kjer, King Oscar, H um boldt 

North, Eqalorutsit East, Eqaloriutsit West, Storsstrommen North) have  zones o f  

dynamic thinning similar to those along the Belcher and South Croker Bay Glaciers on  

Devon. As on Greenland, the inferred changes in the dynamics o f the D evon Island ice 

cap appear to contribute significantly to the overall volume change o f  the ice cap and  

must be included in measurements o f  surface elevation change if  they are to  provide a 

reliable basis for assessing volume change o f the whole ice mass (Abdalati and others,

2001).

4.6 CONCLUSIONS

In this study, rates o f long term  (-4 0  years) thickness change com puted from  

direct and indirect methods highlight significant spatial variability in the pattern o f  

thickness change across the Devon Island ice cap. Thinning by -0.23 ± 0.11 m a '1 in  

the southeast accumulation zone m ay be enhanced by thinning o f  up to  -0.8 m  a '1
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along the  upper reaches o f the Southeast 1 glacier. Slight thinning by -0.12 ± 0 .1 2 m a ‘

1 occurs in the southwest accumulation zone whereas the accumulation zones o f the  

northern basins are generally in balance. In the ablation zone, near equilibrium  

conditions in the southeast region prevail where mass loss due to surface m elt is offset 

by dynam ic thickening o f  up to ~1 m a"1 20 km  o f  the terminus o f the Southeast 1 and

2 outlet glaciers. Dynamic thickening (thinning) o f the North (South) Croker B ay  

Glaciers in the southwest ablation zone coincides with ablation zone thickening b y  

0.55 ±  0.22 m a '1 in this region. Direct observations o f  surface elevation change 

averaged over the past 40 years indicate that localized thinning o f ~  -0.7 m  a '1 ~ 6 km  

o f the terminus o f the Belcher Glacier while the ice front is thickening. Thinning by  ~  

-2 m a '1 throughout the last 10 km  o f  this glacier as derived from indirect m ethods 

however, suggest that recent changes in dynamics m ay have enhanced th inning w ith in  

this zone. Basin-wide volume change calculations indicate that the m ain portion o f  the  

Devon Island ice cap (excluding the southwest arm) decreased by 67 ± 7 km  w ater 

equivalent between 1963 and 2000, resulting in a total contribution o f -0 .1 9  mm to  

global sea level rise over this period o f time.
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Accumulation
Zone

Ablation Zone

B a sin
ID

Net volume 
change (km3 a~')

Net volume 
change (km3 a-1)

QlnSar 
(km3 a '1)

babl 
(km3 a”1)

Qcalving
(km3 a ')

3 -0.036(.020) -0.015( 024) 0.097 -0.075 -0.037
9 -0.003(.025) -0.043(.016) 0.063 -0 092 -0.014
15 -0.013(.031) -0.302(,070) 0.081 -0.162 -0.221
25 n/a -0.045(.006) n/a -0.041 -0.004
30 -0.029(.013) -0.100(.026) 0.064 -0.104 -0.041
37 n/a -0.053( 008) n/a -0.051 -0.002
38 -0.213(. 180) -0.392 (.111) 0.522 -0.072 -0.059
39 -0.385(. 137) -0.071(. 142) 0.558 -0.606 -0.023
40 -0.018(.010) -0.044(. 141) 0.029 -0.066 -0.008
60 n/a -0.532(.042) ■> n/a ...... -0.528 -0.004

Table 4.1. Values o f ice volume change throughout the accum ulation an d  ablation 
zone o f  the major tidewater terminating basins across the Devon Island ice  cap. N e t 
volume change o f the accumulation zone represents the difference betw een balance 
and observed flux at the ELA. Individual components contributing to net volum e 
change o f  the ablation zone are shown separately.
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Volume change derived from flux Volume change derived from  areal 
imbalance x 39 years (km3 a-1) changes 1960 -  1999(km3 a~')

9 -1.83 ± 0.19 -2.07 ± 0.25

25 -1.76 ± 0.04 -1.87 ±0.23
40 -2.46 ± 0.88 -3.00 ± 0 .36

37 -2.07 ±0.05 -1.72 ± 0.21
30 -4.29 ±0.18 -5.45 ± 0.67

3 -1.98 ± 0.20 -0.78 ± 0.10

15 -12.29 ± 1.44 -9.51 ± 0.73
38 6.94 ± 1.32 3.12 ± 0.38

39 -17.78 ± 1.23 -6.05 ±0 .73

60 -20.75 ±  0.26 -14.36 ± 1.74

Total - 58.27  ± 5.8 - 41.69  ± 5.4

Table 4.2. Estimates o f the change in ice volume o f all m ajor drainage basins 
according to (a) flux imbalance as derived in this study and (b) the m axim um  
thickness area change technique as derived in Chapter 2. Shaded cells 
represent volume changes that agree to w ithin the specified m argin o f  error.
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Site Number
dH /dtcc (mWe a ]) dH/dtihickchg (mW e a '1)

1 -0.02 ± 0.03 +0.03 ± 0.04

2 -0.11 ± 0.05 -0.05 ± 0.05

3 +0.04 ± 0.06 -0 .2 3 +  0.07

Table 4.3. Ice thickness change rates derived from in situ m easurem ents at 3 study  
sites in the southwest region in 2004/2005.
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Figure 4.2. InSAR look direction surface velocities across the Devon Islan d  ice cap 
derived from the ERS 1/2 satellite data. The grey gridded area in the southern  region 
o f  the ice cap indicate the location where surface accumulation rates w ere increased by
1.5 times the amount derived by M air and others (2004).
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Figure 4.3. Basin-wide thickness changes o f  the accum ulation (AC) and ab lation  (AB) 

zones across the Devon ice cap (m a’1). The ELA  is specified at 950 m  in northw est 
(NW), 800 m in the southeast (SE), and 875 m  in the southwest (SW ) and northeast 
(NE) quadrants (Koemer, 1970).
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Figure 4.11. InSAR derived velocity pattern and bed topography throughout the 
terminus region o f  the Southeast 1 and 2 Glaciers. The elevation contours o f the 
glacier bed highlight an erosional trough aligned with ice flow along the Southeast 1 
Glacier. DIF indicates the zone o f  decelerating flow, which occurs beyond th e  channel 
constricted by bedrock topography (BT) on either side. Ice flow at th is location 
transforms from movement prim arily by basal sliding to m ovem ent by  
internal deformation alone as derived Burgess and others, 2004.
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CHAPTER 5 

SUMMARY AND CONCLUSIONS

5.1 SUM M ARY

Through the use o f satellite remote sensing and field-based m easurem ents, th is  

thesis provides unique insight into the dynamics and recent changes in geom etry an d  

volume o f  the Devon Island ice cap. In addition to the 3 papers that com prise the m ain  

body o f  this work, contributions were also m ade to 2 additional non-thesis papers — 

Flow and form  o f  the Devon Island ice cap (Dowdeswell and others, 2004) and Thirty- 

seven year mass balance o f  Devon Ice Cap, Nunavut, Canada, determined by shallow  

ice coring and melt modeling (M air and others, 2004). Ice thickness data from  

Dowdeswell and others (2004) and net surface mass balance data from  Mair an d  

others (2004) were integrated into Chapters 3 and 4 in order to derive ice flow  

regimes, iceberg calving rates, and rates o f thickness change across the ice cap.

Results from this thesis represent the m ost complete assessm ent o f  the m ass 

balance and recent geometric changes o f a large polar ice cap to date. The m ajo r 

findings include:

1) The Devon Island ice cap has decreased by 332 ± 40 km 2 over the past 40  

years. This areal decrease equates to a loss o f 65 ± 12 km 3 o f  ice  (or -0 .1 7  

mm sea-level rise) for the entire ice cap as derived from volum e-area scaling 

methods.
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2) The dominant changes in area that occurred include (a) retreat o f  all m ajor 

tidewater glaciers by up to 3 km along the east coast, (b) advance of up to  

120 m  along the western margin, (c) shrinkage o f  the southw est arm  by 200 

± 1 7  km 2, and (d) increase in exposed bedrock in the interior reg ions o f the  

ice cap by 28 ± 5 km2.

3) Surface velocity fields m apped from satellite radar in terferom etry (InSAR) 

revealed uniform sheet flow across m ost o f the western h a lf  o f  the ice cap  

while the eastern region is drained by several large outlet g laciers, some o f  

which extend up to 60 km inland from the ice margin.

4) Flow across the ice cap is governed by 4 m ain ice flow regim es. F low

Regime 1 represents ice motion by internal deformation only; F low  Regim e 

2 represents ice m otion by basal sliding and internal deform ation; F low  

Regime 3 represents ice m otion by enhanced basal sliding and  internal 

deformation; and Flow Regime 4 represents ice m otion by  basal sliding 

only. Continuous m apping o f the m ain ice flow regimes ind icate  that -2 2 %  

o f eastern half o f the ice cap is warm-based as opposed to only  ~8%  o f  the  

western region.

5) Iceberg calving, calculated as the sum o f  ice flux at the  tidew ater

terminating glaciers and volume loss at these termini due to g lacier retreat,

accounts for -20 .5  km 3 o f  ice, or -3 0 %  o f  the total mass ab la ted  from the 

ice cap, since 1960. The ice front associated w ith the B elcher Glacier w as 

identified as the m ost im portant calving outlet, accounting fo r -5 0 %  o f  the 

net annual iceberg flux from  the ice cap.
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6) Thickness change results indicate that the north accum ulation zone is in  

balance while net thinning occurs w ithin the south and east accum ulation 

zones with maximum rates o f -0.23 ±  0.11 m  a '1 in the southeast basin. T he 

ablation zones o f the northern basins are in equilibrium  or th inning  by -0.14 

to -0.34 m a '1. Thinning by -0 .62  ± 0.14 m a '1 o f  the ablation zone in basin  

15 is enhanced by ice calved from the terminus o f  the Belcher Glacier. T he 

ablation zone in the southwest sector is thickening by 0.55 ±  0.22 m  a '1 

while net equilibrium prevails in the southeast ablation zone. A long glacier 

thickness changes reveal thinning by  ~  -0.8 m  a’1 above the E L A  along the  

Southeast 1 Glacier and thickening by  up to ~1 m  a '1 below the ELA along 

the Southeast 1 and 2 outlet glaciers. Thickening (thinning) b y  ~ 2  m a '1 (~  - 

2 m a '1) occurs below -4 0 0  m a.s.l. along the N orth (South) Croker B ay  

Glacier. Surface lowering o f  up to -  -0 .7  m a '1 averaged over the past 40  

years is evident near the terminus o f  the Belcher Glacier. F lux  difference 

calculations however indicate that this region m ay currently b e  experiencing 

thinning o f up to -  -2 m a '1.

7) Volume changes based on mass loss due to net surface m ass balance and  

iceberg calving rates indicate that the Devon Island ice cap as a  whole has 

decreased by -74 + 9 km3 (or -67 ±  7 km 3 water equivalent) betw een 1960 

and 1999, contributing -0 .19  mm to global sea-level rise over this tim e 

period.
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It is apparent from this study that significant variability in the spatial pattern o f  

geometric change occurs across the Devon Island ice cap. The western reg ion  o f the  

ice cap has experienced net increase in mass o f  -3 .5  km3 o f  ice since 1960. M ost o f  

this region terminates terrestrially between 400-600 m  a.s.l. where surface ablation 

rates are relatively low (~ -0.35 m  a '1; M air and others, 2004). A lso, low  driving 

stresses throughout this region ( < 5 0  k f  a; Dowdeswell and others, 2004) inhibit rap id  

ice drainage from the interior region towards the margins. These characteristics have 

buffered this region from the effects o f post L ittle Ice Age warming that have had an  

otherwise negative impact on the mass balance o f  m ost land ice in  th e  northern 

hemisphere (Dowdeswell and others, 1997). B y contrast, changes in ice dynamics and  

surface melt have significantly influenced the m ass balance, and hence geom etry, o f  

the eastern ha lf o f the ice cap. In the southeast sector, m aximum  driving stresses (>100 

kPa) above -9 0 0  m a.s.l. (Dowdeswell and others, 2004) likely contribute to  enhanced 

ice flow across the ELA resulting in dynamic thinning o f the accum ulation zone in th is  

region. W ith the exception o f the southwest arm , the eastern ha lf o f  the ice  cap a lso  

loses -9 0 %  more volume as a result o f  surface ablation than the w est h a lf  o f the ice 

cap. In addition, >95% o f the total amount o f  ice lost due to calving originates from  

glaciers along the eastern margin. Iceberg calving and surface melt are therefore b o th  

important contributors to mass loss from the eastern sector o f the D evon Island ice cap 

resulting in a net decrease o f -  -79 km 3 o f ice from  this region over the p as t 40 years.
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5.2 CONCLUSIONS

Net shrinkage o f the Devon Island ice cap as quantified in this study, is consistent 

with the other indicators o f global climate warm ing that comm enced in th e  mid 19th 

century (Overpeck and others, 1997; IPCC, 2001). In the Arctic region, dramatic 

responses to this warming are evident in (1) a net reduction o f  Arctic sea ice  since the 

late 1970’s (Serreze and others, 2003), (2) a positive trend in the areal extent over 

which surface melt on the Greenland ice sheet occurs (Abdalati and Steffen, 2001), 

and (3) overall retreat o f  most glaciers in the circumpolar region from  which m ass 

balance data are available (Dowdeswell and others, 1997). In addition, important 

linkages observed between these and other biological, hydrological, and  societal 

changes indicate that system-wide changes in the Arctic are also occurring in  response 

to post Little Ice Age warming in the northern high latitudes (H einzm an and others, 

2005). O f  these changes, decreases in volume o f  land-based ice are having , and w ill 

continue to have, the greatest impact on global sea-level change. Large uncertainties in  

the overall importance o f eustatic (from glaciers) versus steric (therm al expansion) 

components o f net sea-level rise however still currently exist (Dyurgerov and M eier, 

2005).

The most recent estimate provided by Dyurgerov and M eier (2005) indicates 

that the eustatic sea-level rise is -0 .5 9  mm a '1 when averaged over the p as t 40 years, 

but as h igh  as -0 .93  mm a '1 over the past decade. By including recent m ass balance 

estimates from the Alaskan glaciers (Arendt, 2002) and the Patagonia ice fields 

(Rignot and others, 2003), accounting for accelerated warming since th e  late 1980’s,
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and using a new estimate o f the total areal coverage o f land ice, this new estimate has 

increased over previous estimates which ranged from -0 .25  mm a '1 (Dyurgerov and  

M eier, 1997) to -0 .5  mm a '1 (M eier and W ahr, 2002). Contributions from  land ice in  

the Canadian Arctic however are still based on the ice volume changes derived b y  

extrapolating point measurements o f surface mass balance data collected by Dr. R . 

Koem er o f the Geological Survey o f Canada since 1960. This estim ate contains 

significant uncertainty due to extrapolations over large regions and does not include 

mass loss due to iceberg calving. These shortcomings are likely to be responsible fo r 

the much lower, previous estimate o f volume change for the Devon Island  ice cap 

since 1960 (-42  km3 water equivalent) than the value derived in this study  (-67 ±  7 

km 3 water equivalent) which was obtained for individual drainage basins an d  includes 

mass loss due to iceberg calving. This discrepancy implies that recent contribution 

towards global sea-level rise due to net volum e decrease from the D evon Island ice  

cap, and likely all land-ice in the Canadian Arctic, is still underestim ated by up to  

-40% .

A  second independent estimate o f volum e change, as derived from  repeat 

NASA laser altimetry surveys (Abdalati and others, 2004), is also significantly low er 

(— 32 km 3) than estimated in this study. This discrepancy likely reflects the sparse 

coverage o f  the NASA measurements that failed to sample regions that are changing 

most rapidly. These regions include the southeast accumulation zone, the ablation 

zone o f  basin 15 and the low-lying basins situated around the ice cap margin. In  

addition, the current NASA transects do not provide insight into n e t changes o f  

individual drainage basins, which vary significantly across the ice cap. In  order to
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derive accurate measures o f volume change for the ice cap as a whole, fu ture surveys 

should therefore be designed to measure changes across complete glacier system s and  

include areas that are most likely to be affected by dynamically driven changes in ice 

thickness.

From  a global perspective, the impact o f  recent climatic conditions on the  

relative volume decrease o f the Devon Island ice cap has been low. This assessm ent is 

based on a quantitative measure o f relative volum e change (annual rate o f  volum e loss 

divided by ice mass area; VC:A) for which current rates o f volume change, and area o f  

major ice masses are known. O f the small ice caps and glaciers (< 14, 000  km2), the  

Patagonia ice fields (Rignot and others, 2003) currently experience the greatest rate o f  

volume loss per unit area (VC:A = 0.001 m  a '1). The Alaskan Glaciers (Arendt and  

others, 2002) experience the second highest rates (VC:A = 0.0006 m  a '1), while the  

Devon Island ice cap and the ice caps in Svalbard (Dowdeswell and H agen, 2003) 

have been affected least (V G A  = 0.0001 m  a"1 for both). This trend highlights the  

significantly greater impact o f  recent climate forcing on land ice at low er latitudes th a t 

are influenced mainly by maritime climatic regim es, as opposed to lan d  ice in the 

more arid polar region. W ithin the Arctic, the Greenland ice sheet exhibits a V G A  

value that is an order o f magnitude lower (VC:A = 0.00003 m  a '1; based  on  the m ost 

recent estimate o f volume change by Krabill and others, 2000) than that o f  the ice caps 

on Devon Island and Svalbard. This difference is mainly a function o f  the  size o f  the  

Greenland ice sheet (~1.7 x 106 km 2 in area and up to ~3000 m in elevation), w hich
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has bu ffe red  this ice mass from the effects o f post Little Ice Age w arm ing relative to  

the sm alle r ice caps.

Despite the low impact o f  recent climate warming on the health  o f the 

G reenland Ice Sheet, similarities in the patterns o f recent geometric change betw een 

this ice m ass and the Devon Island ice cap do however exist. Both ice masses are 

currently experiencing net loss due to surface melt below ~1000 m  a.s.l. w ith a 

significant proportion o f the total loss accounted for by mass discharge directly into 

the ocean  (~30% from Devon Island ice cap and -50%  from  the G reenland ice sheet). 

Over Greenland, mass loss due to ice dynamics is evident m ainly from  enhanced 

surface lowering o f near the terminus o f most outlet glaciers as identified from  repeat 

airborne laser surveys performed by NASA between 1993 and 2000 (A bdalati, 2001). 

On the Devon Island ice cap, thinning by -0 .62  m  a '1 o f  the ablation zone in  basin 15 

(situated in the northeast sector) is enhanced by mass loss due to iceberg  calving 

associated with the terminus o f the Belcher Glacier. Both ice m asses are also  

experiencing dynamic drawdown o f  the accum ulation zones o f  the in land  region o f  

their southeast sectors. Other than the fact that the Greenland ice sheet is <200 tim es 

greater in volume than the Devon Island ice cap, the prim ary difference betw een the  

two ice masses is that -50%  o f  the Greenland ice sheet rarely, if  ever, experiences 

summer melt. On the Devon Island ice cap, despite significant interannual variability 

in the duration o f  melt, surface m elt routinely occurs at the summit (-1 9 0 0  m a.s.l.) 

(Wang and others, 2005). These important differences imply that the G reenland ice 

sheet is at an earlier stage in terms o f  fully responding to the impact o f  post Little Ice  

Age warming relative to the Devon Island ice cap. Knowledge o f  the predom inant
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m echanism s controlling geometric changes o f the Devon Island ice cap m ay  therefore 

provide a better understanding o f the response o f  the Greenland ice sheet to future 

climate warming.

5.3 FUTURE RESEARCH

It is apparent from this study that further investigation into three m ain  aspects 

o f the Devon Island ice cap is required in order to improve our understanding o f the  

current changes experienced by the ice cap, and how the ice cap is likely to  respond to  

future climate warming. The priorities for further investigation include (1) validation 

o f the measurements o f  thickness change derived from indirect m ethods in  this study, 

(2) quantification o f  seasonal and long term  variability in rates o f  ice flow  o f  the  

tidewater glaciers and the inland extent o f  this variability, and (3) reducing the  

uncertainties in long term  net surface mass balance o f  the southeast region w here 

significant mass losses from the ice cap occur.

(1) Validation o f the ‘long term ’ thickness change rates derived from  indirect m ethods 

in this study require accurate historical surface elevation data to be com pared w ith  

current sources, such as from the NASA airborne laser altimetry (± ~0.1 m ) or surface 

elevations derived from radio-echo sounding data obtained by D ow desw ell and others 

(2004) (± 7m). Unfortunately, the topographic data that represents the 1960 surface 

over the Devon Island ice cap (Canadian Digital Elevation Dataset) are only accurate 

to ~ ± 100 m  throughout the interior regions and ~ ±  50 m along the main outle t 

glaciers rendering them unusable for detecting subtle changes over the decadal tim e 

scale. Along the main outlet glaciers however, surface elevations can be produced
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from the 1960’s photography using conventional photogrammetric techniques w here 

sufficient image contrast exists. These m ethods were successfully em ployed to  

produce a DEM along the Belcher Glacier accurate to ± 2 m and should b e  applied to  

all outlet glaciers in order to provide baseline surface elevation data from  w hich  

current and/or future measurements can be compared. Throughout the ice cap interior, 

accurate surface data may be obtained from the high resolution photographic data tha t 

was acquired during the CORONA mission betw een 1960 and 1972. Since these 

images were collected as continuous strips that span the w idth o f  the ice cap , it may b e  

possible to employ photogrammetric techniques that utilize high p recision  optics to  

extract surface elevation measurements over low contrast areas (A ym an H abib, 

personal communication, 2005).

Besides validation o f long term  thickness change, it is also im portant to m onitor 

ongoing thickness change along the main outlet glaciers where flow is m ost likely to  

be influenced by external climate forcing (Copland and others, 2003; Cress and  

W yness, 1961). In order to m onitor short-term changes over these areas, it is essential 

to obtain surface elevation measurements along the m ain outlet glaciers o n  a regular 

basis (every 1 -2 years) using repeat airborne laser altimetry or ground-based kinem atic 

GPS surveys. Correlations with temporal variations in flow rate and possib le linkages 

to melt intensity (as discussed below) will provide important insight into the 

sensitivity o f these areas to climatically induced changes in ice thickness.

(2) The second area o f  research that must be pursued in order to im prove ou r 

understanding o f the current behaviour and vulnerability o f  the Devon Island  ice cap
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to future climate change is to fill gaps in the spatial coverage o f the curren t velocity 

m easurem ents across the ice cap and to quantify the temporal variability (seasonal and 

long term ) in rates o f ice flow along the main outlet glaciers. In this study, gaps in the 

velocity stmcture o f the Devon Island ice cap occurred along the term ini o f several 

tidew ater glaciers (including the Belcher, Eastern, Unnamed Glaciers) w here intense 

crevassing and high velocities caused decorrelation o f the radar image pairs. Gaps also 

rem ain over -25%  o f the interior region o f  the ice cap where direction o f  ice flow is 

nearly perpendicular to the look direction o f the ascending mode ERS1 / 2 satellites. 

Over the tidewater glaciers, improved velocity m apping may possibly b e  obtained 

from intensity mapping (Luckman and others, 2003) or speckle tracking techniques 

(Short and Gray, 2005) using SAR data acquired since 2000 when the original velocity 

m apping on Devon was performed. Since the intensity and speckle tracking techniques 

are only sensitive to ice m otion > -3 0  m a"1, gaps in the coverage o f  the continuous 

velocity field within the interior regions m ust be obtained from descending m ode 

InSAR data. Although these data are unavailable from the existing (or past) 

configuration o f  satellites, it may be possible to fill these gaps w ith  data from  

Radarsat2 provided that (a) perpendicular baselines during this m ission are m aintained 

below -  100 m and (b) the rate o f flow in 1992 is not significantly d ifferent from the  

rate o f flow when future InSAR data are acquired (possibly by 2007).

In order to better understand the potential influence o f  external clim ate forcing on 

the dynamics o f  the Devon Island ice cap, it is imperative that variability in  the rates 

o f ice flow (seasonal or long-term) is quantified. Field studies are planned for 2006 to 

install GPS receivers along the length o f  the Belcher Glacier in order to track  tem poral
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flow rates over a 2-year period (M artin Sharp, personal comm unication, 2005). Ice 

flow rates derived from GPS data will be linked to temperature and hydrological 

conditions along the glacier in order to provide insight into the impact o f  external 

climate forcing on the dynamics o f  the glacier. A relationship betw een these 

param eters would be useful for quantifying the annual variability in calving flux rates 

and their sensitivity to climate warming. I f  successful, this technique should be 

applied to the other major tidewater outlet glaciers (North and South Croker Bay, 

Unnamed, and Eastern Glaciers) in order to constrain estimates o f seasonal variability 

in rates o f  iceberg calving from the ice cap.

Longer term changes in ice velocity (>1 year) may be detected by comparing 

velocity patterns obtained from speckle tracking techniques applied over regions o f  

‘fast’ flow in successive years (Short and Gray, 2005). In order to detect subtle 

changes o f  inland flow rates and potential instabilities throughout the interior regions, 

it would be necessary to acquire repeat InSAR observations over these regions on an 

operational basis. Unfortunately however this option is not available from  the current 

constellation o f radar satellites.

(3) The third aspect o f  the Devon Island ice cap that requires further investigation is to 

gain a better understanding o f the spatial pattern o f  net surface m ass balance in the 

southeast region. Previous work has determined that this region receives the highest 

rates o f accumulation (M air and others, 2004; Koem er, 1970), which is due prim arily 

to the proximity o f  the Baffin Bay moisture source (Koemer, 1977). Long term (40- 

year) mass balance measurements performed in  this region during the spring o f 2005
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how ever indicated that (a) the net surface mass balance near the head o f  Southeast 1 

and 2 outlet glaciers is currently underestim ated and (b) spatial variability  in m ass 

balance w ithin this region may be higher than the existing data suggest. In  addition, 

ablation rates in the extreme southeast sector o f  this drainage basin have n o t yet been  

quantified directly, resulting in large uncertainties in the m elt rates. This basin  

comprises the single largest catchment area on the ice cap (-2100 km 2) in  which the  

greatest mass ‘turnover’ occurs. An accurate assessment o f the long-term  net surface 

mass balance throughout this sector would therefore significantly im prove ou r 

understanding o f  the mass balance o f the ice cap as a whole.

To achieve this goal, efforts should be focused on obtaining a relatively dense 

network o f  point and continuous measurements o f  long-term  mass balance throughout 

the southeast region. Long-term mass balance at point locations should be  quantified 

by detecting the depth to, and density above the 1963 radio active reference layer 

deposited as fallout from thermonuclear weapons testing in the Russian h ig h  Arctic in  

1962 (M air and others, 2004). Continuous m apping o f ice layers at depth betw een core 

locations from -250  -  500 Mhz ground penetrating radar (GPR) would provide insight 

into the spatial gradients in net accumulation throughout this region (Dowdesw ell and 

Evans, 2004). This technique has been used successfully to map the continuity o f  ice 

layers at depth along transects extending hundreds o f kilometres in length  over the 

Antarctic Ice Sheet (Morse and others, 2002; W elch and Jocobel, 2003). Conventional 

mass balance surveys should be performed in the southeast ablation zone where m elt 

rates are currently poorly understood. Collection o f  m eteorological data from  in situ  

instrumentation, and melt duration and intensity from QuickSCAT rem ote sensing
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data (Wang and others, 2005) should also be m onitored in order to g a in  a better

understanding o f  the factors that control melt throughout this sector o f  the ic e  cap.
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