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Recession of the southern part of Barnes Ice Cap,
Baffin Island, Canada, between 1961 and 1993, determined
from digital mapping of Landsat TM
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ABSTRACT. Changes along the margin of the southern half of the 5900 km” Barnes
Ice Cap have been assessed using 1993 Landsat T M imagery in comparison with digitized
1:50000 N'TS maps based on 1961 photogrammetry. The average recession over the
183 km long southern perimeter was found to be at least 4ma !, with no significant dif-
ference hbetween the southeast and southwest sectors, Viewed in conjunction with the
sustained retreat previously reported for the northwest margin, these results indicate
that a general reduction in the size of Barnes Tce Cap is occurring. The present retreat
phase began under a regional climate warming in the late 19th to early 20th century
period and continues, while the record of the ablation-season temperature since the mid-

century has not shown any significant trend.

INTRODUCTION

Barnes lee Cap occupies an area of 3900 km” on the central
plateau of Baffin Island between 69.5° and 70.57 N. latitude
(Fig, 1). Its base is at about 500 m a.s.l. and it rises to almost
1100 m in the north-central part. The thickness of the ice cap
at the centre is 600-700 m ( Andrews and Barnett, 1979). Re-
gional studies of late Wisconsinan (locally Foxe) glacial
events by Ives and Andrews (1963), compiled in maps by
Dyke and Prest (1987), concluded that Barnes Ice Cap at-
tained its approximate present configuration less than
5000 years ago. The inferred progression of deglaciation to
the present Barnes Iee Cap, coupled with the discovery by
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Fig. 1. Barnes Ice Cap, showing the area considered in this
study.
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Hooke (1976) of Pleistocene ice at its base, identifies Barnes
Ice Cap as a last remnant of the continental Laurentide ice
sheet. There is evidence for Neoglacial and Little Tce Age re-
advances in the form of a conspicuous suite of moraines on
the west side of the ice cap. The innermost of these has been
dated by lichenometry at less than 100 BP (Andrews and
Webber, 1964; Andrews and Barnett, 1979).

Early glaciological studies (Baird and others, 1952; Ward
and Orvig, 1953) suggested that Barnes Ice Cap is main-
taincd near equilibrium with the present climate, largely
by formation of superimposed ice in the accumulation
zone, The superimposed ice forms when meltwater from
the winter snowpack percolates and refreezes. Such meli-
ing occurs even at the summit in most years. From studies
in the early 1960s, Loken and Andrews (1966) concluded
that, while the ice cap may be self-maintaining, present cli-
matic conditions would not support formation ab initio of
an ice cap at this plateau location. Investigations of the
ablation-season climate of Barnes Ice Cap by Sagar (1966)
tended to support the idea of an inter-annually varying
mass-balance regime that on average appeared to be main-
taining the ice cap through the formation of superimposed
ice. From asymmetries in its mass balance and profile,
Leken and Andrews (1966) inlerred that the ice cap was re-
treating on its southwest margin and was static or possibly
advancing to the northeast. From his analysis of ice flow and
moraine character along the southeast margin, Hooke
(1973) presented a model of ice-cored moraine formation
which was consistent with a Little Tce Age advance in that
sector. Further studies in that area included temperature
profiles taken to or near the base of the ice along a 10 km
stake line running northeast from the south dome of the ice
cap to the margin (Hooke and others, 1980). Initial interpre-
tation of the horizontal gradients of englacial temperatures
suggested a post-Little Ice Age warming as early as 250 BP
(Hooke and others, 1980), which is somewhat earlier than
the c. 100 8P date indicated by the lichenometric evidence
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(Andrews and Barnett, 1979). Hooke (personal communica-
tion, 1996) has subsequently suggested that the down-glacier
increase in basal temperature gradient may be a conse-
quence of increased thinning of the ice near the margin,
which would be consistent with a later date for the onset of
warming. Hooke and others (1987) reported on surveys
taken along this same stake line between 1970 and 1984.
Large inter-annual differences in mass balance were ob-
served but the net balance averaged over the transect was
negative for the 14 years and it was estimated that the ice
cap in this sector had thinned by about 2m over that peri-
od (Hooke and others, 1987).

The general conclusion to be drawn from these studies is
that Barnes Ice Cap was downwasting in its northwestern
and southern parts but there was no evidence for any re-
treat on the northeast side. The actual flow regime was
more complex than the relatively simple geometry that the
ice cap suggested, and the position of the divide was being
displaced northeastward. These conditions were repre-
sented reasonably well in a numerical model for Barnes Ice
Cap developed by Mahaffey (1976). She attributed discre-
pancies in the model to non-uniform basal sliding, a conclu-
sion supported by the evidence presented by Holdsworth
(1973) for episodes of surging on part of the south dome of
the ice cap.

Further observations of Barnes Ice Cap were undertaken
by Jacobs and others (1993), with the objective of producing
a more accurate climatology while monitoring changes oc-
curring along the ice-cap margin. From July 1989 to July
1995, an automated climate station was operated at the
northwest margin of the ice cap, and from July 1991 to May
1992 and from May 1993 to May 1995 a station was operated
on the ice-cap summit. In 1989 and 1991, SUrveys were con-
ducted at the front of Lewis Glacier (Iig. 1) and the field
data were used in conjunction with Landsat imagery to
map changes in that sector. The analysis showed that Lewis
Glacier had been receding from its 1961 position at an aver-
age rate of 23 ma ', and that there had been general retreat
along this 40 km northwest perimeter of about 10 ma '
(Jacobs and others, 1993). It was concluded that recession
was continuing along the northwest margin at a rate equal
to or greater than had been reported some 30 years pre-
viously (Andrews and Webber, 1964; Andrews and Barnett,
1579

Asstrong correlation has been found between annual net
balance on Barnes Iee Cap and summer temperatures re-
corded at permanent meteorological stations in the region
(Sagar, 1966; Hooke and others, 1987). However, there is no
correlation between mass balance on the ice cap and winter
precipitation at the nearest station, Dewar Lakes, which is
120 km to the south (Hooke and others, 1987). The long-
term record of regional temperatures should therefore be a
guide to mass-balance trends on the ice cap. According to
Kelly and others (1982), mean annual temperatures in
northeastern Canada and western Greenland increased by
about 2°C between 1890 and 1930, and began to decline
slowly thereafter. Tce-core evidence from the Canadian
High Arctic indicates that ablation-season temperatures
during the 100 a period ending around 1951 were the high-
estin at least 800 a (Koerner and Lundgaard, 1995). Dating
by Andrews and Barnett (1979) of the retreat of the western
margin of Barnes Ice Cap from Little Ice Age moraines
within the last 100 a is consistent with that climatic history.
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The recent regional record of temperature for the cast-
ern Canadian Arctic (Chapman and Walsh, 1993), as well as
the shorter record of observations on and adjacent to Barnes
Iee Cap (Sagar, 1966; Jacobs and others, 1993), indicates that
the ablation-season climate of the ice cap has not changed
significantly during the past three decades. High spatial
variability in the regional precipitation records precludes
extrapolation of winter snowfall data from surrounding sta-
tions (Jacobs, 1989). However, there has been a trend Luward
lower winter and spring temperatures of about —0.02°C a

(Chapman and Walsh, 1993) and it is therefore unlikely that
any increase in winter precipitation has occurred,

In his presentation of evidence for extensive Little Tee
Age ice cover north of Barnes Ice Cap, Ives (1962) raised
the question of whether glacier recession of the past 200—
400 years in that area represented a response to a recent
climate change or a continuation of a process that had been
ongoing for several thousand years. The answer depends
upon the response time of the ice cap; that is, the time re-
quired for the glacier to reach a new equilibrium thickness
and length after a step change in mass balance. Nye’s (1960)
model, based on kinematic wave theory, predicts a response
time ﬁn‘ a glacier the size of Barnes Ice Cap on the order of
10*-10% a. A similar result was obtained by Paterson (1994,
p-320) using a steady-state profile model. Johannesson and
others (1989) have developed a more general approach to
what lhey define as the glacier “memory™, that is, the time
constant for a mass-balance adjustment towards a new
steady state after a climate change, which gives values that
are roughly an order of magnitude less than those predicted
by Nye’s theory. This would imply that the current state of
Barnes Ice Cap is largely a response to climatic conditions
occurring in the early 20th century; therefore, in the ab-
sence of any significant recent trend in ablation-season
temperatures, no dramatic change in the rate of recession
should be expected in the near future. As a test of these
ideas, further monitoring of changes at the margin of
Barnes Ice Cap has been undertaken using Landsat cover-
age, with the application of geographical information sys-
tems (GIS) techniques. In this paper, we describe these
methods and report on the analysis of the part of the ice
cap south of 70° N.

METHOD AND RESULTS

The topographic basis for the analysis was a set of 1: 50 000
National Topographic System (Canada) map sheets of the
ice-cap area compiled from 1961 aerial photography by the
Surveys and Mapping Branch, Department of Natural
Resources. These paper maps were manually digitized and

Joined into a single digital map file. The horizontal posi-

tional accuracy of the 1:50 000 map is a nominal 25 m, with
a further estimated probable error of 15 m in the manual di-
gitizing. The r.m.s. horizontal positional error of the digital
map is therefore 29 m. The final digital map consists of the
1961 ice-cap margin with vector layers corresponding to the
1961 contours and drainage patterns,

A Landsat-5 Thematic Mapper (TM) image was ac-
quired in order to update the position of the ice-cap bound-
ary. The image, registered on 3 August 1993, covers
approximately the southern half of the ice cap with a spa-
tial resolution of 30 m. Analysis included geometric and
atmospheric corrections, radiometric calibration and classi-
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fication of the image to identify glacier facies, open water
and the surrounding bedrock and surficial deposits. A ser-
ies of oblique (hand-held) colour photographs taken dur-
ing a low-level flight along the ice-cap perimeter in July
1994 was used to identify the main units classified with the
satellite image.

Geometric correction was based on a series of 47
gmund-control points distributed over the whole image
quadrant. A control point in this context is a set of @,y co-
ordinates corresponding to a feature, such as a small lake or
river tributary, that is visually recognizable on both the TM
image and the 1:50 000 map sheet. The image was regis-
tered to the Zone 18 UTM grid using a cubic polynomial
surface and the nearest-neighbour resampling method. The
total r.m.s. error of the registered surface is 0.54 pixels,
which corresponds to a ground distance of 16.2 m. Indivi-
dual ground-control point residuals are below 1 pixel.
Therefore, the location error of the pixels included in the
computed polynomial surface, with reference to the UTM
grid, is kept below the spatial resolution of the image. At-
mospheric correction involves the subtraction of the path-
radiance digital number (DN) equivalent from each image
hand. The path radiance corresponds to the signal asso-
ciated with atmospheric scattering, The DN equivalent was
approximated using the method of Chavez (1988) for a clear
sky, which is mainly affected by Rayleigh scattering. The
radiometric calibration computes the surface radiance
from the raw DN of the image and approximates the corre-
sponding surface reflectance. The calibration constants
were as provided by Markham and Barker (1986) and the
Sun position was taken from the image specifications.

The usefulness of Landsat TM#4 (0.76-0.90 pm) and
TMS5 (1.55—1.75 ym) spectral bands to map glacier facies
has been demonstrated by Williams and others (1991).
Those authors showed from visual-image interpretation
that a good correspondence exists between TM#4 and TM5
image raw DN values and glacier units such as snow facies,
ice facies, slush zone and moraine. The TM4/TM5 image
ratio was found by Hall and others (1989) to be useful in

age ratio [TM4/TM5 TM4 Image segmentation
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e <1: Deglaciated surface.
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separating the ice facies from the fresh-snow facies. In the
present study, the classification of the glacier facies 1s based
on the segmentation of the TM4/TM5 image ratio. This
ratio is effective at differentiating ice, open water and degla-
ciated surfaces such as bedrock and unconsolidated materi-
al. Glacierized and ice-free arcas arc distinguished by the
variation of their spectral response from the TM4 to the
TM5 band. The reflectance of deglaciated bedrock and ve-
getation increases from the 076-0.90 pm to the 1.55—1.75 pm
spectral band. The opposite occurs for ice and water, where
reflectance decreases dramatically from the TM4 to the
TM5 band, with the reflectance of ice estimated to be be-
low 2% in the TM5 spectral band. This threshold was esti-
mated from 50 000 pixel values computed for an area near
the middle of the ice cap which showed an average reflec-
tance of 03% and a maximum reflectance of 1.3%. Open
water is clearly differentiated from ice and all other sur-
faces with the near-infrared image (TM4). In that spectral
band, the image histogram shows a low reflectance distri-
bution function (pixel count] peak corresponding to water
and a high reflectance peak corresponding to land features.
Figure 2 presents a summary of the criteria used to classity
ice, water and deglaciated surfaces on the image.

Confusion remains in the classification hetween areas of
the glacier margin that are covered by rock debris and ad-
jacent ice-frec areas. This is illustrated with a part of the

Fig. 3. Part of Landsal TM ( TM4) image for 3 August 1993. showing the southeast lobe of Barnes Iee Cap with: A, moraine
showon on 1961 map; B, proglacial lakes formed between 1961 and 1993: C. debris-covered ice; D, area shown in Figure 4.
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Fig. 4. Low-level ( approx. 150 m ) oblique aerial photograph
taken on 15 July 1994 of the ice-cap margin, showing a clear
distinction between ice, debris-covered ice, ice<free terrain and
waler. The scale bar applies approximately to the mid-field.

1993 classified image showing a lobe on the extreme south-
cast margin of the ice cap (Fig, 3). Holdsworth (1973) attrib-
uted this lobe to a surge, probably in the early 1900s. A low-
level oblique photograph taken of the same area in July 1994
(Fig. 4) clearly shows the debris-covered fringe and gives
some indication of the width of this zone. As Hooke (1973)
observed, debris layers near the margin may inhibit melt-
ing locally, resulting in the formation of an ice-cored mor-
aine some distance within the ice margin. The glacier can

be said to have retreated back from such a moraine only if

there is ice-free terrain between the moraine and the present
ice margin, as is the case with the outer moraine (A) in Fig-
ure 3. What is seen to he debris-covered ice in the low-level
photograph (Iig. 4) is so interpreted in this part of the image
(Cin Figure 3); however, the digital analysis was not able to
make this distinction. If the area shown in Figure 4 is repre-
sentative, as carlier maps of the debris-covered ice in this
sector by Loken and Andrews (1966) indicate, locating the
present position of the ice-cap margin with reference to the
proximal side of the debris zone would overestimate the
amount of retreat by 1000 m or more.

The digital base map and the georeferenced, classified
image were combined in a GIS framework to produce a
93 interval
(Iig. 5). The combined (r.m.s) error of the digitized base

map of spatial—temporal change for the 1961-

map and georeferenced image is 33 m. This was rounded
up to 100 m, resulting in the elimination in the change
analysis of polvgons with a length of less than 100 m. Four
substantive classes resulted: the areas classified as glacier in
both periods, those classified as ice-free in both. those that
had become ice-free and those that had become ice-covered.
The results are shown inTable | for the entire area of Figure 5.
It is evident that recession has occurred over most of the
southern perimeter of the ice cap. A minor area classified as
ice-advance was found, upon inspection of the air photo-
graphs, to correspond to seasonal ice in a proglacial lake.
Based on comparison of the map classes, the total area ex-
posed by retreat could be as much as 43 km®, or an average
retreat of 237 m over the 183 km part of the margin that was
analysed. This is considered to be an upper limit, owing to
the uncertainty in distinguishing between debris-covered
ice and proglacial moraine. Allowing for a 100 m wide zone
of debris-covered ice along the margin, the total area that
became ice-free h:‘l\\ec-n 1961 and 1993, as shown in Figure
5, would be only 25 km? which is equivalent to an average

https://doi.org/10.3189/50022143000002859 Published online by Cambridge University Press

SAMIIES

SAP

1993 Ice Margin

1961 Ice Margin

Fig. 5. Composite map showing the change between the 1961
and 1993 maps.

. The actual amount of
change probably lies between these two estimates,

retreat of 137 m, or about 4m a

CONCLUSION

Extensive marginal recession is an indication that an ice cap
is undergoing attrition. Previous analysis (Jacobs and
others, 1993) showed that parts of the northwest and wes-
tern margins of Barnes Ice Cap were continuing their re-
treat from 19th century moraines. The task undertaken
here was to determine whether the retreat was general over
a large part of the southern perimeter of the ice cap. Med-
ium-scale topographic maps, prepared from 1961 photo-
grammetry, provide an accurate reference against which
subsequent change can be quantitatively assessed using re-
mote sensing. This was done by creating a digital base map
and superimposing a digital surface-cover map derived
from recent Landsat TM imagery. The combined (r.m.s.)
locational errors of the digitized map and the georefer-
enced image are less than 40 m. Additional uncertainty in
the interpretation of features, arising from confusion be-
tween debris-covered ice and ice-free areas, is dealt with
through buffering, based on existing maps and field obser-
vations. Using this conservative approach to positional and
classification error, we have shown that there has been sig-
nificant recession over most of the southern perimeter of the
Barnes Ice Cap during the past three decades. Viewed in
conjunction with previous studies, this leads to the conclu-
sion that Barnes Ice Cap is in a state of sustained decay
under the present climate, which has been characterized by
relatively stable ablation-season temperatures. It is interest-

Table 1. Changes in area in each of the map classes of Figure 5
betiween 1961 and 1993

Class Area Area

km? %o
I. Glacier (unchanged) 2219 80.2
2. Ice-free (unchanged) 503 18.2
3. Recession since 1961 43 1.6
L. Advance since 1961 1 <«
5. Location error <l <1
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ing to note that Mahafly’s (1976) numerical model of Barnes
Ice Cap predicted a decrease in area of 14% (2.5% in vo-
lume) after 360 years, under constant climate. The present
study showed an actual reduction in the area analysed of
between 1 and 2% in 32 years, which is roughly in agree-
ment with her prediction.

It remains to be determined whether recession is also
occurring along the northeast margin of the ice cap, which
is outside the limits of the Landsat image analysed here.
Aerial reconnaissance in 1994 revealed some arcas of lichen
trim but these are for the most part associated with the
Little Ice Age extension of Barnes Ice Cap (Ives, 1962).
Given the relatively slow rates of lichen recovery (Andrews
and Barnett, 1979), it is probably not possible to measure
more recent changes of the margin with reference to lichen
trim from remote visual inspection or photography. How-
ever, under the present climate, it is unlikely that any
advance of the ice cap to the northeast is occurring. This is
expected to be confirmed in the course of ongoing studies
using the methods presented here for additional Landsat
TM analysis, with the addition of satellite SAR imagery.
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