
THE RESPONSE OF RAE GLACIER TO CLIMATE VARIATIONS, 

CANADIAN ROCKY MOUNTAINS 

A Thesis 

Submitted to the Faculty of Graduate studies and Research 

in Partial Fulfilment of the Requirements 

for the Degree of 

Master of Science 

in the Department of Geography 

University of Saskatchewan 

Saskatoon 

by 

Carolyn Patricia Lawby 

April 1994 

The author claims copyright. Use shall not be made of the 

material contained herein without proper acknowledgement, as 

indicated on the following page. 

+01 0DOCOb9 t 92 



In presenting this thesis in partial fulfilment of the 
requirements for a Postgraduate degree from the University of 
Saskatchewan, I agree that the Libraries of this University 
may make it freely available for inspection. I further agree 
that permission for copying of this thesis in any manner, in 
whole or in part, for scholarly purposes may be granted by the 
professor or professors who supervised my thesis work or, in 
their absence, by the Head of the Department or the Dean of 
the College in which my thesis work was done. It is 
understood that any copying or publication or use of this 
thesis in parts thereof for financial gain shall not be 
allowed without my written permission. It is also understood 
that due recognition shall be given to me and to the 
University of Saskatchewan in any scholarly use which may be 
made of any material in my thesis. 

Requests for permission to copy or to make other use of 
material in this thesis in whole or part should be addressed 
to: 

Head of the Department of Geography 
University of Saskatchewan 

Saskatoon, Saskatchewan S7N OWO 

ii 



Abstract 

The purpose of this research was to document the 

response of a cirque glacier to historical climatic 

fluctuations. It focuses on the climatic sensitivity of Rae 

Glacier, a small cirque glacier located in the front ranges 

of the southern Canadian Rocky Mountains. Results from 

field work completed in the summers of 1990 and 1991 are 

used to describe the physical characteristics and 

glaciological nature of the glacier. Aerial photographs and 

field observations are used to develop a retreat chronology 

and to provide information on historical volumetric ice 

losses and changes in the areal extent of the glacier. This 

information is then used along with a proxy mass balance 

record to evaluate the response of Rae Glacier to historical 

temperature and precipitation variations. 

Rae Glacier has down-wasted considerably and its ice 

front has retreated approximately 530 m since the Little Ice 

Age. Terminus retreat rates have varied from over 9.5 mja 

in the 1940s to less than 2.5 mja in the 1980s. It is 

estimated that the glacier presently consists of 

approximately 9. 3 x 107 m3 of ice, which represents a 

volumetric loss of 75% since the beginning of ·this century. 

If the current trend of negative mass balances continues, 

Rae Glacier is expected to disappear within the next thirty

five years. 

Four different methods (Memory Length, Volume Time-
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Scale, Longitudinal Stress Gradient Coupling, and Kinematic 

Wave theory) are used to calculate the response times of the 

glacier. Rae Glacier's measured lag time is between 5 and 

10 years indicating that a change in mass balance will be 

seen at the terminus in a relatively short period of time. 

Computed response times ranged from approximately 40 to 300 

years suggesting two separate scales of response. Three of 

the estimated response times are of the order of decades. 

The longest response time is derived from the Memory Length 

method and corresponds to ice residence times in the range 

of 100 to 1000 years. 

The results of this research indicate that Rae Glacier 

is still adjusting to climatic fluctuations initiated at the 

end of the Little Ice Age. If Rae Glacier is allowed to 

attain a steady state without another superimposed mass 

balance change, then the longer theoretical response time 

calculated in this paper should be observed. 
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Cbapter 1: Introduction 

The mass balance regimes of small alpine glaciers are 

sensitive to climatic fluctuations (Calkin et al., 1985; 

Grudd, 1990; McClung and Armstrong, 1993). The influence of 

a changing climate on a glacier is most obvious at the ice 

front where episodes of terminus advance and retreat 

illustrate the impact of mass balance fluctuations. Despite 

continuing research, surprisingly little is known about the 

climate-change threshold required to initiate these 

distinctive responses (c.f. Andreason and Knudson, 1985; 

Calkin et al., 1985). 

This research project focuses on the climatic 

sensitivity of Rae Glacier, a small cirque glacier located 

in the front ranges of the southern Canadian Rocky 

Mountains. The aim of the study is to evaluate how the 

behaviour of Rae Glacier has changed in response to climatic 

fluctuations which have occurred in the twentieth century. 

In order to accomplish this goal, three objectives are 

identified: 

1) to determine Rae Glacier's current extent and flow 

velocities. 

2) to describe the historical fluctuations of Rae 

Glacier. 

3) to evaluate the response of Rae Glacier to 

climatic fluctuations. 

Rae Glacier was chosen for study for several reasons. 
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First, previous glaciological research in the Canadian Rocky 

Mountains has typically described the behaviour of larger 

valley glaciers located in the main ranges (e.g., Meier, 

1960; Paterson and Savage, 1963; May, 1976; Young, 1976; 

Letreguilly, 1988; Letreguilly and Reynaud, 1989); and 

little is known about the flow characteristics of small 

glaciers within this region. Second, Rae Glacier is 

situated in a region that has been described as being only 

marginally suitable for glacier development (Gardner et al., 

1983). If this is indeed the case, glaciological processes 

at the site are likely to be distinct from those evaluated 

in the nearby main ranges of the canadian Rockies. Finally, 

the relatively small size of the glacier was judged to 

provide a manageable and safe setting for a study of this 

type. 

The thesis consists of seven chapters and seven 

appendices. Following the Introduction, Chapter 2 describes 

the study area and character of Rae Glacier. This is 

followed by Chapter 3 which explains the methodologies of 

the field research undertaken in 1990 and 1991, as well as 

the analysis of the raw data. Chapter 4 then presents the 

results or observations of the field work which are used to 

describe the contemporary behaviour of Rae Glacier. Chapter 

5 focuses on the historical fluctuations of the ice mass in 

the twentieth century. Results from Chapters 4 and 5 are 

combined in Chapter 6 to determine Rae Glacier's response 



and lag times to climatic fluctuations. Chapter 7 then 

summarizes the results of the research program and suggests 

opportunities for future research in the area. 

Finally, the seven appendices which follow contain 

background information upon which some of the results were 

based. Included within the appendices are Peyto Glacier's 

mass balance record, weather records from Kananaskis Centre 

for Environmental Research, correlation coefficients and R2 

values used in statistical analysis, a statistical 

construction of a mass balance record, radio-echo sounding 

spot locations and depths, and longitudinal coupling 

velocity estimates. 

3 

Results of this analysis are used to indicate whether a 

small cirque glacier, such as Rae Glacier, is responsive to 

climatic fluctuations during the twentieth century. 



Chapter 2: Study Area 

2.1 Introduction 

The Mount Rae area is located approximately seventy

five kilometres southwest of Calgary, Alberta. It is 

situated in the front ranges of Kananaskis Country, 

bordering the southeast corner of Peter Lougheed Provincial 

Park (Figure 2.1). The main ranges of the Canadian Rocky 

Mountains lie to the west of Mount Rae, while the Rocky 

Mountain foothills and prairies lie to the east. 

The high-mountain environment of the Kananaskis region 

presents a distinct climatological contrast to the main 

ranges of the Canadian Rockies. Since the Mount Rae area is 

located within a transition zone between two physiographic 

regions, the Cordillera and the Prairies, it is influenced 

by the climatic regimes of both (Cote, 1984). Thus, while 

winter (October-March) air temperatures are generally cold 

and Continental-in-nature, they are often tempered by the 

influx of warm Pacific air masses. In contrast, summer 

(June-August) air temperatures are characteristically warmer 

than those of the main ranges, reaching temperatures more 

typical of the Prairies (Janz and Storr, 1977). 

Precipitation patterns in the Kananaskis region also 

reflect the influence of both climatic regimes. As in the 

case of the main ranges, significant levels of orographic 

precipitation occur due to eastward-moving Pacific air 

masses. Yet, this region also has drier, Continental 
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tendencies due to its distance from the Pacific Ocean source 

region (Cote, 1984). In addition to these two influences, 

the front ranges also exhibit orographic uplift on the 

eastern slopes as a result of northwesterly-moving maritime 

tropical air masses (Gardner et al., 1983). 

Figure 2.1: Location map showing study area and study site 
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Weather records from climatological stations located on 

valley floors in the vicinity of Mount Rae indicate that 

annual precipitation levels reach a maximum in summer and a 

minimum in winter (Gardner et al., 1983; cote, 1984). 

Nevertheless, higher elevation records, such as those from 

Highwood Pass (2210 m a.s.l.), located in close proximity to 

Mount Rae, typically display more uniform monthly totals 

(Smith, 1979). Baig (1972) notes that greater than sixty 

percent of the yearly precipitation at Highwood Pass falls 

as snow. If this is the case, then precipitation regimes in 

the Mount Rae area likely reflect the Cordilleran regime 

which has a winter maximum and a summer minimum (Cote, 1984). 

2.2 Study Site: Rae Glacier 

The glacier chosen for study is informally referred to 

as Rae Glacier. It is located on Mount Rae (50.37'23'' N. 

Lat., 114.58'26'' w. Long.) in the Misty Range of the 

Canadian Rocky Mountains. Rae Glacier's meltwater drains 

into the Elbow River which then flows into the Bow River at 

Calgary, Alberta. 

Rae Glacier is a small, steep, high elevation cirque 

glacier located on the north face of Mount Rae (Figure 2.2). 

Mount Rae (3224.78 m a.s.l.) is part of a Palaeozoic 

anticline that locally trends in a NNW to SSE direction 

(MacQueen and Bamber, 1968). Composed of Rundle Group 

limestones and dolomites, the mountain is a dominant peak 
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with numerous cirques and steep bedrock cliffs. 

Figure 2.2: Rae Glacier 

Rae Glacier is bounded to the east and west by towering 

cirque rock walls and, during the summer months, direct 

receipt of incoming solar radiation is limited. While a 

significant amount of early morning insolation is received, 

from late-morning until early afternoon the glacier is in 

the shadow of Mount Rae. The glacier receives direct 

sunlight for a few hours in the middle of the afternoon 

until the eastern wall of the cirque shades the glacier 

surface. As the sun's declination decreases throughout the 
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summer, the amount of solar radiation to the cirque also 

decreases. By September, direct sunlight does not reach the 

glacier until close to the noon hour, and then for only a 

few hours. As the seasons progress, less and less 

insolation reaches the glacier so that by mid-winter the 

glacier remains in shadow throughout the daylight hours. 

At the present time, Rae Glacier is approximately 700 

min length, with an area approaching 0.23 km2 • The width 

of the glacier tapers from 350 m in its accumulation area to 

approximately 150 m at its terminus. The elevation 

difference from head to terminus is close to 400 m, with the 

head located at approximately 2800 m a.s.l. and terminus at 

2415 m a.s.l. 

Rae Glacier generally slopes inward from the two side 

walls toward the glacier's centre. The ice is partially 

covered by rock debris varying in size from a few 

millimetres to greater than two metres in diameter. The 

debris-cover, thickest near the glacier margins 

(approximately one-half metre thick) and non-existent on the 

steepest slopes, is deposited by numerous rock falls and 

snow avalanches (Gardner, 1980). In places where the debris 

cover is thin, ice banding is evident. In 1990, the glacier 

contained at least 200 distinct sedimentary layers. These 

were probably deposited annually, suggesting an ice

residence time of approximately 200 years. 

An abundance of glacial crevasses is evident on Rae 
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Glacier. The majority are located along the glacier margins 

near the bergschrund and along the steeper sections 

approximately 200 m from the glacier's head. The crevasses 

run transverse to the direction of glacier flow, indicative 

of a zone of extending flow (Paterson, 1981). 

Along Rae Glacier's centre-line, the average surface 

slope is 24°. Local surface slope values increase from 13° 

near the terminus to 23° one-hundred metres up-slope. Above 

this point, approximately 450 m from the head, a bowl-shaped 

depression with a surface slope of 19° is found. From here 

the surface gradient of the glacier quickly steepens to a 

maximum of 32° roughly 200 m from the head. Up-glacier from 

this location is another concave section with a surface 

slope of 26°. Headward, the surface slope again increases 

to approximately 34° near the bergschrund. 

Smith et al. (1993) suggest that most of Rae Glacier's 

meltwater is supraglacial. Rills develop on the glacier 

surface early in summer and, as the ablation season 

progresses, enlarge and incise. By the end of August these 

sinuous streams may be over one-metre deep and one-metre 

across at the ice surface. The meltwater streams leave the 

glacier after filtering through a late-lying snow pack that 

normally covers the glacier terminus. Emerging from the 

snow pack as a single creek, the meltwater released by Rae 

Glacier subsequently flows to a pond located immediately 

inside a prominent terminal moraine at the cirque entrance 
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(Figure 2.3). 

Figure 2.3: Topographic map of Rae Glacier (m a.s.l.) 
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The creek stage exhibits strong diurnal and 

seasonal patterns. During the ablation season discharge 

normally increases during the day, reaching a maximum by 

late-afternoon (1600-1800 hrs), and then slowly decreases to 

a minimum by early-morning (0700-0800 hrs) (Smith et al., 

1993). As the ablation season progresses and less snow 

remains, the creek discharge decreases. 

Presently Rae Glacier covers a very limited area of the 

cirque; however, trim lines indicate that it was once much 

more extensive. A well-developed terminal moraine complex, 

530 m in front of the 1991 terminus position, rises 85 m 

above the cirque floor and extends back, into the cirque, 

forming lateral moraines. On the east side of the cirque, 

an inset-lateral moraine segment, approximately 80-m long 

and 15-m wide, is located 35 m below the crest of the larger 

lateral moraine. This small segment can be traced to a 

less-distinct terminal position on the proximal slope of the 

main terminal moraine complex. 

Andersson and Smith (1991) used a lichenometric growth 

curve for Xanthoria elegans and a growth curve for Moss 

campion (Silene acaulis) (see McCarthy, 1992) to suggest 

that Rae Glacier had retreated from the prominent terminal 

moraine crest by 1874. They suggest that this ice front 

retreat was followed either by a minor re-advance or a 

standstill which terminated by 1916. The latter episode is 

assumed to be responsible for the less distinct inset 
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moraine previously described. Although there is some 

ambiguity in dating techniques used by Andersson and Smith 

(1991), the ca. 1874 and 1916 ice front position chronology 

does correspond with other records of Little Ice Age 

activity in the Kananaskis area (cf. McCarthy, 1993; 

McCarthy and Smith, 1994) and will be used throughout this 

thesis. 



Chapter 3: Field Survey Methodology 

3.1 Introduction 

This chapter introduces the field and laboratory 

techniques used to describe the flow of Rae Glacier. In 

warm-based cirque glaciers, flow is primarily the result of 

internal deformation and basal sliding. Internal 

deformation occurs as a result of internal stresses produced 

by the weight of the ice. Basal sliding occurs as the 

glacier, as a whole, slides over its bed. 

As a glacier flows from the accumulation area to the 

ablation area, ice crystals submerge, emerge or move 

parallel to the ice surface. In the accumulation area of a 

glacier, the flow paths submerge into the ice, while in the 

ablation area the flowlines rise toward the surface. 

Between the accumulation and ablation areas, near the 

equilibrium line, flowlines are typically parallel to the 

ice surface. 

If there were no ablation then a glacier surface would 

rise by an amount equal to the emergent component. However, 

ablation does occur and, if the thickness of ice removed by 

ablation is greater than that replenished by emergent flow, 

the ice will thin. Alternatively, if ablation only removes 

a small portion of the emergent component, then the ice will 

thicken. If, however, emergence and ablation are equal, 

then there would be no change in the ice surface profile. 

Normally, glacier flow velocity, by internal 

13 
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deformation, is primarily determined by surface slope, basal 

slope, ice thickness, ice temperature, and ice density. If 

the basal slope is less than the glacier's surface, then as 

the glacier advances the ice surface will rise if not 

counteracted by effects of ice deformation (submergence, 

divergence) or effects of surface melt. Generally, ice 

temperature and density are assumed to be uniform throughout 

the glacier (Paterson, 1981); therefore, changes in basal 

and surface slope and ice thickness have the greatest impact 

on glacier velocity vectors. 

The distance over which these parameters are examined 

is, however, an important consideration. Three different 

spatial scales are usually identified: 

1) large scale, where ice thickness and surface 

slope are averaged over horizontal distances 

twenty times the ice thickness; 

2) intermediate scale, where the variables are 

averaged over a distance of roughly four times 

the ice thickness; and, 

3) small scale, where averaging takes place over 

distances of about the thickness of the ice 

(Paterson, 1981). 

When averaged over very small distances in comparison to the 

ice thickness, the variations in surface slope and ice 

thickness do not influence the overall behaviour of the 

glacier. However, when ice thickness and surface slope are 



averaged over very long distances, then the longitudinal 

variations in surface velocity might be overlooked. 
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Cirque glaciers tend to display relatively slow 

horizontal velocities and relatively high surface gradients 

in comparison to temperate valley glaciers. Whereas typical 

non-surging valley glaciers have surface velocities ranging 

from 10 to 200 mja (Paterson, 1981} and average surface 

slopes of less than 15° (cf. Meier, 1960; Paterson and 

Savage, 1963; Meier, 1974), small cirque glaciers exhibit 

much lower flow velocities and also have higher surface 

slopes. For instance, McCall (1960) found that velocities 

on Vesl-Skautbreen, Norway, a cirque glacier less than 1 km2 

and a surface slope of roughly 26°, fell within a range of 

1.45 and 3.29 mja. Similarly, Theakstone and Knudsen (1987} 

examined Norway's Charles Rabots Bre (1.1 km2 , average 

longitudinal gradient 17.5•) and found that surface 

velocities averaged between 0.04 mja and 0.10 mja near the 

terminus, 2.31 mja at mid-glacier, and about 9.0 m/a in the 

upper basin. However, the zone of high surface velocity was 

very limited and flow rates decreased sharply across- and 

down-glacier from this region. Finally, Calkin et al. 

(1985) measured the velocity of Grizzly Glacier in the 

Brooks Range of Alaska. This cold-based cirque glacier, 

0.42 km2 , had an average surface gradient of 18° and a 

measured maximum surface velocity, over a two-year period, 

of 1.2 mja. Calkin et al. (1985} considered this value to 
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be fairly typical of polar or subpolar cirque glaciers which 

do not move by basal sliding. 

The vertical flow component at most glaciers is 

typically an order of magnitude less than the horizontal. 

For temperate valley glaciers, rates average 1 mja 

(downwards) in the accumulation area and 3 to 4 m/a 

(sometimes up to 10 mja) in the ablation area (Paterson 

1981; pp. 63-64). Since cirque glaciers exhibit horizontal 

velocities an order of magnitude less than valley glaciers, 

it is reasonable to expect that they would also exhibit a 

much lower vertical velocity component. 

One last aspect of importance in glacier research is 

accumulation and ablation. Since these two processes 

determine the mass balance of a glacier and, as a result, 

the advance or retreat of a glacier, their amounts and 

distribution are significant to a glacier's behaviour. The 

ratio of the accumulation zone's surface area to total 

glacier surface area ratio (AAR) can, in a general way, be 

used to estimate a glacier's net mass balance. Paterson, 

(1981) suggests that an AAR value of 0.7 represents a 

glacier net mass balance of zero. If the AAR is smaller 

than 0.7, a negative balance is said to exist and, if the 

value is larger, then a positive mass balance is the assumed 

result. The AAR value defining a net balance of zero may, 

however, vary according to location: Meier and Post (1962) 

suggest a value of 0.58 for the North Cascade glaciers; and, 



Kulkarni (1992) suggests an AAR of 0.44 for western 

Himalayan glaciers. In this study an AAR of 0.7 will be 

used to define a mass balance of zero. 

3.2 Methodology 
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The flow rates and patterns of Rae Glacier were 

monitored over two summer field seasons. The 1990 season 

lasted from June 15 to September 7 and the 1991 season began 

on July 1 and concluded September 5. The duration allowed 

for examination of the glacier over two ablation seasons and 

permitted an analysis of Rae Glacier over a single mass 

balance year. 

A variety of measurement procedures was employed during 

the course of this survey. The following sections describe 

the methodologies used in the field as well as in the 

laboratory analysis of the data. 

3.2.1 Benchmark and Stake Network 

Data on the flow behaviour of Rae Glacier were derived 

from a stake network installed on the glacier in the summer 

of 1990. The network was maintained for both the 1990 and 

1991 field seasons. Installation of the stake network was 

preceded by the positioning of a permanent benchmark at the 

glacier site. 

The benchmark established for this project was located 

on a smoothed striated bedrock outcrop, 250 m from the 

terminal moraine on the west side of the cirque. Its 



18 

location, adjacent to the small creek which drains the 

glacier (See Figures 2.2 and 2.3), was approximately 2m 

higher that the stream surface. The cirque benchmark was 

identified by an 'X' chiselled into the bedrock over which a 

stone cairn was placed in September of 1991. All surveys 

completed at the site were referenced to this point. 

The elevation of the cirque benchmark was established 

with respect to the summit of nearby Mount Rae. A permanent 

benchmark on the peak (Alberta Forestry Lands and Wildlife 

ASC Marker #1693) indicated the corrected summit elevation 

as 3224.784 m a.s.l. Since the actual location of this 

brass benchmark was not visible from within the cirque, a 

secondary triangulation station was located at an existing 

cairn approximately 200 m beyond the terminal moraine crest 

on the west side of the valley. From this position the 

summit of Mount Rae could easily be seen and used to 

establish the cirque benchmark elevation of 2361.1 m a.s.l. 

After the cirque benchmark was established in July, 

1990, a stake network was initiated on the glacier surface. 

The stakes were hollow plastic tubes (9 em diameter) of 

varying length (0.4 m to 1.4 m) (Figure 3.1). In some 

instances, aluminum poles (1.5 em diameter, 1.5 m length) or 

bamboo sticks (0.5 em diameter, 1.5 m length) were placed 

inside the tubes to extend the length and ease the locating 

of the stakes. 

Stakes were placed in vertical holes that were drilled 
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into the glacier ice with a hand-driven ice auger (10 em 

diameter, one-metre long). During the initial installation 

of the network, lar ge portions of the glacier were still 

covered by snow and, at these sites, the stakes were simply 

pushed into the snow to mark where a hole was to be drilled. 

Figure 3.1: Plastic tube used in stake network 



The network comprised of 49 stakes covering approximately 

35% of Rae Glacier's surface area (Figure 3.2). 
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Figure 3.2: Stake positions on Rae Glacier, 1990 
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The centre-line was marked on June 21, 1990. Beginning 

at the glacier terminus, and continuing up to the glacier's 

head, posts were inserted into the snow at 50 m intervals. 



This procedure resulted in the establishment of fifteen 

stakes (numbered 6 through 20) along the centre-line. 
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Posts were placed at intervals of 25 to 60 m outward 

from each centre-line stake, with generally three-to-five 

stakes per row. Row 14 had only two stakes since stake 14A 

was lost very early in the 1990 field season and was never 

replaced and row 20 consisted of only the one stake on the 

bottom lip of the bergschrund. The number and location of 

the stakes were highly dependent upon the debris cover and 

ice surface topography. The western side of the glacier 

tended to be very steep, heavily crevassed and also prone to 

rockfalls, therefore, no stakes were situated here due to 

the inherent danger. The east side, although somewhat less 

steep, had a thick rock cover which also impeded stake 

placement. 

All of the stake positions were established on the 

glacier by the end of June in 1990. However, due to a 

lingering snow pack, not all of the stakes were inserted 

into the ice until much later in the season (Table 3.1). As 

the ablation season progressed, the ice surface surrounding 

the stakes gradually lowered which necessitated redrilling 

of the original holes. This procedure continued throughout 

the summer of 1990. The last day of drilling stake-holes in 

the 1990 field season was September 7. At this point in 

time, a total of thirty-six stakes had been placed in the 

ice while eleven were positioned in the snow pack of the 
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accumulation area. 

Table 3.1: Date of stake placement in Rae Glacier 

Stake Date Stake Date 

6 Jul 31, 1990 13 Aug 13, 1990 
6A Jul 21, 1990 13A Aug 14, 1990 
6B Jul 21, 1990 13B Aug 14, 1990 
7 Jul 9, 1990 14 Aug 14, 1990 
7A Jul 9, 1990 14B Aug 14, 1990 
7B Jul 17, 1990 15 Aug 1, 1990 
7D Aug 17, 1991 15A Aug 1, 1990 
8 Jul 9, 1990 15B Aug 14, 1990 
SA Jul 9, 1990 16 Jul 13, 1990 
SB Jul 17, 1990 16A Aug 1, 1990 
SD Aug 5, 1991 16B Jul 27, 1990 
9 Jul 27, 1990 17 Aug 14, 1990 
9A Jul 27, 1990 17A in snow 
9B Jul 27, 1990 17B in snow 
10 Aug 13, 1990 17C Aug 14, 1990 
lOA Sept 4, 1990 18 in snow 
lOB Aug 13, 1990 18A Aug 14, 1990 
lOC Aug 13, 1990 18B in snow 
11 Sept 7, 1990 18C Aug 14, 1990 
11A in snow 19 in snow 
11B Aug 13, 1990 19A in snow 
12 Aug 13, 1990 19B in snow 
12A Sept 7, 1990 19C in snow 
12B Aug 13, 1990 19D in snow 

20 in snow 

All dates refer to the first day of insertion into glacier 
ice unless specified "in snow" which indicates that the 
stake was never inserted in ice. 

3.2.2 Surveying 

A Sokkisha Set 3 electronic total station (ETS) was 

used for all surveys. At the beginning of each survey, the 

ETS was positioned over the benchmark and the horizontal 

angle was set to zero on north. As the distance 
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measurements calculated by the ETS are affected by air 

temperature and barometric pressure, average readings of 

both were used to input an atmospheric correction factor. 

Prior to the initiation of each survey in 1991 (with one 

exception), a preliminary sighting was taken to a permanent 

reference point to ensure continuity between surveys. The 

procedure was not undertaken in 1990. The SET 3 is accurate 

to three seconds which, over the longest distance sighted, 

amounts to an instrument error of 0.01 m. 

Surveys were generally undertaken every two weeks from 

July 9 to August 17, 1990 and from August 2 to September 2, 

1991. Sightings of each stake were taken by placing the 

prism (mounted on a 1.5 m rod) immediately behind each 

stake. However, since ablation hollows formed around the 

stakes, the prism rod was not placed directly on the ice 

surface. Before positioning the rod, an ice axe was laid 

against the back of the post, across the hollow. The prism 

rod was then placed upon the axe blade and a sighting was 

taken. This procedure was followed for each of the stakes 

in each survey. 

Seven items were measured and displayed digitally by 

the ETS: 

1) horizontal ·angle - the angle between north and the 
stake 

2) vertical angle - the angle between zenith and the 
stake 

3) slope distance - the straight-line distance 
between the ETS and the stake 

4) horizontal distance - the distance between the ETS 
and the stake if they were at the same elevation 



5) vertical difference - the elevation difference 
between the ETS and the stake 
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6) north coordinate - the location of the stake on a 
metric grid system where the ETS is situated at 
the coordinate (0 m, 0 m); the north coordinate is 
on the Y-axis 

7) east coordinate - the location of the stake on a 
metric grid system where the ETS is situated at 
the coordinate (0 m, 0 m); the east coordinate is 
on the x-axis. 

Although all seven were recorded, generally only three were 

required for use as descriptive data: the north and east 

coordinates and the vertical difference. The north and east 

coordinates were displayed as metric distances north and 

east of the ETS and did not require conversion. However, 

the displayed vertical difference represented the height 

difference between the rod-mounted prism and the horizontal 

plane of the ETS and so required a minor arithmetic 

adjustment to determine the ice surface elevation. 

3.2.3 Ice Ablation Readings 

In addition to surveying each stake position, an ice 

ablation reading was also taken. To determine the amount 

that the ice surface has lowered, a measurement was taken 

from the top of stake to the ice surface (as melt proceeded, 

a greater length of stake is exposed). Similar to the 

surveying procedure described above, an ice axe was used 

to represent the mean ice surface and the distance between 

the top of the post and axe was measured and recorded. 

After the ablation reading was taken the stake was removed 

and the hole was re-drilled. The new depth was then 

recorded and the post was replaced. In cases where the tube 



was frozen in, re-drilling was not possible and was left 

until the next available date. 
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Worthy of note, at this point, is that plastic stakes 

tend to float if there is water in the hole and aluminum 

poles self-drill into the ice. The presence of water in the 

hole also presents a problem since it melts its way down, 

resulting in stake readings being less than actual ablation 

(0strem and Brugman, 1991). 

3.3 Analysis 

Data from the two field seasons provide information on 

the dynamics of Rae Glacier. This section deals with the 

various ways in which the survey data were examined and 

describes the methods used to calculate the rates of flow 

and ablation. 

3.3.1 Mapping the Glacier 

survey data collected over the two seasons provided X, 

Y, and Z coordinates for Rae Glacier's surface, margins, 

forefield and terminal moraine. Elevations of the 

surrounding cliffs were taken from the digital terrain model 

(DTM) of the Mount Rae area produced by Dave Sauchyn, 

University of Regina. In order to incorporate the DTM data, 

based upon 1958 aerial photography, a grid was placed over 

the DTM and a variety of surveyed locations (e.g., the 

terminal moraine, col, photo cairn and cirque benchmark) 

were matched to the X and Y coordinates generated by the 
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ETS. The combined data set resulted in the identification 

of approximately 950 grid-point locations and elevations. 

These coordinates were then entered into the vector-based 

SURFER program (Version 4) and used to produce a contour map 

of Rae Glacier and surrounding area (See Figure 2.3). 

3.3.2 Surface Gradient 

Since one of the major driving forces of glacier flow 

is surface slope, it is advantageous to quantify the 

parameter. Rae Glacier exhibits significant transverse and 

longitudinal variations in surface gradient; therefore, 

local slope values were calculated for each of the stakes 

sites. 

Young (1976) demonstrated that the surface slope 

surrounding a single stake can be determined by fitting a 

regression plane to the post and the four nearest 

neighbouring stakes. This procedure provides two gradients, 

one measured in the x-direction and one in the y-direction. 

Of these two values, the larger is used to represent the 

local slope, for that stake site (Young, 1976; Paterson, 

1981). 

Young's (1976) procedure was employed to calculate the 

local slope of the glacier at each stake site. It is worth 

noting, at this point, that the length over which the slope 

was calculated was approximately equal to twice the 

glacier's average ice thickness. Therefore, the resulting 

slopes are between the small- and intermediate-scales 



identified by Paterson (1981). 

3.3.3 Local Ice Depths 

Concurrent investigations at Rae Glacier were 
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undertaken by Laroque (1991) in August, 1991 in order to 

obtain information on local ice depths and bedrock 

topography. Using a 5 MHz mono-pulse radar unit and a 35 

MHz portable oscilloscope, Laroque sounded thirty sites 

across the lower half of the glacier. Approximately thirty

five percent of the glacier's extent was sounded. The areal 

coverage did not, however, include readings above a surface 

elevation of 2650 m a.s.l. due to the extensive network of 

snow-covered crevasses. 

Using the data supplied by Laroque (1991), ice depths 

were calculated using the formula specified by Watts and 

Isherwood (1978) (Equation 3.1): 

D= (3.1) 

where D is the ice depth; t. is the time lapse (~s) between 

arrival of the air and reflected wave as displayed on the 

oscilloscope; s represents the distance separating the 

transmitting and receiving antennae; C
0 

is the velocity of 

radio waves in air (300 m/~s); and, e 1 is the relative 

dielectric constant for ice. The relative dielectric 

constant for ice, 3.18, corresponds to a velocity of 

approximately 168 mj~s--the velocity at which radio waves 

are transmitted through ice (Paterson, 1981). The resulting 
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ice depths are considered accurate to within ± 5 metres. 

The time lapse values, measured by Laroque (1991), and 

calculated ice depths are listed in Appendix A. Followinq 

the calculation of the ice depths, bed slopes were 

determined by usinq the same procedure as for surface 

slopes. 

3.3.4 Horizontal Velocity 

Glacier flow was monitored throuqh surveys of the stake 

network. The surveys of stake displacement alone do not 

provide a true measure of the ice velocity since a component 

of movement, attributed to the qlacier's surface slope, is 

also incorporated. Alonq the centre-line, horizontal 

displacement (~X) is equal to horizontal velocity (U). 

However, away from the centre-line U is affected by the 

direction of flow away from the centre-line, such that 

U=AX secB (3.2) 

where B denotes the anqle between the centre-line and the 

direction of flow at that point (Paterson, 1981; p. 62). 

The horizontal velocities of Rae Glacier stake site 

locations were calculated usinq this method. 

3.3.5 Emergence 

Vertical movement, like the horizontal, varies across 

the qlacier. The method used in this study is based upon 

the approach outlined in Paterson (1981; p. 61). However, 

since the survey methods in this study pertain to the ice 

surface, sliqht modifications were made. 
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Figure 3.3 shows a centre-line stake at point P1 and 

then at point P2 , one year later. If there were no ablation 

or emergence, ice flow would be parallel to the surface. If 

this were the case, vertical displacement (D) of the ice 

surface would be equal to Ax tana, with AX representing the 

horizontal displacement and a the surface gradient. 

Figure 3.3: Stake position, in the ablation area, at P1 and 
one year later at P2 • The velocity vector is angled upwards 
relative to the surface, therefore, the vertical 
displacement D at the top of the stake is Axtana-V (From: 
Paterson, 1981; p. 61). 

However, in the ablation area, melt and sublimation 

remove a layer of ice, A, while emergent flow replaces an 

amount v. Therefore, D is equal to the vertical difference 

attributed to slope less the ice thickness delivered to the 

surface through emergence: 



D = AX tanu- V 
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(3.3) 

Hence, finding the thickness of ice contributed by emergence 

is 

V = AX tanu-D (3.4) 

where V and D (and A) are values measured vertically. 

Due to varying surface gradients and to the fact that 

emergence and ablation values are measured vertically, they 

are not comparable between stake sites. To alleviate this 

problem, the values are converted into figures perpendicular 

to the ice surface. Also, if slope, ablation and vertical 

difference are measured positive downwards, then the 

emergent value has to be adjusted to show its upward 

component. Hence, 

V = -V COSCI (3.5) 

and, 

a =A COSCI (3.6) 

These values are now comparable across the glacier and 

may be used to determine whether the ice is getting thicker, 

thinner or maintaining a steady profile. In the ablation 

zone, if more ice is being lost to ablation than is being 

replaced by emergent flow, then the ice will thin. If the 

reverse is true, then the glacier will thicken. The 

difference between ablation and emergence represents the 
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change in ice thickness at a particular location such that 

h = a-v. (3.7) 

OVer a year, a stake moves a horizontal distance of AX 

from point P1 to point P2 (Fiqure 3. 4) • The emergent-flow 

component raised P2 by an amount V (measured vertically). 

The angle, from the horizontal, between P1 and P2 is the 

flowline angle, B. If there were no emergence the flowline 
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Fiqure 3.4: Calculation of the emergence angle in the 
ablation area (Source: Arnold, 1981: p.S) 

angle, measured from the horizontal, would be equal to the 

surface gradient a. However, the top of the post has been 

raised by an amount v. Therefore, the tangent of the 

flowline angle is equal to AX tana less the emergent 
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component, V, divided by ~X (based on Arnold, 1981): 

tan 8 = tan u - ( _y_) 
AX 

(3.8) 

This procedure and the stake coordinates surveyed on 

August 13, 1990 and August 12, 1991 were used to determine 

flow paths of the ice along Rae Glacier's centre-line. 

Methods described in this chapter were used to help 

describe the Rae Glacier's surface topography, ablation 

rates, ice depths, and velocities. These observations are 

presented in the following chapter. 



Cbapter 4: Observations 

4.1 Introduction 

The data collected through field work and results 

gathered through laboratory analysis are presented in this 

chapter and are used to describe the current behaviour of 

Rae Glacier. Figure 4.1 presents a topographic map of Rae 

Glacier's surface and the initial stake positions which were 

used to derive all of the flow rates, surface slopes and 

ablation rates in this thesis. 

4.2 Surface Gradient 

Table 4.1 shows the surface slopes calculated at 

various stake sites. The general pattern which emerged was 

a longitudinal surface profile where steep gradients 

alternated with gentler slopes. Surface gradients also 

varied transversely with the west side typically having 

steeper surface slopes than the east side. 

Near the glacier head (row 19), the surface gradients 

were higher than those immediately down-glacier in row 18. 

The area surrounding row 18 was designated as the upper 

bench and generally had lower surface gradients than those 

in rows 14 to 17. Lower surface gradients were again 

apparent at the lower bench between rows 10 to 13. Down

glacier of this area there was an increase in surface 

gradient which, again, decreased toward the terminus. 

33 
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Contour Interval 20m 

150 m 

Figure 4.1: Topographic map of Rae Glacier displaying 1990 
stake positions 
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Table 4.1: Calculated local surface qradients at Rae 
Glacier 

Stake Slope Stake Slope Stake Slope 
( 0) ( 0) ( 0) 

6 19 lOB 19 16 32 
6A 24 lOC 19 16A 31 
6B 18 11 20 16B 25 
7 24 llA 23 17 32 
7A 25 llB 18 17A 31 
7B 20 12 20 17B 24 
7D 28 12A 26 17C 25 
8 20 12B 20 18 29 
SA 23 13 26 18A 26 
SB 22 13A 27 18B 26 
SD 24 13B 24 18C 25 
9 22 14 27 19 34 
9A 24 14B 25 19A 35 
9B 22 15 32 19B 34 
10 20 15A 30 19C 28 
lOA 22 15B 24 190 25 

4.3 Ablation Rates 

The ablation data collected in the summers of 1990 and 

1991 provided enouqh information to qeneralize about the 

ablation pattern. The melt-pattern was consistent in both 

years: the ice-melt first beqan immediately down-qlacier of 

the lower bench on the west-side of the qlacier (near stake 

7A) and was subsequently followed by ice-melt below the 

west-side upper bench (near stakes 16 and 16A). As the 

ablation seasons proqressed, the two snow-free areas qrew in 

size. Between these reqions of hiqher ablation rates was 

the central area of the qlacier which had a relatively low 
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surface gradient (approximately 20•) and a snow-pack that 

endured throughout both ablation seasons. This small region 

constituted part of the accumulation area, however, the 

majority of the continuous accumulation area was found above 

the upper bench. 

Winter snowfall values varied greatly between the two 

years. The 1989-1990 winter precipitation total (October

March), 142.7 mm water equivalent, was well below the average 

of 203.2 mm. In contrast to the low precipitation of the 

previous winter, the 1990-1991 snowfall was above average at 

342 mm (See Appendix B); therefore, the two sets of 

ablation-season measurements were expected to be quite 

different. 

Table 4.2 presents the ablation readings recorded in 

1990 and 1991. Three values are given for most of the 

stakes: the total ice ablation for the summers of 1990 and 

1991 and for the year-long period August 14, 1990 to August 

13, 1991. The third column coincides with the time-frame 

over which the horizontal and vertical velocities were 

calculated. 

In 1990, stake 7A recorded the greatest amount of 

ablation (2.6 m) while the area surrounding the stake also 

recorded high values (greater than 2.0 m) (Figure 4.2). The 

other region of maximum melt surrounded stake 16 (1.9 m), 

although ablation here was generally less than 1.5 m. In 

1991, stake 7A, again, recorded the highest ablation (1.5 m) 
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Table 4.2: Rae Glacier ablation in 1990 and 1991, measured 
in metres perpendicular to the glacier surface 

stake 1990 1991 Aug 14, 1990 to 
Total Total Aug 13, 1991 

6 1.5 o.o 0.9 
6A 1.6 0.6 1.1 
6B 1.7 0.7 0.8 

7 2.4 0.4 0.9 
7A 2.6 1.5 1.9 
7B 2.1 
70 0.6 

8 2.3 0.8 0.9 
SA 2.2 1.4 1.1 
SB 1.9 0.2 0.7 
80 0.9 

9 1.6 0.4 0.9 
9A 1.3 0.0 0.9 
9B 1.2 0.7 1.0 
10 0.6 o.o 
lOA o.o o.o o.o 
lOB 0.7 0.1 0.7 
lOC 0.6 0.0 0.6 
11 o.o 0.0 o.o 
llA o.o 0.0 o.o 
llB 0.9 0.0 0.8 
12 0.4 0.1 0.4 
12A 0.1 o.o o.o 
12B 0.9 o.o 0.9 
13 0.5 o.o 0.5 
13A 0.7 o.o 0.7 
13B 0.4 0.1 0.4 
14 0.4 0.2 0.5 
14B 0.6 0.4 0.6 
15 0.8 0.4 0.6 
15A 1.3 0.8 0.8 
15B 0.7 0.2 0.7 
16 1.9 0.9 1.2 
16A 1.4 0.8 1.5 
16B 1.3 0.5 0.5 
17 0.7 0.7 0.8 
17A o.o o.o o.o 
17C 0.5 0.2 0.4 
18 
18A 0.5 0.3 0.7 
18B o.o o.o o.o 
18C 0.6 . 0.2 0.6 
19 o.o o.o o.o 
19A o.o 0.0 o.o 
19B o.o o.o o.o 
19C o.o 0.0 o.o 
190 0.0 o.o o.o 
20 o.o 0.0 o.o 



(Figure 4.3), yet this value was considerably less (1.2 m) 

than the preceding year's. 
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overall, markedly less ablation occurred in 1991 than 

in 1990. In 1990, the average ice loss for stakes located 

in the ablation area was 1.1 m while, in 1991, the value was 

0.5 m. The deep snow-cover from the 1990-1991 winter, along 

with slightly below-average summer temperatures (12.2• 

versus the average June-to-July temperature of 12.1•), 

probably contributed to the lower levels of ice loss. 

However, both years proved to have the same ice melt 

-
• 

Contour Interval 0.5 m 

0 150m 

Figure 4.2: 1990 ablation of Rae Glacier 



Intervol 0.5m 

150m 

Figure 4.3: 1991 ablation of Rae Glacier 

pattern. Figures 4.2 and 4.3 show that the two zones of 

high ablation were separated by an area of lower ablation. 
I 

Figure 4.4 displays the snow lines of Rae Glacier at 
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the end of the two ablation seasons. These lines divide the 

areas of accumulation fro~ ablation and approximate the 

equilibrium lines for the two years. In 1990, the 

accumulation zone represented fifty-two percent of the 

glacier's surface area (an AAR of 0.52); yet, in 1991, this 

value increased to eighty-four percent (an AAR of 0.84). 

Therefore, using the AAR df 0.7 to designate a zero-net mass 
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balance, Rae Glacier probably had a negative balance-year in 

1989-1990 followed by a positive balance-year 1990-1991. 

Figure 4.4: Snow lines of Rae Glacier in 1990 and 1991 

4.4 L9cal Ice Qepths 

The maximum ice depth recorded at Rae Glacier was 

almost 100 m and was located approximately 300 m from the 

glacier head {Figures 4.5 and 4.6). As can be seen in these 

figures and Table 4.3, the surface slope along the centre-



line roughly coincides with the underlying bed slope. 

However, the basal slopes show a wider variation in 

gradients, varying from 6•, near the terminus, to 40•, 

nearer Rae Glacier's head. 

-

Con lour In lervo I 10 m 

0 150 m 
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Figure 4.5: Radio-echo sounding locations and ice depths of 
Rae Glacier, 1991 
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Figure 4.6: Longitudinal profile of Rae Glacier in 1991 

I 

Table 4.3: Local surface slope, bed slope, and ice depths 
(± 5 m) along the centre-line of Rae Glacier 

Distance from Surface Bed Ice 
Glacier Head Slope Slope Depth 

(m) (.) (.) (m) 

140 26 
165 32 
215 32 
260 32 40 84 
300 27 24 93 
320 26 20 90 
390 20 23 83 
425 20 25 79 
485 19 21 70 
525 22 6 63 
575 23 7 48 
615 25 22 41 
660 18 22 32 

Averages 25 21 68 
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Figures 4.7 a, b and c show that the transverse cross

sections of Rae Glacier are not symmetrical. Figure 4.7 a, 

shows that at approximately 250 m from the glacier's head, 

the west-side of the glacier surface extends to a much 

higher elevation (approximately 40 m) than the east side. 

Also, the ice thickness is asymmetrical: the central area 

is slightly thinner than to the east or west of it, the west 

side being somewhat thicker than the east side. 

Further down-glacier (approximately 300 m from the 

glacier head) the cross-section is similar, although there 

are some differences (Figure 4.7 b). The west-side ice/rock 

interface is again at a higher elevation but, here, the 

thickest ice (nearly 100 m) is found near the centre and 

eastern side of the glacier. 

Closer to the terminus (575 m from the glacier head), 

the ice is much thinner and the cross-section is closer to 

being symmetrical (Figure 4.7 c). Again, the glacier's 

western border extends to a higher elevation than the 

opposing side but, this time, by less than 20 m. This 

section, once again, displays a maximum ice thickness in the 

central-to-western side of the ice mass. 

All three diagrams show a low-lying central region with 

the glacier sides sloping in, towards the centre-line and 

the glacier's west margin extending up to a higher elevation 

than the eastern side. The main difference between the 

diagrams shows that maximum ice thickness along the length 
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of the glacier (from head to terminus) shifts from the west 

to the east, then back to the west side. 
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Figure 4.7: Cross-section profiles of Rae Glacier at: a) 
250 m from the head: b) 300 m from the head: and c) 575 m 
from the head. 
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4.5 Horizontal Velocity 

Table 4.4 presents the horizontal velocity recorded at 

each stake. Recorded surface velocities were lowest near 

the terminus (1.2 mja at 6B) and highest immediately below 

the upper bench (4.6 m/a at stakes 16 and 17). It is worth 

noting, however, that the data set is limited to the 

ablation area and velocities are unknown for the 

accumulation area. 

Horizontal velocities increase sharply from the 

terminus (less than 1.4 mja) to row 7 (2.5 m/a). From row 7 

to row 10 the horizontal flow rates remain fairly constant 

at 2.5 m;a. Between rows 10 and 12 the velocity increases 

to 3.3 m;a. Further up-glacier the flow rates increase to a 

maximum of 4.6 m/a near stakes 16 and 17 where, away from 

the centre-line, the velocities decrease slightly. 

Table 4.4: Rae Glacier horizontal flow velocities from 
August 14, 1990 to August 13, 1991 

Stake Velocity Stake Velocity Stake Velocity 
(m/a) (m/a) (m/a) 

6A 1.4 12 3.4 16 4.6 
6B 1.2 12B 3.3 16A 4.5 
7A 2.5 13 4.0 16B 4.1 

8 2.5 ·13B 3.3 17 4.6 
9 2.3 14 3.5 17C 4.2 

9A 2.7 15 4.0 18A 4.5 
9B 2.6 1SA 3.9 18C 4.3 
lOB 2.7 15B 4.0 
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4 • 6 Emergence 

Table 4.5 presents the emergence velocities of twenty

three stake sites for which the data could be derived. The 

majority of the stakes listed are situated in areas of 

emergence where ice is being carried toward the glacier's 

surface, whereas only a few of the stakes are located in 

areas of submergence or nearly-parallel flow. 

The area which exhibited the highest emergence velocity 

is located around stake 16A (just over 1m/a). Neighbouring 

stakes 16, 17 and 18A, also found on the lip of the upper 

bench, had relatively high rates of emergence as well (0.7, 

1.0 and 0.6 m;a, respectively). Another area of note is at 

stake 7A which had a measured emergence velocity of 0.6 m/a. 

Again, this stake was also surrounded by some of the higher 

emergence velocities. 

Table 4.5: Rae Glacier emergence velocities measured in 
metres per year, positively downwards 

Stake Emergence Stake Emergence Stake Emergence 
(m/a) (m/a) (m/a) 

6A -0.4 12 0.1 16 -0.7 
6B -0.4 12B -0.5 16A -1.0 
7A -0.6 13 o.o 16B -0.1 
8 -0.5 ·13B -0.1 17 -1.0 
9 0.2 14 0.2 17C -o.o 
9A 0.1 15 -0.2 18A -0.6 
9B -0.1 15A -0.4 18C -0.1 

lOB 0.4 15B -0.4 
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The centre-line angle of emergence, 8, basal slope, B, 

and surface slope, a, of Rae Glacier are given in Table 4.6. 

When the emergence angle, measured from horizontal, is less 

than the surface slope, the flowline is emerging; and, when 

8 is greater than a, the flowline is submerging. Arnold 

(1981) suggested that if the flowline angle is above the 

horizontal, thrusting may be occurring. Hence, the ice near 

the terminus (660 m from the glacier head) may be thrusting 

over stagnant, or slower moving, ice. 

Table 4.6: Rae Glacier centre-line surface slopes a, basal 
slopes 8, and emergence angles 8 

Distance from Surface Basal Angle of 
Glacier Head Slope Slope Emergence 

(m) (.) (.) (.) 

260 32 40 29 
300 27 24 30 
320 26 20 26 
390 20 23 21 
485 19 21 26 
525 22 6 25 
575 23 7 10 
660 18 22 -1 

The emergence and ablation data were used to find the 

change in ice thickness (Table 4.7). The majority of the 

stake-site regions experienced glacial thinning, with the 

maximum occurring on the west side between rows 7 and 9. 

Generally, close to 1 m of thinning occurred in this lower 



area, whereas up-qlacier the thinninq was much less 

(approximately 0.4 m). Only stake site 17 experienced 

thickeninq: however, the amount of thickeninq is probably 

within the marqin or error and may not truly represent an 

actual increase in ice thickness. 

Table 4.7: Chanqe in ice thickness at Rae Glacier from 
Auqust 1990 to Auqust 1991, measured positively downwards. 

Stake Ice Stake Ice Stake Ice 

48 

Thickness Thickness Thickness 
Chanqe (m) Chanqe (m) Chanqe 

6A 0.7 12 0.3 16 0.5 
6B 0.4 12B 0.4 16A 0.5 
7A 1.3 13 0.5 168 0.4 
8 0.4 13B 0.3 17 -0.2 
9 0.7 14 0.3 17C 0.4 
9A 0.8 15 0.4 18A 0.1 
9B 0.9 15A 0.4 18C 0.5 

lOB 0.3 15B 0.3 

4.7 Discussion 

Rae Glacier exhibits both lonqitudinal and cross

qlacier variations in surface slope, bed slope and ice 

thickness. This results in the two prominent convexities 

located at approximately 150 and 400 m from the qlacier 

(m) 

head. The importance of these features, with respect to the 

flow behaviour of the qlacier, is evident when lookinq at, 

or measurinq ablation, emerqence or flow rates. These 

convexities exhibited preferential ablation compared to 
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surrounding areas. The higher ablation rates are probably 

due, in part, to the steep gradients which are not conducive 

to collecting, or maintaining, a thick winter snow pack. 

Since these regions are not effective snow traps, they are 

the first to expose glacial ice at the beginning of the melt 

season. Once the ice becomes exposed, the local albedo of 

the surface is lowered and ablation of the ice mass occurs. 

Elsewhere on the snow-covered glacier, albedo levels remain 

higher, thereby slowing snow melt and delaying the exposure 

of glacier ice. 

The area displaying the fastest horizontal velocities 

is located immediately below the upper convexity on the west 

side of Rae Glacier. The high values may be explained by 

the steep slopes and thick ice in the region which combine 

to increase internal stresses, resulting in higher 

velocities. 

Another apparent feature of Rae Glacier is the ice 

banding. While the ice banding is fairly unremarkable on 

the lower section of the glacier, nearer the equilibrium 

line the band configuration changes dramatically. Figure 

4.8 shows the glacier from near row 15 up, through to 18. 

This photograph, taken in late-summer of 1990, clearly 

displays the ice bands of this region. 

Near the centre-line of the glacier the sedimentary 

bands are roughly parallel to the contours but change 

radically towards the west (the right side on the 
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photograph). The bands, which trend across the ice, turn 

sharply down-glacier for a short interval before resuming 

their cross-glacier trend. The result is a "z" formation in 

the bands, suggesting a change in the flow or accumulation 

pattern. 

Figure 4.8: Ice banding on Rae Glacier approximately 200 m 
from the glacier head 

The change in banding configuration implies that the 

ice in this small section of the glacier is flowing at a 

faster rate or in a different direction than the ice to the 

east of it. The reason for this change in flow is unknown. 
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One possibility is that there is a sudden change in the 

underlying bedrock topography. An increase in local ice 

thickness and surface slope may increase the velocity, 

resulting in an isolated "stretching" of the sedimentary 

bands. Another such possibility is that there may be 

localized thrusting over a bedrock threshold. This, again, 

would result in deformation of the ice bands, perhaps 

resulting in the distortion shown in Figure 4.8. 

The change in ice thickness, calculated using the 

emergence and ablation values, suggests a thinning ice mass. 

This implies that accumulation is less than ablation (also 

suggested by the AAR for 1990) and, therefore, the emergent 

flow component of the glacier appears unable to replenish 

the amount of ice that is lost to ablation. 

Results of this chapter show Rae Glacier to be a steep, 

relatively slow-flowing cirque glacier which displays 

complexity in its surface configuration and flow which are 

most likely the result of an asymmetrical bedrock basin upon 

which the glacier sits. 



Cbapter 5: Past Behaviour of Rae Glacier 

5.1 Introduction 

This chapter describes the historical behaviour of Rae 

Glacier since the Little Ice Age. It includes an estimate 

of the rate of terminus retreat and volumetric ice losses 

during the twentieth century, followed by a statistical 

reconstruction of Rae Glacier's net mass balance for the 

period 1940-1990. In the final section of the chapter, the 

historical behaviour of Rae Glacier is compared to 

observations at other glaciers in the Canadian Rocky 

Mountains. 

5.2 Previous Research 

Worldwide, glaciers were much more extensive during the 

Little Ice Age than they are at the present time (Grove, 

1988). The Little Ice Age represents an interval of glacial 

activity which was initiated between 1250 and 1550 and 

continued until the middle of the nineteenth century 

(Porter, 1989). During this interval most high elevation 

and high latitude glaciers advanced several times to 

terminal positions well-beyond their present limits. 

However, since the middle of the nineteenth century, most 

glaciers have retreated and down-wasted significantly. This 

is particularly true ·of. glaciers in the North American 

Cordillera and European mountain chains where retreat from 

glacial maxima began in the mid- to late-1800& (cf. Patzelt, 
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1985; Osborn and Luckman, 1988; Oerlemans, 1989; and 

Theakstone, 1990). 
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In the Canadian Rocky Mountains, terminal moraines of 

the Little Ice Age typically mark the most extensive of the 

Neoglacial events (Osborn and Luckman, 1988). Dating of 

these moraines, generally through radiocarbon methods, 

dendrochronology and/or lichenometry, reveals that they were 

deposited in the mid- to late-nineteenth century (Osborn and 

Luckman, 1988). Following the deposition of the moraines, 

glaciers began to retreat. By 1920, most ice fronts were 

retreating rapidly (Gardner, 1972). This trend continued 

until the 1940s or 1950s when terminus retreat was at its 

peak; after which, a number of minor standstill events 

occurred (Gardner, 1972; Luckman, 1990). Since the 1950s, 

most glacier ice fronts have continued to recede slowly. 

This is particularly true since ca. 1977 when most glaciers 

experienced negative mass balances (Osborn and Luckman, 

1988; Luckman, 1990). Despite the negative balances, a 

number of individual glacier advances have been recorded 

over the last few decades (Osborn and Luckman, 1988; 

Brugman, 1991). 

McCarthy and Smith (1994) documented historical glacial 

activity in the Peter Lougheed Provincial Park area of 

southwestern Alberta. Of the nineteen glaciers included in 

their study, all had termini which retreated over the period 

1916 to 1947. From 1947 to 1958 all but seven glaciers 
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continued to retreat at rates varying from ca. 2 to 30 mja. 

In the interval between 1958 and 1972, all but three of the 

ice fronts receded at rates between <1 and 34 mja. Over the 

period 1972-1983, the termini of nine glaciers retreated, 

seven remained roughly stationary and two advanced. This 

inconsistency continued into the 1980s. The observations of 

McCarthy and Smith (1994) generally correspond with those at 

other locations in the Canadian Rocky Mountains (see 

Gardner, 1972; Osborn and Luckman, 1988; and Brugman, 1991). 

5.3 Methodology 

5.3.1 Terminus Retreat and Volumetric Ice LoSS 

In order to prepare an ice front chronology of Rae 

Glacier, a series of vertical aerial photographs was 

examined. The Mount Rae cirque is visible on ten aerial 

photographs dated 1947, 1950, 1951, 1955, 1958, 1972, 1977, 

1979, 1983, and 1984 (Table 5.1). Terminus positions were 

established and estimates of the distances between 

successive positions were used to produce an ice front 

chronology. While most of the photographs were taken near 

the end of the ablation season when snow cover was at a 

minimum, three were not used because of either poor 

resolution (1972 and 1983) or because snow cover was 

obscuring the glacier terminus (1951). Due to varying 

quality and distortion associated with the photoqraphs, the 

termini positions have an estimated error of ± 10 m. 
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Table 5.1: Aerial photograph information 

Flight Image Scale Date 
Line Number 

A11100 294 1:30,000 September, 1947 
A12743 July 23, 1950 
AS172-5010 11 September 16, 1951 
A14813 9 1:35,000 No date, 1955 
AS748-5027 83 1:15,840 August 25, 1958 
BC5490 July 28, 1972 
A24804 149 1:50,000 August 13, 1977 
AS1960 196 1:30,000 September 18, 1979 
A26412 1:50,000 No date, 1983 
AS3083 58 1:20,000 August 16, 1984 

Present-day ice volumes were calculated from the 

glacier surveys completed in 1990-1991 (see Chapters 3 and 

4). Where the ice thickness was not known (above the 

surface elevation of 2650 m a.s.l.), it was assumed that the 

underlying bedrock continued to the glacier headwall at a 

constant slope. Where ice thicknesses were known, the 

glacier was subdivided by five transects (each separated by 

approximately 100 m) and the volume of each section was 

calculated. The total ice volume was the sum of the 

individual sections. The estimate was subsequently 

corroborated using SURFER which calculated a volume within 

1% of manually-calcul.ated volume. 

An estimate of changes in Rae Glacier's volume was 

calculated for the periods: ca. 1874-ca. 1916, ca. 1916-1947 

and 1947-1991. The amount of ice present at Rae Glacier in 

the mid-1800s was estimated by subdividing the glacier into 
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two sections: a lower section bordered by the lateral

terminal moraine complex; and, an upper section located 

headward of the moraines. For the lower section, it was 

assumed that the former ice surface was at the same 

elevation as the moraine crests. For the upper section, 

elevations of the ice surface between the lateral moraines 

and the headwall are approximated by regression equations. 

This procedure was undertaken for both sides of the glacier, 

since the lateral moraines on the east and west sides crest 

at different elevations. The theoretical glacier was then 

'sectioned' into 200-metre segments from the terminal 

moraine to the glacier head. The volume between the ca. 

1874 and 1991 surfaces was then calculated for each segment 

and summed to produce an estimate of the volumetric change 

between the Little Ice Age dimensions and that of the 1991 

glacier. 

The same approach was used to determine the volumetric 

change between the ca. 1916 and the 1991 glacier dimensions. 

However, as the west side of the cirque had no well

developed inset lateral moraine, its elevation was assumed 

to exhibit the same configuration as the larger moraine--the 

prominent moraine being approximately 20-30 m higher on the 

west side than on the east. Again, regression equations 

were used to estimate ice surface elevations for both sides 

of the glacier from the moraines to the headwall. Using the 

same sectioning method described previously, the volumetric 



difference between the ca. 1916 and 1991 glacier surfaces 

was calculated. 

The 1947 terminus position and glacier/rock wall 

interface positions were estimated from the 1947 aerial 

photograph. Elevations of these points were approximated 

using Figure 5.1. Once again, the volumetric difference 

between the two surfaces (1947 and 1991) was calculated 

using the same procedure. 

5.3.2 Areal Changes 
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The areal extent of Rae Glacier in ca. 1874, ca. 1916, 

1947 and 1991 was estimated from Figure 5.1 using a digital 

planimeter to trace the former boundaries. It was assumed 

that the upper glacier margin did not change greatly in 

character between ca. 1874 and 1991. 

5.3.3 Mass Balance Reconstruction 

Since net mass balance is the driving force behind a 

glacier advance or retreat, it is extremely beneficial to 

know the balance history of the glacier. However, Rae 

Glacier has not previously been the focus of an in-depth 

study, therefore, a mass balance history for the glacier 

does not exist. This being the case, an estimate of the 

mass balance history of Rae Glacier was constructed. 

Although individual glaciers have different net mass 

balances for a specific year, Reynaud et al. (1984) and 

Letreguilly and Reynaud (1989) found that mass balance 

variations of glaciers in the Alps (in France, Switzerland, 
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Austria and Italy) and in North America are statistically 

similar over distances of up to 500 km. This is supported 

by Brugman (1991) who also demonstrated that summer (May

September), winter (October-May) and net mass balances are 

highly correlated between the glaciers of western Canada. 

Given this relationship, the mass balance variations of Rae 

Glacier were assumed to be similar to the mass balance 

variations of Peyto Glacier. 

Papers by Letreguilly (1988) and Lefauconnier and Hagen 

(1990) provided a methodology to construct a mass balance 

history using weather data. Letreguilly's (1988) procedure 

uses summer air temperature and winter precipitation records 

in the statistical reconstruction of net mass balances for 

three Canadian glaciers (Peyto, Place and Sentinel 

Glaciers). Lefauconnier and Hagen (1990) use the same two 

variables and summer long-wave radiation for the 

reconstruction of the mass balance of Br~ggerbreen Glacier, 

Norway. 

Given the assumption of similarities in mass balance 

variations between glaciers, the mass balance record of 

Peyto Glacier (Appendix C), approximately 150 km north-west 

of Mount Rae, was used to construct a history for Rae 

Glacier. The weather data were recorded at the Kananaskis 

Centre for Environmental Research (KCER), located 

approximately 45 km to the north (Appendix B). In the case 

of missing weather data, the long-term average values were 
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used. 

The statistical reconstruction was achieved by 

averaging mean monthly temperature data and summing 

precipitation data over time frames ranging from one to 

twelve consecutive months in a hydrological year (October to 

September). In addition to the summer temperature and 

winter precipitation variables used by Letreguilly (1988), 

summer precipitation was also included. The air temperature 

time frames represented the mean for individual and 

consecutive months from April to October (e.g., T~il (T4), 

T~u-actaber (T4_10)]. On the other hand, precipitation values 

were cumulative such that P10_5 represented the total winter 

precipitation from October to May (the entire winter 

precipitation time frame considered) and P5_10, the total 

summer precipitation from May to October (again, the entire 

summer precipitation time frame considered). 

The weather variables which proved to have significant 

correlations with winter (Bw), summer (B.), or net (Bn) 

balance were then used together (one summer temperature, one 

summer precipitation and one winter precipitation variable) 

in an SPSSX multiple regression program to find the 

combination with the highest explanatory power for winter 

balance, summer balance and net mass balance for the 1966-

1990 period. The best-fit regression equation for each of 

the balances was then used with the entire set of weather 

records (1939-1991) to construct the mass balance history. 
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5.4 Results 

5.4.1 Terminus Retreat and Volumetric Ice L9ss 

Since reaching its maximum Little Ice Age extent in ca. 

1874, Rae Glacier has retreated approximately 530 m at an 

average rate of 4.5 m;a. Fiqure 5.1 graphically displays 

the former ice front positions and moraines derived through 

the glacier surveys and interpretation of the areal 

photographs. Table 5.2 shows that terminus retreat rates 

have varied from a minimum of 1.5 m/a (ca. 1874 - ca. 1916) 

to a maximum of 9.7 mja (1947- 1950). 

Table 5.2: Rae Glacier terminus retreat from the Little Ice 
Age maximum to 1991 (± 10 m) 

Years Retreat Distance 
from Last 
Position 

(m) 

ca.1874-ca.1916 61 
ca.1916-1947 207 

1947-1950 29 
1950-1955 21 
1955-1958 18 
1958-1977 121 
1977-1979 14 
1979-1984 11 
1984-1990 50 

Time Period 
(years) 

42 
31 

3 
5 
3 

19 
2 
5 
6 

Retreat Rate 
(m/a) 

1.5 
6.7 
9.7 
4.2 
6.0 
6.4 
7.0 
2.2 
8.3 

Between ca. 1874 and ca. 1916, Rae Glacier retreated 

61 metres at an average rate of 1.5 m;a. The time period 

ca. 1916-1947 delineates the second longest in the sequence 



61 

----- Ice front positions 
----- Contour (20 m interval) 

0 80 160 240m 

Figure 5.1: Ice front and moraine positions at Rae Glacier 
in ca. 1874, ca. 1916, 1947, 1950, 1955, 1958, 1977, 1979, 
1984 and 1991. 



and, as a result, lacks resolution. If a minor standstill 

or advance occurred during this interval, it is not 

apparent. Acknowledging this limitation, the average rate 

of retreat calculated for this period was roughly 2 mja 

above average at 6.7 mja. 
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The highest recorded rates of ice front retreat 

occurred from 1947 to 1950 (9.7 mja). Between 1950 and 

1955, the rate of terminus retreat was only 4.2 mja which is 

slightly below the long-term average. The next three time 

periods showed increasing rates of terminus retreat: 6.0 

mja (1955-1958), 6.4 mja (1958-1977), and 7.0 mja (1977-

1979). Slower rates of terminus retreat were again apparent 

between 1979 and 1984, averaging 2.2 mja, while 

substantially higher rates of ice front retreat (8.3 mja) 

characterized the 1980s. 

It is estimated that at the climax of the Little Ice 

Age, Rae Glacier had a volume of 3. 8 x 107 m3 (Table 5. 3) • 

By ca. 1916, however, the ice volume had decreased to 2.9 x 

107 m3 and was further reduced to 2. 4 x 107 m3 by 194 7. The 

1991 volume was estimated to be 9.3 x 106 m3
: less than one

quarter of the ca. 1874 ice mass remained. 

5.4.2 Areal Changes 

The area of Rae Glacier has decreased significantly 

since ca. 1874 when it covered an area of approximately 0.46 

km2 (Table 5.4). By ca. 1916, retreat and narrowing of the 

terminus reduced Rae Glacier's extent to 0.38 km2 and by 



1947 Rae Glacier covered only 0.32 km2 • The 1991 surface 

area (0.22 km2 ) is less than one-half the ca. 1874 size. 

Table 5.3: Volumetric ice loss estimates of Rae Glacier 
from ca. 1874 to 1991 

Year Volume Ice Loss Cumulative Ice Loss 
(m3) (m3) Ice Loss (%) per Year 

(m3) 

ca.1874 3. 8x107 0 0 0 
ca.1916 2. 9x107 9. Ox106 25 215,000 

1947 2. 4X107 5. Ox106 37 161,000 
1991 9. 33x106 1.47x107 76 334,000 
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Table 5.4: Rae Glacier surface area estimates in ca. 1874, 
ca. 1916, 1947 and 1991 

Year Area 

ca. 1874 0.46 km2 
ca. 1916 0.38 km2 

1947 0.32 km2 
1991 0.22 km2 

5.4.3 Mass Balance Reconstruction 

The results of the linear regression showed that 

twenty-seven of the weather time-series variables produced 

significant results at the ninety-five percent confidence 

level (Appendix D). Based on these correlations it was 



shown that: summer temperatures are inversely correlated 

with net balance Bn and summer balance a.; and winter 

precipitation has a direct correlation with the winter 

balance B
11 

and net balance Bn. 
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The multiple regression results proved to be more 

extensive. When testing all possible combinations of the 

three weather variables against each of the summer, net and 

winter balances, 142 regression equations had significant 

results at the 95% confidence level (Appendix E). Of these, 

sixty equations explained the variation in winter balance, 

fifty-five in net balance and twenty-seven in summer 

balance. 

The regression equation which had the highest 

explanatory power (58%) for Peyto Glacier's winter balance 

(B
11

) was a combination of three weather variables: October

February precipitation (P~), June-August precipitation (P. 

1), and June-July temperature (TN) (Equation 5.1). The 

majority of the explanatory power, 49%, was accounted for by 

winter precipitation with the remaining 9% coming from the 

other two variables. 

(5.1) 

Equation 5.2 explained 50% of the variation in the 

summer balance (B.) data. The June-August temperature 

variable (~") provided most of the explanatory power (33%) 

while 14% of the variation was explained by June-July 

precipitation (PN) and 3% by October-March precipitation 
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(5.2) 

Lastly, Equation 5.3 showed that the weather variables 

recorded at KCER explained 53% of the variance in Peyto 

Glacier's net balance (Bn>· In this equation October-March 

precipitation (P~3), June-July temperatures (T~), and June

July precipitation (P~) contributed 25%, 15%, and 13%, 

respectively, to the explanatory power. 

Bn = 3826.86 +3. 73 P10_3 -351.21 T6 _7 -3.69 P6 _7 
(5.3) 

By inputtinq the entire KCER weather data set (1939-

1991) into Equation 5.3, a proxy net mass balance history 

was constructed for Rae Glacier (see Appendix F). The 

statistical reconstruction of Rae Glacier's mass balance and 

Peyto Glacier's actual mass balance are qraphed toqether in 

Fiqure 5.2. The diaqram shows that, qenerally, neqative 

balances prevailed over the twenty-five year period. The 

cumulative effect of almost fifty years of successive 

neqative balances is shown in Fiqure 5.3. 

5.5 Discussion 

The hiqhest rate of terminus retreat of Rae Glacier 

(9.7 mja) occurred from 1947-1950. This interval coincides 

with a period of qenerally neqative mass balances and also 

corresponds with hiqh rates of termini retreat at other 

locations in the Canadian Rocky Mountains (Gardner, 1972; 
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Luckman, 1990; Brugman, 1991). Also supporting the high 

rate of retreat at Rae Glacier was the dendroclimatological 

investigation by Wig (1992) which showed that this interval 

was characterized by above-normal temperatures in the Mount 

Rae area. 

Following this period, reduced rates of terminus 

retreat (4.2 mja for 1950-1955) of Rae Glacier match similar 

reductions at other glaciers in the main ranges (Osborn and 

Luckman, 1988; Brugman, 1991) as well as the front ranges 

(McCarthy and Smith, 1994). This is likely attributed to 

the above-average snowfalls and below-average summer 

temperatures over the same time period. However, only one 

of these years, 1954, produced a positive mass balance 

estimate (0.5 m) and one, 1950, produced a zero-net mass 

balance estimate. 

Beginning in the mid-1970s and continuing to the 

present, glacier behaviour in the Rockies has become 

increasingly discordant, with some glaciers advancing and 

other glaciers retreating (Brugman, 1991; McCarthy and 

Smith, 1994). This disparate behaviour was also apparent at 

Rae Glacier with both the slowest (2.2 mja, 1979-1984) and 

fastest (8.3 mja, 1984-1990) rates of terminus retreat 

recorded during this interval. These observations were 

supported by the mass balance reconstruction which revealed 

several years of positive mass balances during the mid-1970s 

and increasingly negative balances within the last decade. 
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Generally, the mass balance reconstruction coincided 

with Rae Glacier's terminus retreat record. In addition to 

this, the retreat record compared favourably with the 

behaviour of other glaciers in the area, thereby adding 

credence to the historical mass balance reconstruction. 

If the net mass balance equation is used to predict 

future balances, and if the long-term averages for summer 

temperature, summer precipitation and winter precipitation 

hold, then it will take less than thirty-five years for Rae 

Glacier to waste-away. However, if the average winter 

precipitation increased by 15% and average summer 

temperature decreased by 1• c, Rae Glacier might attain an 

equilibrium state. 



Chapter 6; Glacial Response 

6.1 Introduction 

Rae Glacier has experienced considerable terminus 

retreat and down-wasting since its Little Ice Age maximum. 

These historical morphological changes reflect mass balance 

adjustments to fluctuating environmental conditions. This 

chapter examines the nature of these adjustments through an 

investigation of the various ways in which Rae Glacier has 

responded to historical changes in climate. 

The way in which a glacier adjusts to climatic 

fluctuations is governed by its area/altitude relationship, 

size, steepness, aspect, velocity and topography (Raymond, 

1980; Paterson, 1981; Kuhn et al., 1985; Theakstone, 1990). 

In addition, individual glaciers make adjustments over 

several different time scales according to the type or size 

of weather and climatic variation. Kuhn (1979) identifies 

three time scales over which glaciers function as 

synthesizers of weather processes; yearly adjustment of the 

equilibrium line; 1-10 years (or longer for larger glaciers) 

for flow adjustment and size changes; and 100-1000 years as 

the average residence time of ice in a qlacier. Thus, a 

qlacier may respond quickly to a chanqe in mass balance by 

adjustinq its equilibrium line or, if ablation rates are 

particulary hiqh, by an almost immediate retreat of its 

terminus. Lonqer-lived climatic fluctuations almost always 

result in sustained periods of either terminus advance or 
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retreat (Smith and Budd, 1979; J6hannesson, 1986; Oerlemans, 

1989). 

Paterson (1981) describes the response time of a 

glacier as the period of time over which a glacier fully 

adjusts to a change in mass balance. Variations in 

precipitation, wind, temperature and radiation fluxes are 

reflected in glaciers through changes in accumulation and 

ablation and, hence, mass balance. The lag time of a 

glacier describes the length of time between a mass balance 

perturbation and the beginning of its effect on the glacier 

terminus as indicated by an advance or retreat (Paterson, 

1981). The response time scale, therefore, differs from the 

lag time in that it encompasses the entire period that a 

glacier adapts to a mass balance change while the lag time 

marks the beginning of the adjustment. 

6.2 Response Theories 

This section introduces and employs four separate 

theories to determine possible response time scales for flow 

adjustment of Rae Glacier. After presentation of the 

theoretical response times, Rae Glacier's lag time will be 

estimated through examination of the available historical 

photographic and weather records. Finally, an analysis of 

the applicability of glacier response theories to the 

observations is presented. 

J6hannesson et al. (1989a, 1989b) present two different 
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methods to calculate glacial response time. The first 

theory deals with the Memory Length of a glacier: the time 

over which a glacier fully adjusts to a step change in mass 

balance such that it has no 'memory' of the previous 

climate. The second theory concerns itself with a Volume 

Time Scale: the time required for the difference in the 

steady state ice volume, before and after a mass balance 

perturbation, to accumulate or ablate in the attainment of a 

new steady-state. Two more theoretical response times based 

on kinematic wave theory, a mode of transmitting mass 

balance perturbations down-glacier, and longitudinal stress 

gradients are also calculated (Nye, 1960, 1963). Each is 

then applied to Rae Glacier to identify the theoretical 

time-scales over which it responds to climatic variations. 

6.2.1 Memory Length 

Johannessen et al. (1989a) describe the Memory Length 

of a glacier, TM, as the time period over which a glacier 

responds to a change in climate. It represents the total 

length of time needed for complete adjustment after a mass 

balance perturbation from a datum steady-state to a new 

steady-state. The Memory Length is calculated as follows: 

(6.1) 

where the factor F is the thickness scale, generally assumed 

to be~ (see Paterson, 1981, p. 258), 1 the glacier length 

and u(l) the velocity at the terminus. 
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When there is a change in mass balance from one steady 

state to another, the Memory Length theory uses the factor F 

as the ratio of the glacier's thickness change, averaged 

over the glacier length, to the change in thickness at the 

original terminus. This acts as a measure of the mass 

balance perturbation, thereby relating the elevation change 

at the terminus to the total volumetric change up-glacier 

from the terminus. Accordingly, the F term is used to 

describe the distribution of the mass balance perturbation 

across the glacier. 

TH measures the time required for a mass balance 

perturbation to travel the entire glacier length at the 

speed of the ice flow velocity at the terminus. Since the 

terminus velocity is used instead of the glacier's average 

flow velocity, TH may be considered a time scale estimate 

for long-term glacier response on the order of 102-103 years. 

However, J6hannesson et al. (1989a) also point out that 

glaciers do not typically exhibit this long theoretical 

response time. 

Application to Bae Glacier 

In applying the Memory Length equation to Rae Glacier 

where 1 = 700 m and u(l) = 1.2 m;a, the Memory Length is 

shown to be 292 years. This value falls within the range of 

102 
- 103 years for Memory Lengths expected by J6hannesson et 

al. (1989a) for a theoretical adjustment time-scale. 
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6.2.2 Volume Time Scale 

J6hannesson et al. (1989b) suggest that a volumetric 

time scale may be used to estimate response time. The 

Volume Time Scale measures the time required for the glacier 

to adjust from a datum steady state volume to a perturbed 

steady state volume. In essence, this theory suggests that 

a change in mass balance has to be accumulated (or ablated) 

before a new steady state can be reached. 

Volume Time Scale (T!) estimates are derived using 

measurement of both ice thickness and mass balance: 

H (&.2) 

where H represents a thickness scale and ~ is the balance 

rate (negative) at the terminus. J6hannesson et al. (1989b) 

indicate that the Volume Time Scale provides only a rough 

estimate of glacial response time. As a result, the stated 

thickness scale may be either of the maximum or the average 

ice thickness. 

To calculate T!, it is assumed that the ice depth at a 

point down-glacier from the maximum thickness, is 

principally a function of the distance to the terminus. 

Thus, when a mass balance increase occurs, the new steady 

state profile represents a shifting of an equivalent portion 

of ice down-glacier to the new, advanced terminus position 

(Fiqure 6.1). The volume of ice added to the glacier may be 

estimated by dimensions equal to the length of the advance 
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(IL) and maximum ice thickness (~) of the datum qlacier. 

This volume is then taken to represent the 'slab' of ice 

which was added to the qlacier throuqh the increase in mass 

balance. 

1.5,-----------------------------------------~ 

Line 2 

1.0 

0.5 

0.0~~~----------------------~--._--------~ 

0.0 0.5 1.0 1.5 

Distance 

Figure 6.1: Three steady state profiles for a two
dimensional ice cap. Line 1 is the steady state qlacier at 
the start, Line 2 is the perturbed profile after a uniform 
mass balance chanqe and line 3 is the oriqinal profile 
shifted to the riqht to coincide with the perturbed profile. 
The shaded area is the volume perturbation 6V • ~ 6L. 
(From: J6hannesson et al., 1989b, p. 348) 

The ice thickness is then used as an estimate for the 

chanqe in volume per unit area while the balance at the 

terminus describes the amount of ice that has to be 

accumulated or ablated in order to maintain the new steady 
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state profile. 

Application to Rae Glacier 

Using Rae Glacier's maximum ice thickness of 97 m and 

the estimated terminus balance of 0.91 m, the Volume Time

Scale is estimated to be 107 years. However, when the 

average ice thickness (42 m) is used, the time required for 

the glacier to adjust to a new mass balance is reduced to 46 

years. These Tx values are of the order of decades and 

correspond to the expected values (101 
- 102 years) suggested 

in J6hannesson et al. (1989b). 

6.2.3 Kinematic Wave Theory 

Paterson (1981) describes a method in which response 

time may be calculated from longitudinal strain rates and 

kinematic wave theory as applied to glaciers by Nye (1960, 

1963). Longitudinal strain rates represent a change in 

centre-line velocity (u) with distance from the glacier's 

head (x) over a period of time. In the accumulation area 

velocity u increases down-glacier, resulting in extending 

flow; while, in the ablation area, u typically decreases 

down-glacier causing compressing flow. 

A kinematic wave transmits the effects of mass balance 

change down the glacier to restore equilibrium. The term 

'wave' implies a point carrying with it a specific property

-a constant ice flux--travelling at a velocity different 

than the surrounding ice. As a wave develops and progresses 

down-glacier, it transfers a greater quantity of ice than 



that of the surrounding ice. When the wave reaches the 

terminus, the larger volume of ice results in a glacier 

advance. The larger ice flux is conveyed at a velocity 

roughly four times faster than the surrounding ice (Nye, 

1960). 
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During an initial limited time period, the change in 

ice thickness increases at an accelerating, unstable rate in 

the ablation area of a glacier. This stage lasts for a 

length of time approximately equal to the time required for 

a kinematic wave to travel from the equilibrium line to the 

terminus. Thus, the Kinematic Wave Time scale for 

adjustment may be estimated from 

1 (6.3) 
(n+l) u 

where n = 3, u is the mean flow velocity and 1 is the 

distance travelled. Nye (1960), however, added that 

diffusion of a kinematic wave will increase the response 

time considerably. 

Another response time estimate incorporates kinematic 

wave theory and longitudinal strain rates (see Paterson, 

1981, p. 252). For this estimate, the response time to a 

step change in mass balance is said to be equal to Vw where 

r is approximately four times the longitudinal strain rate 

(Nye, 1960). This being the case, the higher the 

longitudinal strain rate, the shorter the response time so 

that a glacier adjusts quickly to changing conditions. For 
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glaciers with lower strain rates, due to such properties as 

shallow ice depths, low surface slopes or extremely cold ice 

temperatures, the response time for adjustment will be 

longer. Typical strain rates of temperate valley glaciers 

are between 1o·• and 10"2 , thus suggesting response times 

between 2.5 and 25 years (Paterson, 1981). 

Application to Rae Glacier 

In Rae Glacier's case, the mean ice flow velocity is 

3.4 m;a. If a wave travelled from the equilibrium line to 

the terminus (=500 m), the Kinematic Wave Theory Time Scale 

suggests a response time of 37 years. 

6.2.4 Longitudinal Coupling Theory 

Longitudinal stresses vary along the length of a 

glacier. In the areas where stresses are high, so too are 

the strain rates: and, conversely, where stresses are low 

the strain rates are low. Since strain rates can be used to 

calculate response time, it is necessary to find the 

distance over which a longitudinal strain rate should be 

calculated. 

Glacier flow by internal deformation is the result of 

stresses set up within the ice. If the shear stress at any 

point in a glacier is great enough, it causes ice particles 

to move, or slip, past one another. Basal shear stress (T) 

is calculated by the equation 

't = f pgh sinu (6.4) 

where f is a shape factor, p is the ice density, g is 
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acceleration due to gravity , h is the centre-line ice 

thickness and a is the surface slope. Values of f vary 

depending on the ice width and depth: for an infinite slab 

of ice, f = 1: while, f = 0.5 for a semi-circle. 

The flow law of ice relates strain rate to stress such 

that the steady-state creep rate is a function of the 

applied stress: (1.5) 

where i is the effective strain rate, n is a constant with a 

mean value of 3, and A depends predominately on the ice 

temperature (See Paterson, 1981, p. 85). If a constant 

stress is sustained, the strain rate may reach a steady 

value which is proportional to the power n. For a value of 

n = 1, flow is like that of a Newtonian viscous fluid: the 

strain rate is linearly proportional to applied shear 

stress. However, when n > 1, plastic flow occurs such that 

the strain rate increases at an increasing rate with higher 

shear stress values. Although studies have shown n values 

to vary from 1.5 to 4, in most cases a value of 3 is 

generally assumed (Paterson, 1981). 

If a glacier's bed slope or basal friction changes 

longitudinally, stress gradients are set-up and the flow is 

altered by the coupling effect of longitudinal stress 

gradients. The longitudinal coupling equation presented by 

Kamb and Echelmeyer (1986) provides a means to average the 

influence of local slope and ice thickness. The equation 

identifies the importance of the longitudinal stress 
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gradients to local flow rates. Furthermore, it underscores 

the fact that basal and internal stress distributions up-

and down-glacier from a particular point affect the flow at 

that location. 

The longitudinal averaging integral focuses on the 

impact of ice thickness h, surface slope a, and channel

shape factor f on the vertically-averaged flow velocity d, 

where the x-component of velocity u, is averaged over the 

ice depth at x (where x represents the longitudinal distance 

measured from the glacier's head parallel to the mean 

surface). The integral looks at small deviations Aa, Ad, 

and Ah from the average values a., ii_, and h. such that 

(6.6) 

with the integration carried out over the length of glacier, 

L. The integral is a discrete sum which is weighted 

triangularly over distance lx'-xl/21 where x' is a point up

or down-glacier from x. The term 1 is the longitudinal 

coupling length and 21 represents the distance up- or down

glacier over which the effects of local Aa and Ah influence 

the flow. 

The triangular averaging window results in the heaviest 

weighting of the slope and ice thickness at x, and the 

weight decreasing to zero at the distance of 21. Kamb and 

Echelmeyer (1986) presented this method as a more realistic 

weighting function than a rectangular one which assigns 
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equal weighting to all points contained within the averaging 

length. 

Since the equation uses deviations from the average, 

the longitudinal averages of surface slope, ice thickness 

and channel-shape factor are used to find the ln(a/f,~.U). 

The integral equation uses the difference from the average 

[4ln(a/f1~all)] weighted triangularly according to the 

distance between x' and x. The values of a(x'), h(x') and 

f(x') represent the local influences on the flow d(x). 

Application to Rae Glacier 

For the determination of the Rae Glacier's coupling 

length, various distances of 1 and values of the flow law 

exponent n were tested for applicability to the observed 

motion of Rae Glacier. Although n = 3 is generally assumed, 

the following values of n were tested: 1, 2, 3 and 4. 

In addition to testing various n values, coupling 

length distances of 37.5 m, 50 m, 75 m, 100m, 135m, 200m 

and 300 m were also tested with the four n values to find 

the combination which produced the best-fit estimate of Rae 

Glacier's flow velocities. The shortest averaging length 

typically included one stake up- and down-glacier of the 

site in question, while the longest includes the entire 

length of the stake network in the averaging length 41. 

Although various values of 1 and n were tested, the 

shape factor f for each site remained constant. The values 

of f are listed in Table 6.1 and give a longitudinal 



average, f!, of 0. 67. 

Table 6.1: Channel shape factor f for centre-line stake 
positions at Rae Glacier during 1991 

Stake f Stake f 

18 .85 12 .62 
17 .83 11 .58 
16 .74 10 .62 
15 .64 9 .63 
14 .59 8 .68 
13 .60 6b .69 
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Table 6.2 identifies the centre-line stakes involved in 

the procedure and their distances from the glacier head (x), 

local surface slope (a), spot ice thickness (h) and annual 

horizontal velocity (u). This information was used to find 

Rae Glacier's average surface slope a., ice thickness ~, and 

vertically-averaged ice velocity ~· Basal velocity is 

assumed to be zero so that the vertically-averaged ice 

velocity, at a specific site, is found with the equation 

us = (n+2) a (n+l) 

where~ is the observed surface velocity (Nye, 1960}. 

(6.7) 

The vertically-averaged velocity at x, [d(x)], is equal 

to the deviation from the datum state of the vertically

averaged velocity [Ad(x)], determined through the integral 

equation, plus the vertically-averaged datum state velocity 

(~), so that d(x) = Ad(x) + ~· 
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Table 6.2: Rae Glacier's surface slope, ice thickness, 
annual horizontal velocity (± 0.3 mja) and vertically
averaged velocity (for n = 2) of the centre-line stake 
positions for 1990 to 1991 

Stake Xo to XL Surface Ice Annual Vertically-
(m) Slope Thickness Horizontal Averaged 

( 0) (m) Velocity Velocity 
(m/a) (m/a) 

18 138 26 4.5* 3.4 
17 165 32 4.6 3.5 
16 216 32 67 4.6 3.5 
15 257 32 84 4.0 3.0 
14 304 27 93 3.5 2.6 
13 319 26 90 3.6 2.7 
12 388 20 83 3.3 2.5 
11 426 20 79 3.0* 2.3 
lOb 487 19 70 2.7 2.0 

9 523 22 63 2.3 1.3 
8 573 23 48 2.5 1.9 

6b 657 18 32 1.2 0.9 

Averages 24 67 3.3 2.5 

* estimates based on velocities from surrounding stake 
locations 

The integral equation was carried out for each value of 

n and 1, producing twenty-eight longitudinal velocity 

estimates shown in Appendix G. The observed longitudinal 

velocity and thickness pattern at Rae Glacier were best 

explained by the longitudinal coupling length of 200 m and a 

value of n = 2 (See Figure 6.2 and Table 6.3). The coupling 

length 1, 200 m, is approximately equal to four-to-five 

times the mean ice depth (42 m). This, however, is somewhat 
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longer than the length suggested by Kamb and Echelmeyer 

(1986} of one-to-three times the thickness of the ice for 

valley glaciers and four-to-ten times the ice thickness for 

ice sheets. 

9 

8 1-

7 1-

6 1-

5 1-

41- : c 
' 3 -

B 

5 2 -
~ 
u 
0 

1 -.. 
0 > 

-1 1-

-2 1-

-3 -
-4 

165 I 257 I 319 I 426 I 523 1 
216 304 388 487 573 

Distance fr"am Glacier" Head (m) 

0 Actual 

X 1=200 m 

Figure 6.2: Velocity estimates using the longitudinal 
coupling length theory where 1 = 200 m for n = 2 and the 
observed velocity along Rae Glacier's centre-line. 

The general pattern presented by the theoretical 

estimates (Figure 6.2) varies from the actual. The 

discrepancy between theory and observation at x = 165 m 

(stake 17) and x = 216 m (stake 16) may be explained by 

basal sliding across an over-deepened portion of the glacier 

bed, or by reduced flow rates at stake 17 due to flow over a 

bedrock threshold. Near the glacier terminus, at x = 573 m 

(stake 8), the fact that the estimate is again lower than 

the observed velocity is perhaps attributable to the 

proximity to the glacier terminus. With the exception of 
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these two areas, the differences between the theoretical and 

observed ice velocities are probably within the measurement 

error. 

Table 6.3: Rae Glacier's centre-line observed horizontal 
and predicted annual velocities using n = 2 and 1 = 200 m 

Stake Observed Predicted 
Horizontal Horizontal 
Velocity Velocity 

(m/a) (m/a) 

17 4.6 3.8 
16 4.6 3.9 
15 4.0 3.9 
14 3.5 3.6 
13 3.6 3.6 
12 3.3 3.2 
11 3.0* 2.8 
lOb 2.7 2.4 

9 2.3 2.1 
8 2.5 1.8 

* estimate is based on velocities from surrounding stake 
locations 

The averaging length 41, over which the stress 

gradients are calculated, is equivalent to 800 m suggesting, 

that at a specific location, stress gradients 400 m up- and 

down-glacier affect the flow velocity at that particular 

location. Keeping in mind that the glacier is slightly 

shorter than the averaging length, the coupling length of 

200 m is long when compared to Rae Glacier's actual length 

and implies that mass balance changes should be transmitted 

down-glacier very quickly. Hence, the glacier should 
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exhibit block, or plug flow: flowing almost as a single 

unit, allowing mass balance perturbations to be transferred 

rapidly down the glacier. 

The averaging length (41), determined by Kamb and 

Echelmeyer's (1986) method, may also be used to determine 

the response time described by Paterson (1981). The 

response time is approximated by Vr where r is roughly equal 

to four times the longitudinal strain rate. The question of 

the distance over which to calculate Rae Glacier's 

longitudinal strain rate may now be estimated by 41 or 800 m 

which extends beyond the length of the glacier. Therefore, 

the entire length of the stake network was used to determine 

the longitudinal strain rate. The change in distance 

between stakes 18 and 6b over a year as a fraction of the 

original distance (the longitudinal strain rate) is 

- 0.006 a·1
• Hence, using the method outlined by Paterson, 

(1981, p. 252) the response time calculated by 1/r is 

approximately 42 years. 

6.2.5 Lag Time 

The terminus position of Rae Glacier was identified on 

the seven air photos and was used to calculate the rate of 

terminus retreat. These photos provide information to map 

the glacier extent at each point-in-time, but glacier 

fluctuations during the intervening time periods are left 

open for speculation. Since only the long-term averages of 

year-to-year retreat rates are measurable, the terminus 
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retreat rate per time period is used in this study to 

provide the best available information on the fluctuation of 

Rae Glacier. This information was detailed in Chapter 5 

(Table 5.2) and is represented graphically in Figure 6.3. 

Rae Glacier's retreat rates are compared with the 1939-

1991 weather records from the Kananaskis Centre for 

Environmental Research (Appendix B) in order to determine 

how quickly the glacier responds to variations in the 

weather. The first weather variable to be compared to Rae 

Glacier's retreat is the five-year, centred, running mean of 

average June and July summer temperatures (Figure 6.4). 

Cool summer temperatures and low precipitation levels 

typically decrease ablation, leading to a reduction in the 

rate of terminus retreat. on the other hand, warmer summer 

temperatures should have the opposite effect by increasing 

the rate of retreat. In the Kananaskis area, the five-year 

running mean of average summer temperatures was below 

average (12.7• C) during the three time periods 1942 to 

1956, 1964 to 1967 and 1980 to 1983. Above-average air 

temperatures (five-year running mean) characterize the 

intervals between 1957 to 1963, 1971 to 1977 and 1985 to 

1989. 

The five-year running mean for June-July temperatures 

was generally decreasing from 1942-1953, suggesting that Rae 

Glacier's mass balance probably increased during this time 

frame. The terminus retreat rate showed a corresponding 
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reduction from 9.7 m/a over the period 1947-1950 to 4.2 mja 

from 1950-1955. If one uses the middle year between the 

temperature averages and photo dates (1948 and 1953, 

respectively), this would suggest roughly a five-year lag 

for the initiation of terminus response to a local cooling. 

The five-year running mean average June-July temperature 

reached a low in 1952 of 11.7° c. After this low, warming 

occurred for roughly the next ten years, peaking in 1959 

with a mean June-July temperature of 13.3° c. This warmer 

interval was closely followed by a period when the retreat 

of Rae Glacier increased from 4.2 m/a in 1953 to 6.0 m/a by 

1957, and 6.4 m/a by the early 1960s. Within five years of 

the temperature low, there was an increase in terminus 

retreat rates as a response to a local warming. 

The five-year running mean temperatures hovered around 

the long-term average (12.7° C) for most of the early-1960s 

to late-1970s. This was a time period during which 

photographs were unavailable and, therefore, the ice front 

retreat rate estimate lacks precision. However, from the 

late-1970s to early-1980s, Rae Glacier's rate of terminus 

retreat decreased from 7.0 m/a to 2.2 mja. This reduction 

in the rate of terminus recession may be partly attributed 

to generally decreasing temperatures over the 1970s, after 

which, warmer temperatures and increased retreat rates were 

recorded until the mid-to-late 1980s (See Figures 6.3 and 

6.4). 
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Although glacial advance or, in this case, retreat is 

not solely controlled by summer temperatures, the rising and 

falling limbs exhibited in these graphs are consistently 

followed by a corresponding change in terminus retreat 

rates. A five-to-six year lag is indicated for both warming 

and cooling effects. 

The five-year running mean for winter precipitation 

(total precipitation recorded from October 1 to March 31) 

was calculated from the 1939-1991 precipitation record of 

the KCER (Appendix B). Figure 6.5 shows that two peaks in 

precipitation levels alternate with periods of below-average 

precipitation. In the early 1940s, snowfall was below the 

long-term average of 200 mm water equivalent. However, from 

1946 until 1952, above-average snowfall levels were 

generally recorded. Following this period, the five-year 

running mean of snowfall totals were slightly above- or 

below-average until the mid-1960s, after which, snowfall 

levels then increased into the 1970s, peaking in 1973. 

Precipitation levels then decreased throughout the 1980s. 

The first increase in the five-year running mean of 

winter precipitation (1942 to 1949) translates to an 

increase in snow accumulation on the glacier. As this extra 

mass was transferred through the system, a corresponding 

decrease in retreat appeared between 1950 and 1955, 

displaying roughly a seven-year lag (mid-year to mid-year of 

the records). The increase in retreat rates in the late-
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Figure 6.4: Five-year runninq mean of averaqe June and July 
temperatures from 1940 to 1990. 



300 

290 

280 

270 

260 

c:r 250 
• 
L. 240 
• 0 230 
3t 220 
E 210 .§. 

200 
c: 
.2 190 
] 180 
]. 

170 v 
f 160 a.. 

150 

140 

130 

120 

1945 1955 1965 1975 1985 

Year 

- Long-term Average 0 5-Year Running t.4ean 

Figure 6.5: Five-year running mean of total winter 
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1950s may be related to the decrease in precipitation of the 

early-1950s suggesting roughly a nine-year lag. Again, the 

lack of air photos in the 1960s and the early-1970s makes it 

difficult to judge the glacier's year-to-year retreat 

fluctuations. 

The high levels of precipitation in the early-1970s may 

have resulted in the decrease of the retreat rates from 

values greater than 6.4 mja during the 1960s and 1970s to 

2.2 mja in the early-1980s. The decrease in winter 

precipitation (running means) beginning in the mid-1970s 

corresponds to the enhanced glacial retreat from 2.2 m/a at 

the end of the 1970s to approximately 8.3 mja in the mid- to 

late-1980s. Both instances cited here, suggest roughly a 

ten-year lag. 

In summary, most periods of increased snowfall in the 
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Kananaskis region were followed by decreased rates of 

terminus retreat at Rae Glacier. Similarly, periods 

characterized by decreased snowfall correspond to intervals 

of enhanced terminus retreat. These examples suggest that 

Rae Glacier has a five-to-ten year lag time before mass 

balance changes are evident at the terminus. Both summer 

temperature and winter precipitation apparently affected the 

terminus position, yet, it is the combination of these and 

other variables that control glacier mass balance. 

6.3 Discussion 

A number of methods were used in this chapter to 

estimate Rae Glacier's lag and response times. The lag time 

of Rae Glacier appears to be somewhere between five and ten 

years, so that a change in weather (hence, mass balance) 

will be seen at the terminus in a relatively short period of 

time. However, according to the response time 

calculations, it takes longer for Rae Glacier to fully 

adjust to the mass balance perturbation. 

The four response time theories employed in this 

chapter offer a broad range of possibilities varying from 

approximately 40 to 300 years. Short response times were 

suggested by the Volumetric Time Scale (46 years), the 

longitudinal strain rate (42 years) and Kinematic Wave 

Theory Time Scale (37 years). These values correspond with 

response times of the order of decades and are similar to 
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those reported by Kuhn (1979), Whillans (1981) and Calkin et 

al. (1985). The one longer response time (ca. 300 years) 

estimated by the Memory Length equation conforms with the 

long theoretical response time or the ice residence time 

(102 to 103 years) as suggested by Oerlemans (1989) and Kuhn 

(1979). 

The short lag time assigned by this research to Rae 

Glacier suggests that the glacier responds quickly (five-to

ten years) to changes in mass balance. This observation 

appears to be supported by the majority of response time 

estimates (37 to 46 years) which indicates that mass balance 

perturbations are transferred relatively quickly through Rae 

Glacier. 

All of the terminus response analyses described in this 

chapter have dealt with relatively short time scale 

fluctuations. These fluctuations are most likely 

superimposed on what is a much longer time-scale adjustment 

which corresponds to glacier mass balance changes initiated 

at the close of the Little Ice Age. This is demonstrated by 

the continued retreat of Rae Glacier even during periods 

when the mass balance was probably slightly positive (See 

Chapter 5). If Rae Glacier were allowed to attain steady 

state without another superimposed mass balance change, then 

theoretical lag times calculated in this chapter should be 

observed. 



Chapter 7: Summary and Conclusions 

7.1 Symmary 

Rae Glacier's response to climatic fluctuations was 

evaluated in this thesis and provides a useful climatic 

indicator. Aerial photographs and field observations 

provided sufficient data to develop a retreat chronology, 

and to provide information on volumetric ice losses and 

areal changes of Rae Glacier since the late-lSOOs. The data 

show that Rae Glacier retreated approximately 530 m from a 

terminal position reached prior to 1874 (Table 7.1). 

Additionally, it is estimated that Rae Glacier has reduced 

its area by approximately 50% over that interval, and that 

its current volume is only 25% of what it was just over a 

century ago. A statistical reconstruction of Rae Glacier's 

net mass balance suggested that negative mass balance 

conditions have prevailed at the site for at least the last 

fifty years. Together, the ice front retreat record, 

volumetric ice losses and diminishing size substantiated the 

reconstructed mass balance record. 

The field work on Rae Glacier was undertaken over the 

two summers of 1990 and 1991. Monitoring of the stake 

network and surveying of the glacier and surrounding cirque 

provided the basic information required to describe the 

current behaviour and extent of Rae Glacier. This 

information was used to construct a map of the ice surface, 

compute the local surface gradients, and to calculate the 
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flow velocities of the glacier. Velocities varied from a 

minimum of 1.2 mja near the terminus to a maximum of 4.6 mja 

immediately below the crest of the upper bench. As 

expected, areas of steeper surface gradients (around 30•) 

and thicker ice (almost 100 m) proved to have the highest 

flow velocities (4.0-4.5 mja). Ablation was highly variable 

across the glacier. Areas with steeper surface gradients 

became snow-free earlier in the summer, thereby enhancing 

ablation. The more level areas of the ice surface proved to 

be more effective snow traps and were characterized by 

reduced ablation. 

Rae Glacier's lag time was estimated from a comparison 

of the reconstructed mass balance history and terminus 

retreat rates with the summer temperature and winter 

precipitation records. The response time of Rae Glacier was 

estimated using four separate methods which suggest response 

times between 40 to 300 years. The shorter times were of 

the order of decades and, hence, represent the short time 

scale for adjustment. The Memory Length Time Scale 

suggested a response time of ca. 300 years, which 

corresponds to the long theoretical response time of 100 to 

1000 years. The estimates of lag time suggest that a mass 

balance perturbation.would be seen at Rae Glacier's terminus 

within five-to-ten years, while the glacier itself would 

require approximately forty years to fully adjust to this 

fluctuation. 
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Table 7.1: Summary of Rae Glacier's dimensions, retreat, 
horizontal flow velocities and response times 

Dimensions 

Areal Extent 
Ice Volume 

Retreat 

1991 

0.22 km2 

9. 33x106 m3 

ca. 1874 

0.46 km2 

3. 8x107 m3 

% Decrease 

53 % 
75 % 

Average Terminus Retreat Rate since ca. 1874 4.5 m/a 
Retreat Distance since ca. 1874 530 m 

Horizontal Flow Velocities 

Minimum Velocity near the terminus 
Maximum Velocity near the equilibrium line 
Average Velocity of stake sites 

Glacier Response Time Estimates 

Lag Time 
Kinematic Wave Time Scale 
Longitudinal strain Time Scale 
Volume Time Scale 
Memory Length Time Scale 

7.2 Opportunity for future Research 

1.2 m/a 
4.6 m/a 
3.4 m/a 

5 - 10 years 
37 years 
42 years 
46 & 107 years 
292 years 

Although this research project looked at the response 

of a small cirque glacier to mass balance fluctuations, it 

is based upon a glacier for which there are no actual mass 

balance data. The mass balance record was constructed using 

summer temperatures, summer and winter precipitation and 

Peyto Glacier's mass balance record. This reconstructed 

history appeared to correlate well with the ice front 

retreat chronology, although it would be beneficial to have 
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a higher time resolution to further test the resulting 

relationship. A mass balance study undertaken at Rae 

Glacier could provide data to compare to the proxy record 

obtained from Peyto Glacier's mass balance. Additionally, 

balance studies at other front range glaciers would also 

provide the much needed balance information for the area 

which could also be compared to the balance records of other 

glaciers in the Canadian Rocky Mountains. 

7.3 Conclusions 

The research described in this thesis provides 

considerable insight into the current and past behaviour of 

Rae Glacier. Although a year-by-year ice front retreat 

chronology was not attained, the resulting chronology and 

reconstructed mass balance record appear to substantiate 

each other and correspond with the general trend of ice 

front retreat exhibited by other glaciers in the Peter 

Lougheed Provincial Park area. The behaviour of the 

glaciers in this region appear to be more discordant than 

those of the main ranges, possibly suggesting that these 

smaller front range glaciers are indeed more sensitive to 

climatic fluctuations. 
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Radio-Echo Sounding Data 
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Radio-echo sounding locations, air wave time lapse and spot ice depths on Rae 
Glacier, 1991 

X -Coordinate Y -Coordinate Time Lapse Ice Depth 
(J.£S) (m) 

271.06 175.54 0.33 30.15 
302.78 204.80 0.53 47.12 
316.43 250.25 0.56 49.66 
289.46 287.52 0.50 44.58 
337.79 216.58 0.51 45.43 
316.37 324.54 0.70 61.48 
353.26 289.28 0.72 63.17 
379.34 245.03 0.70 61.48 
422.78 260.00 0.88 76.66 
402.49 305.34 0.90 78.35 
376.76 348.74 0.92 80.03 
342.91 384.97 0.88 76.66 
372.87 420.34 0.92 80.03 
417.07 393.38 0.98 85.09 
451.49 356.90 0.84 73.29 
473.39 318.54 0.84 73.29 
514.37 335.88 0.88 76.66 
498.09 384.24 0.98 85.09 
473.46 429.19 1.04 90.15 
442.37 468.30 0.98 85.09 
477.50 496.34 0.88 76.66 
515.60 458.6C 1.10 95.20 
545.32 418.05 1.12 96.88 
567.58 373.46 0.90 78.35 
605.78 387.02 0.84 73.29 
559.73 446.29 0.98 85.09 
540.10 492.46 0.92 80.03 
513.93 536.48 0.94 81.72 
548.66 568.37 0.88 76.66 
517.34 608.27 1.02 88.46 

D = ice depth (m) 
~ = time lapse (J.£S) between arrival of the air and reflected waves; 
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S = separation distance between transmitting and receiving antennae (10m); 
Co = velocity of radio waves in air (300 m/ J.£S); and 
e i = relative dielectric constant for temperate ice (3 .18 ± 0.1) 

Note: X- and Y -coordinates are in metres south and east of the benchmark, 
respectively. 



APPENDIX B 

Weather Data 

from Kananaskis Centre for Environmental Research 
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Kananaskis Centre Mean Monthl~ Tem~erature (OC) 

Year Jan Feb Mar Arx Ma~ June Ju!Y Aug Se~t Oct Nov Dec 

1939 14.83 9.50 3.33 4.83 -0.45 
1940 -9.22 -10.06 -2.50 2.28 9.50 11.61 16.05 14.78 11.89 6.50 -6.22 -1.72 
1941 -5.56 -5.11 -0.89 5.61 7.50 12.39 16.55 13.61 6.05 6.39 0.00 -4.84 
1942 -3.84 -7.84 -2.45 3.22 6.50 9.72 14.00 13.66 9.94 5.55 -6.56 -5.56 
1943 -15.61 -3.39 -7.56 4.83 5.22 8.44 14.16 12.72 10.39 6.44 2.00 -1.50 
1944 -3.28 -7.50 -5.56 4.55 9.22 10.78 13.05 12.28 10.11 9.50 -2.00 -5.11 
1945 -4.84 -7.00 -2.67 -2.22 6.22 12.11 14.28 14.00 7.55 5.44 -7.89 -6.11 
1946 -4.11 -4.72 0.11 4.00 6.72 9.89 14.33 13.11 9.55 4.00 -6.45 -6.67 
1947 -7.00 -9.11 -4.72 3.66 7.66 9.89 15.00 11.78 9.00 5.33 -4.22 -3.78 
1948 -3.67 -11.89 -6.89 -1.67 7.83 11.89 13.11 13.11 9.78 5.78 -1.84 -10.00 
1949 -11.28 -12.78 -2.50 4.00 9.89 10.22 13.78 14.72 8.39 3.94 -2.68 -13.34 
1950 -28.45 -5.37 -3.23 2.18 6.55 10.80 13.44 12.72 10.11 1.89 -2.68 -2.95 
1951 -12.00 -9.39 -8.78 1.44 8.11 7.78 14.78 11.33 8.66 0.78 -10.89 -5.83 
1952 -13.39 -4.45 -4.89 5.66 7.66 10.44 13.44 12.61 11.11 8.33 -1.22 -3.56 
1953 -6.95 -3.61 -1.78 -1.28 6.55 9.66 13.55 14.11 9.66 8.00 1.89 -2.56 
1954 -15.78 -0.67 -7.45 -4.45 5.72 9.44 13.22 11.55 7.94 3.44 3.11 -2.00 
1955 -6.22 -9.22 -10.22 1.00 5.33 11.83 14.11 13.28 8.55 5.00 -10.72 -11.00 
1956 -9.84 -9.95 -4.00 1.00 7.89 11.61 14.66 13.50 9.22 2.33 0.44 -5.22 
1957 -15.89 -8.56 -2.56 1.33 8.89 10.89 14.22 10.83 10.66 1.05 0.00 -2.11 
1958 -1.39 -6.67 -5.67 1.72 10.55 11.55 13.83 15.22 9.33 6.55 -3.72 -3.84 
1959 -10.56 -8.56 -0.39 2.16 5.33 10.55 14.72 11.22 7.83 2.66 -4.50 -1.72 
1960 -8.34 -6.56 -3.28 2.83 .6.33 11.00 16.16 13.00 9.44 6.33 -2.61 -5.45 
1961 -4.28 -5.37 -1.84 2.18 7.50 14.72 14.89 15.22 6.28 4.86 -2.68 -5.83 
1962 -8.44 -9.28 -6.28 4.83 6.55 10.80 13.50 12.90 8.66 4.86 -2.68 -3.89 
1963 -8.44 -5.37 -3.23 2.18 6.55 10.94 13.58 13.47 8.66 4.86 -2.68 -7.22 
1964 -5.78 -0.95 -6.39 2.18 6.55 11.05 15.01 12.46 5.89 6.05 -4.89 -5.83 
1965 -10.22 -6.00 -8.00 3.61 5.94 9.61 14.46 14.39 3.89 8.50 -2.84 -8.11 
1966 -12.72 -5.17 -0.06 0.55 8.44 10.36 14.02 12.05 12.11 4.72 -2.68 -3.89 
1967 -6.50 -2.61 -7.28 -0.72 5.55 10.85 15.12 15.50 8.66 4.86 -2.80 -6.11 
1968 -9.22 -2.56 0.89 0.72 6.00 10.11 13.50 11.89 8.94 4.86 -0.61 -13.39 
1969 -21.95 -7.17 -2.17 4.66 7.22 11.28 11.89 13.11 9.28 2.39 1.72 -3.00 
1970 -11.95 -2.11 -3.23 2.18 6.55 13.n 15.n 14.68 8.66 4.86 -2.68 -5.83 
1971 -11.67 -5.37 -5.56 2.18 6.55 11.11 15.00 17.22 8.33 2.76 -0.56 -11.67 
1972 -17.72 -10.56 -1.11 1.11 8.35 11.66 12.22 16.11 5.55 3.33 -1.11 -9.45 
1973 -6.11 -5.00 0.55 1.11 8.33 12.22 14.44 13.89 8.66 5.00 -8.34 -3.89 
1974 -11.11 -1.67 -3.89 4.44 5.00 12.78 13.89 11.66 8.89 8.33 0.00 -1.11 
1975 -7.22 -11.69 -5.56 -0.56 6.66 10.55 16.11 11.66 10.55 3.89 -2.78 -4.45 
1976 -4.45 -3.89 -3.34 3.33 8.89 8.89 13.89 13.89 11.66 4.44 -1.11 -2.78 
19n -6.90 1.50 -3.00 5.50 7.70 12.90 13.20 11.20 7.60 4.80 -2.68 -5.83 
1978 -12.70 -7.50 -0.80 2.60 6.70 11.60 14.10 12.40 10.30 6.70 -5.90 -9.30 
1979 -14.40 -11.80 -0.40 0.50 5.90 11.20 14.70 13.90 11.90 5.90 -1.70 -3.00 
1980 -11.70 -4.70 -3.90 6.30 9.00 11.30 14.60 10.90 9.00 6.80 1.20 -7.70 
1981 -1.50 -3.60 0.90 3.70 7.10 9.60 13.40 15.30 10.30 4.20 1.60 -7.10 
1982 -16.30 -10.00 -5.40 -1.50 6.00 11.80 13.40 12.80 9.30 5.60 -5.40 -6.30 
1983 -3.90 -0.70 -2.60 2.10 . 7.90 10.80 13.80 16.00 7.20 5.60 -1.40 -16.50 
1984 -3.60 0.80 -1.60 3.00 6.70 11.30 14.80 14.40 5.80 1.50 -3.00 -13.00 
1985 -6.90 -7.70 -1.50 3.30 8.90 10.70 15.40 11.60 5.20 3.60 -14.00 -4.00 
1986 0.60 -7.80 2.70 2.20' 8.70 12.70 12.00 14.00 6.30 7.10 -4.20 -2.60 
1987 -3.30 -1.40 -1.10 6.00 9.20 13.50 13.80 11.20 12.20 5.90 -4.90 -5.83 
1988 -8.60 -4.30 0.10 5.00 9.40 13.30 14.40 13.40 9.50 6.50 -0.20 -5.10 
1989 -6.90 -7.10 -5.10 3.10 7.00 12.40 15.30 13.30 9.80 5.40 -1.00 -3.80 
1990 -4.60 -5.70 -3.40 3.10 6.80 12.00 14.00 14.60 12.20 3.10 -2.80 -11.10 
1991 -8.30 1.00 '-4.80 3.40 7.20 10.50 13.80 15.80 10.20 2.40 

Long-term averages used for missing data 
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Kananaskis Centre Total Monthly PreciRitation (mm water} 

Year Jan Feb Mar Arx May June July Aug Sept Oct Nov Dec 

1939 32.11 85.34 n.98 2.79 7.11 
1940 4.06 34.04 11.18 66.80 23.62 21.34 62.99 10.67 153.92 24.64 20.83 5.84 
1941 4.06 16.76 25.43 0.51 103.12 57.91 25.15 117.35 75.95 6.35 5.08 7.62 
1942 7.62 11.68 8.38 35.31 25.43 0.20 119.63 1 crl.11 68.58 64.26 36.83 0.00 
1943 25.40 33.02 58.42 34.29 80.26 83.82 56.13 33.78 26.42 31.42 8.89 7.62 
1944 16.51 20.32 55.80 25.91 56.39 1 06.43 1 09.73 83.31 28.45 4.06 19.05 17.78 
1945 10.16 15.24 107.70 49.53 44.45 121.16 39.62 66.29 57.66 43.94 27.87 15.24 
1946 6.35 24.13 56.39 12.70 1 04.90 1 05.66 22.35 111.76 72.64 40.89 47.50 53.59 
1947 25.91 46.99 31.75 38.61 73.91 141.73 34.80 78.99 63.68 40.13 89.66 41.15 
1948 21.84 88.14 50.55 52.83 130.30 113.03 126.49 58.67 9.65 6.60 7.62 7.62 
1949 55.88 53.84 39.37 38.10 61.47 101.35 22.10 19.56 30.73 29.72 27.87 80.01 
1950 58.42 63.50 53.34 53.43 35.56 109.98 n.98 47.75 20.83 45.21 45.21 16.51 
1951 36.83 46.99 31.75 97.79 157.73 243.84 82.55 193.80 63.68 85.34 7.62 49.53 
1952 7.62 45.72 31.75 22.86 74.17 190.25 80.n 57.66 31.50 15.24 2.03 1.27 
1953 68.58 27.94 36.83 125.98 78.17 183.13 52.83 33.27 54.61 15.49 45.21 40.89 
1954 46.99 64.n 64.n 87.63 86.87 84.58 29.97 166.88 96.52 33.02 14.48 4.57 
1955 6.35 36.83 43.18 92.71 116.84 27.69 86.61 55.88 42.16 33.98 13.97 43.18 
1956 26.67 34.80 54.61 55.88 27.18 85.34 56.64 74.93 33.02 35.81 25.43 62.23 
1957 34.29 43.18 17.78 n.47 17.53 143.00 44.20 73.66 47.50 85.09 43.94 36.67 
1958 21.59 29.21 24.13 105.41 24.64 112.01 158.75 17.53 64.26 15.75 65.53 24.13 
1959 19.05 20.32 6.35 78.23 122.94 87.88 57.66 89.41 56.64 32.26 48.26 29.21 
1960 11.43 27.94 8.89 62.99 78.17 n.47 17.78 83.57 26.92 26.16 25.40 31.75 
1961 27.94 87.12 3.05 67.31 114.05 35.81 123.81 60.71 56.64 33.98 27.84 31.25 
1962 28.54 39.12 27.94 34.29 78.17 96.13 65.60 74.04 63.68 33.98 27.84 35.56 
1963 28.54 34.62 42.81 59.38 78.17 229.36 89.11 42.80 52.90 63.40 27.87 45.72 
1964 25.40 7.11 33.76 59.38 127.04 107.03 41.47 33.46 50.80 25.15 16.41 57.09 
1965 23.11 64.26 37.08 60.71 134.87 207.52 65.60 105.16 145.90 25.15 33.53 51.82 
1966 20.57 10.41 23.88 68.07 101.35 67.40 53.10 85.09 41.91 70.10 69.85 7.62 
1967 24.38 37.85 33.27 104.90 103.12 68.20 28.50 56.30 23.70 53.50 32.30 58.10 
1968 26.16 2.54 62.23 99.82 73.15 120.40 41.66 60.71 154.69 43.50 14.99 73.66 
1969 53.09 18.29 27.94 57.91 32.00 205.99 78.74 16.00 28.96 55.12 24.38 1.02 
1970 45.47 24.89 33.20 91.80 39.20 143.40 32.70 26.60 38.40 33.98 41.70 39.90 
1971 55.88 73.15 68.58 52.32 69.09 111.25 34.04 45.72 50.80 42.16 17.27 38.61 
1972 86.36 68.83 96.52 51.05 41.30 81.28 104.65 40.13 115.06 48.01 16.26 70.87 
1973 20.32 43.94 60.45 67.31 84.84 61.98 61.98 97.28 52.30 31.70 43.69 47.24 
1974 118.36 21.59 60.59 1 04.39 171.70 28.45 30.23 100.58 43.94 18.03 39.37 12.19 
1975 15.24 65.28 38.86 82.55 47.75 59.18 89.15 46.23 29.97 42.16 14.22 87.88 
1976 5.84 46.74 39.37 22.86 62.23 48.01 70.61 94.23 60.71 43.18 27.69 26.16 
19n 28.90 12.20 44.70 12.70 114.90 39.90 40.30 130.40 62.00 18.40 27.87 31.25 
1978 38.30 19.20 46.70 75.10 69.10 67.40 94.40 75.70 81.30 17.20 67.00 8.90 
1979 31.30 44.60 19.90 1 01.90 48.80 17.40 9.00 80.60 18.40 44.20 8.40 74.20 
1980 15.60 13.20 52.80 30.10 122.80 121.60 46.10 94.50 109.00 31.80 30.20 48.20 
1981 9.60 8.90 11.40 20.50 227.40 85.20 136.60 53.60 8.80 28.80 9.90 12.30 
1982 27.40 18.80 124.10 22.60 81.90 88.00 53.90 32.40 57.50 14.90 31.80 21.80 
1983 33.60 12.40 32.70 121.40 37.90 97.60 80.00 34.80 52.00 10.00 23.60 20.40 
1984 43.40 15.00 51.80 28.40 51.40 92.80 36.00 29.60 1 01.20 51.40 8.20 34.30 
1985 8.40 28.60 37.00 95.00 62.80 34.20 31.40 150.40 187.80 60.20 28.20 12.40 
1986 4.40 52.20 18.00 59.80 92.40 7 4.60 104.80 61.60 113.40 30.60 42.00 3.80 
1987 16.40 32.20 67.80 38.60 20.60 62.30 118.50 92.50 50.00 9.80 27.87 20.70 
1988 20.50 7.90 73.20 37.00 69.70 61.80 72.20 93.20 56.00 25.50 3.00 43.00 
1989 40.00 28.00 19.50 20.00 60.60 56.30 46.90 130.50 92.20 16.00 41.00 21.50 
1990 28.20 19.00 17.00 68.20 140.60 95.90 111.20 67.90 14.90 1 05.70 88.50 39.10 
1991 16.20 31.80 60.90 37.90 113.60 132.70 50.00 56.70 55.50 59.40 
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Peyto Glacier Mass Balance Measurements (mm of water) from 1966-1990 

Year Winter Summer Net 
Balance Balance Balance 

1966 1240 -1090 150 
1967 2060 -2050 10 
1968 1630 -1280 350 
1969 1430 -1830 -400 
1970 1070 -2770 -1700 
1971 1310 -1720 -410 
1972 1670 -1920 -250 
1973 1720 -1290 430 
1974 1620 -1380 240 
1975 1150 -1720 -570 
1976 1660 -1020 640 
1977 890 -1100 -210 
1978 1110 -2160 -1050 
1979 1250 -2060 -810 
1980 790 -1370 -580 
1981 1030 -2150 -1120 
1982 1240 -1810 -570 
1983 870 -1260 -390 
1984 1210 -1780 -570 
1985 540 -1346 -806 
1986 1200 -1670 -470 
1987 820 -1440 -620 
1988 890 -1880 -990 
1989 1130 -1720 -590 
1990 1140 -1880 -740 
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Simple linear regression correlation coefficients of winter precipitation time-series 
variables for net and winter balances at the 95% confidence level. 

Summer Correlation 
Balance Precipitation Coefficient 

Net Oct-Feb 0.51 
Net Oct-Mar 0.50 
Net Oct-Apri 0.44 
Net Oct-May 0.43 
Net Nov-Feb 0.47 
Net Nov-Mar 0.45 
Net Nov-Apr 0.40 
Net Dec-Feb 0.46 
Net Dec-Mar 0.43 
Net Dec-Apr 0.42 
Net Dec-May 0.41 

Winter Oct-Feb 0.70 
Winter Oct-Mar 0.65 
Winter Oct-Apri 0.64 
Winter Oct-May 0.59 
Winter Nov-Feb 0.63 
Winter Nov-Mar 0.58 
Winter Nov-Apr 0.59 
Winter Nov-May 0.54 
Winter Dec-Feb 0.53 
Winter Dec-Mar 0.48 
Winter Dec-Apr 0.54 
Winter Dec-May 0.51 
Winter Jan-Apr 0.46 

111 



Simple linear regression correlation coefficients of summer temperature and summer 
precipitation time-series variables for net, winter and summer balances at the 
90 %confidence ~vel 

Summer Correlation 
Balance T emperatll'es Coefficient 

Net June-July -0.49 * 
Net June -0.37 

Winter June-July -0.38 
Winter August 0.34 

Summer June-Aug -0.35 
Summer August -0.42 * 

Summer Correlation 
Balance Precipitation Coefficient 

Winter July-Aug -0.37 
Summer August 0.50* 
Summer July-Aug 0.33 

* significant at the 95% confidence level 
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Multiple Rand R2 values of weather variables for winter, summer and net balances 
at the 95% confidence level 

Weather Variables 

Balance 
Winter J Summer I Summer 

Prec!Q_itation Precipitation Temperature 
Multiple 

R R2 

Net Oct-Feb June-July June-July 0.72 0.52 
Net Oct-Feb June-July June-Aug 0.72 0.52 
Net Oct-Feb June-July July-Aug 0.63 0.40 
Net Oct-Feb June-July June 0.64 0.40 
Net Oct-Feb June-July August 0.59 0.34 
Net Oct-Feb June-Aug June-July 0.65 0.42 
Net Oct-Feb June-Aug June-Aug 0.71 0.50 
Net Oct-Feb June-Aug July-Aug 0.62 0.39 
Net Oct-Feb June-Aug June 0.60 0.36 
Net Oct-Feb June-Aug August 0.58 0.33 
Net Oct-Feb Juny-Aug June-July 0.63 0.40 
Net Oct-Feb July-Aug June-Aug 0.68 0.47 
Net Oct-Feb July-Aug July-Aug 0.60 0.36 
Net Oct-Feb July-Aug June 0.62 0.39 
Net Oct-Feb July-Aug August 0.57 0.33 
Net Oct-Feb August June 0.66 0.43 
Net Oct-Feb August August 0.58 0.34 
Net Oct-Feb August June-July 0.70 0.50 
Net Oct-Feb August June-Aug 0.69 0.48 
Net Oct-Feb August July-Aug 0.61 0.38 

Net Oct-Mar June-July June-July 0.73 0.53 * 
Net Oct-Mar June-July June-Aug 0.71 0.50 
Net Oct-Mar June-July July-Aug 0.60 0.36 
Net Oct-Mar June-July June 0.66 0.43 
Net Oct-Mar June-July August 0.56 0.32 
Net Oct-Mar June-Aug June-July 0.65 0.43 
Net Oct-Mar June-Aug June-Aug 0.69 0.48 
Net Oct-Mar June-Aug July-Aug 0.58 0.34 
Net Oct-Mar June-Aug June 0.63 0.39 
Net Oct-Mar July-Aug June 0.65 0.43 
Net Oct-Mar July-Aug June-July 0.65 0.42 
Net Oct-Mar July-Aug June-Aug 0.67 0.45 
Net Oct-Mar July-Aug July-Aug 0.57 0.32 
Net Oct-Mar July-Aug August 0.55 0.30 
Net Oct-Mar August June 0.70 0.49 
Net Oct-Mar August August 0.57 0.33 
Net Oct-Mar August June-July 0.73 0.53 
Net Oct-Mar August June-Aug 0.69 0.47 
Net Oct-Mar August July-Aug 0.59 0.35 

Net Nov-Feb June-July June-July 0.70 0.49 
Net Nov-Feb June-July Jun~-Aug 0.70 0.48 
Net Nov-Feb June-July July-Aug 0.60 0.36 
Net Nov-Feb June-July June 0.60 0.36 
Net Nov-Feb July-Aug June 0.58 0.34 
Net Nov-Feb June-Aug June-July 0.62 0.39 
Net Nov-Feb June-Aug June-Aug 0.68 0.47 
Net Nov-Feb June-Aug July-Aug 0.59 0.35 
Net Nov-Feb· June-Aug June 0.56 0.32 
Net Nov-Feb July-Aug June-July 0.61 0.37 
Net Nov-Feb July-Aug June-Aug 0.66 0.43 
Net Nov-Feb July-Aug July-Aug 0.57 0.32 
Net Nov-Feb August June 0.63 0.39 
Net Nov-Feb August June-July 0.69 0.48 
Net Nov-Feb August June-Aug 0.67 0.45 
Net Nov-Feb August July-Aug 0.59 0.34 
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Weather Variables 

Balance 
Winter J Summer I Summer 

Prec!f>_i1ation Precipitation T emperatl.fe 
Multiple 

R A2 

Winter Oct-Feb June-July June-July 0.72 0.52 
Winter Oct-Feb June-July June-Aug 0.70 0.49 
Winter Oct-Feb June-July July-Aug 0.71 0.50 
Winter Oct-Feb June-July June 0.72 0.51 
Winter Oct-Feb June-July August 0.72 0.52 
Winter Oct-Feb June-Aug June-July 0.76 0.58 * 
Winter Oct-Feb June-Aug June-Aug 0.73 0.53 
Winter Oct-Feb June-Aug July-Aug 0.73 0.53 
Winter Oct-Feb June-Aug June 0.74 0.55 
Winter Oct-Feb June-Aug August 0.74 0.55 
Winter Oct-Feb July-Aug June-July 0.75 0.57 
Winter Oct-Feb July-Aug June-Aug 0.73 0.54 
Winter Oct-Feb July-Aug July-Aug 0.73 0.53 
Winter Oct-Feb July-Aug June 0.74 0.55 
Winter Oct-Feb July-Aug August 0.74 0.54 
Winter Oct-Feb August June 0.75 0.56 
Winter Oct-Feb August August 0.74 0.55 
Winter Oct-Feb August June-July 0.75 0.56 
Winter Oct-Feb August June-Aug 0.74 0.55 
Winter Oct-Feb August July-Aug 0.74 0.55 

Winter Oct-Mar June-July June-July 0.69 0.48 
Winter Oct-Mar June-July June-Aug 0.65 0.43 
Winter Oct-Mar June-July July-Aug 0.67 0.45 
Winter Oct-Mar June-July June 0.69 0.48 
Winter Oct-Mar June-July August 0.69 0.47 
Winter Oct-Mar June-Aug June-July 0.73 0.53 
Winter Oct-Mar June-Aug June-Aug 0.67 0.46 
Winter Oct-Mar June-Aug July-Aug 0.68 0.47 
Winter Oct-Mar June-Aug June 0.71 0.51 
Winter Oct-Mar June-Aug August 0.70 0.49 
Winter Oct-Mar July-Aug June-July 0.72 0.52 
Winter Oct-Mar July-Aug June-Aug 0.68 0.47 
Winter Oct-Mar July-Aug July-Aug 0.69 0.47 
Winter Oct-Mar July-Aug June 0.72 0.51 
Winter Oct-Mar July-Aug August 0.70 0.49 
Winter Oct-Mar August June-July 0.72 0.52 
Winter Oct-Mar August June-Aug 0.70 0.49 
Winter Oct-Mar August July-Aug 0.71 0.50 
Winter Oct-Mar August June 0.69 0.47 
Winter Oct-Mar August August 0.69 0.48 

Winter Nov-Feb June-July June-July 0.67 0.45 
Winter Nov-Feb June-July June-Aug 0.64 0.41 
Winter Nov-Feb June-July July-Aug 0.64 0.41 
Winter Nov-Feb June-July June 0.66 0.43 
Winter Nov-Feb June-July August 0.66 0.43 
Winter Nov-Feb June-Aug June-July 0.70 0.49 
Winter Nov-Feb June-Aug June-Aug 0.66 0.44 
Winter Nov-Feb June-Aug July-Aug 0.66 0.43 
Winter Nov-Feb June-Aug June 0.68 0.46 
Winter Nov-Feb June-Aug August 0.67 0.45 
Winter Nov-Feb July-Aug June-July 0.71 0.50 
Winter Nov-Feb July-Aug June-Aug 0.68 0.47 
Winter Nov-Feb July-Aug July-Aug 0.68 0.46 
Winter Nov-Feb July-Aug June 0.69 0.48 
Winter Nov-Feb July-Aug August 0.68 0.47 
Winter Nov-Feb August June 0.69 0.47 
Winter Nov-Feb August August 0.68 0.46 
Winter Nov-Feb August June-July 0.69 0.48 
Winter Nov-Feb August June-Aug 0.68 0.46 
Winter Nov-Feb August July-Aug 0.67 0.46 



116 

Weather Variables 
Winter I Summer I Summer Multiple 

Balance Precipitation Precipitation Temperatlle R R2 

Summer Oct-Feb June-July June-Aug 0.66 0.44 
Summer Oct-Feb June-July July-Aug 0.56 0.31 
Summer Oct-Feb June-Aug June-Aug 0.60 0.35 
Summer Oct-Feb July-Aug June-Aug 0.62 0.38 
Summer Oct-Feb August June 0.61 0.37 
Summer Oct-Feb August August 0.56 0.31 
Summer Oct-Feb August June-July 0.69 0.47 
Summer Oct-Feb August June-Aug 0.70 0.49 
Summer Oct-Feb August July-Aug 0.61 0.37 

Summer Oct-Mar June-July June-Aug 0.66 0.44 
Summer Oct-Mar June-July July-Aug 0.56 0.31 
Summer Oct-Mar June-Aug June-Aug 0.60 0.36 
Summer Oct-Mar July-Aug June-Aug 0.63 0.39 
Summer Oct-Mar August June 0.63 0.40 
Summer Oct-Mar August August 0.57 0.32 
Summer Oct-Mar August June-July 0.70 0.48 
Summer Oct-Mar August June-Aug 0.71 0.50 
Summer Oct-Mar August July-Aug 0.61 0.38 

Summer Nov-Feb June-July June-Aug 0.66 0.44 
Summer Nov-Feb June-July July-Aug 0.56 0.32 
Summer Nov-Feb June-Aug June-Aug 0.60 0.36 
Summer Nov-Feb July-Aug June-Aug 0.62 0.39 
Summer Nov-Feb August June 0.61 0.38 
Summer Nov-Feb August August 0.56 0.31 
Summer Nov-Feb August June-July 0.69 0.47 
Summer Nov-Feb August June-Aug 0.71 0.50* 
Summer Nov-Feb August July-Aug 0.61 0.38 

* represents the highest R2 value for each of the balances 

All multiple Rand R2 values were calculated using SPSS-X REGRESSION using an F -
significance test. Multiple R values show the strength of the relationship of all the independent 
variables (weather time-series) on the dependent variable (balance). The R2 values measure the 
variation in the balances which may be explained by the weather variables. 
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Statistical Construction of Net Mass Balance 

Year 

1940 84.3 137.2 13.8 -830.9 12.8 
1941 83.1 97.6 14.5 -1198.5 12.0 
1942 119.8 46.7 11.9 -607.0 10.8 
1943 140.0 217.9 11.3 153.2 10.2 
1944 216.2 140.6 11.9 -632.6 10.4 
1945 160.8 174.0 13.2 -753.0 9.7 
1946 128.0 173.9 12.1 -251.2 9.0 
1947 176.5 246.6 12.4 -277.1 8.7 
1948 239.5 331.5 12.5 -213.0 8.4 
1949 123.5 170.9 12.0 -206.8 8.2 
1950 188.0 312.9 12.1 41.6 8.0 
1951 326.4 222.5 11.3 -511.5 8.1 
1952 271.0 227.6 11.9 -519.8 7.5 
1953 236.0 151.9 11.6 -554.6 7.0 
1954 114.6 278.1 11.3 460.8 6.5 
1955 114.3 138.4 13.0 -634.8 6.9 
1956 142.0 207.2 13.1 -538.7 6.3 
1957 187.2 218.7 12.6 -459.2 5.8 
1958 270.8 240.6 12.7 -733.6 5.3 
1959 145.5 151.1 12.6 -585.2 4.6 
1960 95.3 158.0 13.6 -705.8 4.0 
1961 159.6 201.4 14.8 -1212.0 3.3 
1962 161.7 188.7 12.2 -334.8 2.1 
1963 318.5 203.4 12.3 -898.1 1.7 
1964 148.5 203.3 13.0 -539.2 0.8 
1965 273.1 223.1 12.0 -577.3 0.3 
1966 120.5 165.4 12.2 -284.1 150.0 -0.3 0.2 
1967 96.7 243.1 13.0 -184.8 10.0 -0.5 0.2 
1968 162.1 234.8 11.8 -42.9 350.0 -0.5 0.5 
1969 284.7 231.5 11.6 -431.3 -400.0 -0.9 0.1 
1970 176.1 184.1 14.8 -1326.2 -1700.0 -2.3 -1.6 
1971 145.3 313.2 13.1 -128.0 -410.0 -2.4 -2.0 
1972 185.9 349.8 11.9 249.7 -250.0 -2.1 -2.3 
1973 124.0 259.9 13.3 -344.5 430.0 -2.5 -1.8 
1974 58.7 323.2 13.3 130.8 240.0 -2.4 -1.6 
1975 148.3 189.0 13.3 -698.6 -570.0 -3.1 -2.2 
1976 118.6 236.2 11.4 268.5 640.0 -2.8 -1.5 
1977 80.2 182.8 13.1 -371.5 -210.0 -3.2 -1.7 
1978 161.8 181.7 12.9 -606.8 -1050.0 -3.8 -2.8 
1979 26.4 188.9 13.0 -115.0 -810.0 -3.9 -3.6 
1980 167.7 208.4 13.0 -564.3 -580.0 -4.4 -4.2 
1981 221.8 140.1 11.5 -509.4 -1120.0 -5.0 -5.3 
1982 141.9 221.3 12.6 -298.0 -570.0 -5.3 -5.9 
1983 177.6 147.2 12.3 -600.6 -390.0 -5.9 -6.2 
1984 128.8 164.2 13.1 -620.4 -570.0 -6.5 -6.8 
1985 65.6 167.9 13.1 -373.2 -806.0 -6.9 -7.6 
1986 179.4 175.4 12.4 -519.8 -470.0 -7.4 -8.1 
1987 180.8 192.8 13.7 -916.7 -620.0 -8.3 -8.7 
1988 134.0 160.0 13.9 -936.4 -990.0 -9.2 -9.7 
1989 103.2 159.0 13.9 -826.2 -590.0 -10.0 -10.3 
1990 207.1 142.7 13.0 -972.2 -740.0 -11.0 -11.0 
1991 182.7 342.2 12.2 159.8 -10.9 

Average 161.6 203.2 12.7 
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Statistical Construction of Winter Mass Balance 

Mean 
Temp. (0 C) 

Year June-Jul 

1940 13.8 126.0 95.0 1217.5 
1941 14.5 72.1 200.4 692.0 
1942 11.9 38.4 221.9 766.3 
1943 11.3 159.5 173.7 1469.3 
1944 11.9 84.8 299.5 810.5 
1945 13.2 66.3 227.1 743.2 
1946 12.1 117.5 239.8 1060.5 
1947 12.4 214.9 255.5 1431.9 
1948 12.5 280.9 298.2 1636.1 
1949 12.0 131.6 143.0 1333.8 
1950 12.1 259.5 235.7 1707.4 
1951 11.3 190.8 520.2 900.4 
1952 11.9 195.8 328.7 1248.2 
1953 11.6 115.1 269.2 1041.2 
1954 11.3 213.4 281.4 1487.5 
1955 13.0 95.3 170.2 1013.8 
1956 13.1 152.6 216.9 1159.1 
1957 12.6 200.9 260.9 1346.8 
1958 12.7 216.5 288.3 1346.5 
1959 12.6 144.8 235.0 1138.7 
1960 13.6 149.1 178.8 1175.4 
1961 14.8 198.4 220.3 1185.0 
1962 12.2 160.7 235.8 1259.2 
1963 12.3 160.5 361.3 989.0 
1964 13.0 169.5 182.0 1318.3 
1965 12.0 186.0 378.3 1092.4 
1966 12.2 141.5 205.6 1230.1 1240.0 
1967 13.0 209.8 153.0 1563.7 2060.0 
1968 11.8 172.6 222.8 1375.1 1630.0 
1969 11.6 203.5 300.7 1377.2 1430.0 
1970 14.8 150.9 202.7 1010.6 1070.0 
1971 13.1 244.6 191.0 1635.1 1310.0 
1972 11.9 253.2 226.1 1717.6 1670.0 
1973 13.3 199.4 221.2 1340.8 1720.0 
1974 13.3 262.6 159.3 17522 1620.0 
1975 13.3 150.1 194.6 1173.6 1150.0 
1976 11.4 196.8 212.9 1547.8 1660.0 
1977 13.1 138.1 210.6 1115.7 890.0 
1978 12.9 135.0 237.5 1067.2 1110.0 
1979 13.0 169.0 107.0 1477.9 1250.0 
1980 13.0 155.6 262.2 1098.8 790.0 
1981 11.5 128.7 275.4 1100.9 1030.0 
1982 12.6 97.2 174.3 1052.5 1240.0 
1983 12.3 114.5 212.4 1083.3 870.0 
1984 13.1 112.4 158.4 1107.0 1210.0 
1985 13.1 130.9 216.0 1072.0 540.0 
1986 12.4 157.4 241.0 1212.7 1200.0 
1987 13.7 125.0 273.3 865.5 820.0 
1988 13.9 86.8 227.2 767.2 890.0 
1989 13.9 139.5 233.7 991.4 1130.0 
1990 13.0 125.7 275.0 932.6 1140.0 
1991 12.2 281.3 239.4 1794.9 
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Statistical Construction of Summer Mass Balance 

Year 

1940 14.15 10.7 137.2 -2353.6 
1941 14.18 117.4 97.6 -1908.1 
1942 12.46 102.1 46.7 -1569.9 
1943 11.n 33.8 217.9 -1483.9 
1944 12.04 83.3 140.6 -1421.2 
1945 13.46 66.3 174.0 -1853.1 
1946 12.44 111.8 173.9 -1355.4 
1947 12.22 79.0 246.6 -1356.5 
1948 12.70 58.7 331.5 -1476.2 
1949 12.91 19.6 170.9 -1925.2 
1950 12.32 47.8 312.9 -1446.1 
1951 11.30 193.8 222.5 -586.2 
1952 12.16 57.7 227.6 -1465.8 
1953 12.44 33.3 151.9 -1755.7 
1954 11.40 166.9 278.1 -671.8 
1955 13.07 55.9 138.4 -1840.7 
1956 13.26 74.9 207.2 -1712.1 
1957 11.98 73.7 218.7 -1350.6 
1958 13.53 17.5 240.6 -2018.1 
1959 12.16 89.4 151.1 -1413.6 
1960 13.39 83.6 158.0 -1no.5 
1961 14.94 60.7 201.4 -2253.1 
1962 12.40 74.0 188.7 -1503.6 
1963 12.66 42.8 203.4 -1705.8 
1964 12.84 33.5 203.3 -1797.9 
1965 12.82 105.2 223.1 -1427.3 
1966 12.15 85.1 165.4 -1410.7 -1090.0 
1967 13.82 56.3 243.1 -1910.3 -2050.0 
1968 11.83 60.7 234.8 -1350.8 -1280.0 
1969 12.09 16.0 231.5 -1639.3 -1830.0 
1970 14.74 26.6 184.1 -2382.3 -2no.o 
1971 14.44 45.7 313.2 -2042.0 -1720.0 
1972 13.33 40.1 349.8 -1713.8 -1920.0 
1973 13.52 97.3 259.9 -1609.9 -1290.0 
1974 12.78 100.6 323.2 -1308.1 -1380.0 
1975 12.n 46.2 189.0 -1738.4 -1720.0 
1976 12.22 94.2 236.2 -1297.5 -1020.0 
19n 12.43 130.4 182.8 -1252.6 -1100.0 
1978 12.70 75.7 181.7 -1587.5 -2160.0 
1979 13.27 80.6 188.9 -1711.5 -2060.0 
1980 12.27 94.5 208.4 -1344.1 -1370.0 
1981 12.n 53.6 140.1 -1764.6 -2150.0 
1982 12.67 32.4 221.3 -1732.9 -1810.0 
1983 13.53 34.8 147.2 -2056.6 -1260.0 
1984 13.50 29.6 164.2 -2050.1 -1780.0 
1985 12.57 150.4 167.9 -1213.7 -1346.0 
1986 12.90 61.6 175.4 -1717.9 -1670.0 
1987 12.83 92.5 192.8 -1530.3 -1440.0 
1988 13.70 93.2 160.0 -1808.7 -1880.0 
1989 13.67 130.5 159.0 -1623.6 -1720.0 
1990 13.53 67.9 142.7 -1905.1 -1880.0 
1991 13.37 56.7 342.2 -1654.9 
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Cou~ling Length Veloci!Y Estimates (m/a} for n=1, n=2, n=3 and n=4 

Veloci 
Stake 37.5 m 50m 75m 300m 

n=1 
17 4.55 2.65 2.75 2.95 3.21 3.43 2.33 2.19 
16 4.60 4.61 4.44 4.16 3.94 3.80 2.41 2.19 
15 3.96 5.44 5.29 4.85 4.43 4.01 2.41 2.18 
14 3.52 5.46 5.35 5.02 4.64 4.15 2.33 2.15 
13 3.55 5.33 5.21 4.94 4.61 4.14 2.33 2.14 
12 3.38 3.87 3.99 4.06 4.02 3.80 2.19 2.06 
11 3.03 3.48 3.43 3.51 3.51 3.36 2.04 2.01 
10b 2.72 2.68 2.68 2.63 2.51 2.61 1.86 1.93 
9 2.32 2.27 2.18 2.05 1.78 2.24 1.n 1.89 
8 2.54 1.27 1.12 1.13 1.43 1.83 1.63 1.83 

n=2 
17 4.55 3.00 3.13 3.36 3.64 3.84 3.n 3.35 
16 4.60 5.86 5.57 5.07 4.66 4.34 3.91 3.33 
15 3.96 6.85 6.61 5.93 5.16 4.57 3.86 3.29 
14 3.52 6.56 6.40 5.91 5.34 4.62 3.60 3.19 
13 3.55 6.29 6.09 5.71 5.24 4.56 3.61 3.15 
12 3.38 3.68 3.90 4.05 4.08 3.85 3.19 2.92 
11 3.03 3.02 2.97 3.16 3.25 3.07 2.80 2.79 
10b 2.72 1.89 1.91 1.89 1.73 1.94 2.35 2.59 
9 2.32 1.44 1.29 1.09 0.66 1.39 2.11 2.49 
8 2.54 0.13 -0.15 -0.21 0.22 0.82 1.79 2.36 

n=3 
17 4.55 3.35 3.50 3.n 4.07 4.25 4.05 3.42 
16 4.60 7.10 6.70 5.97 5.39 4.88 4.21 3.38 
15 3.96 8.26 7.94 7.02 6.07 5.12 4.12 3.30 
14 3.52 7.65 7.45 6.80 6.05 5.08 3.71 3.15 
13 3.55 7.24 6.98 6.48 5.87 4.98 3.71 3.09 
12 3.38 3.49 3.81 4.05 4.14 3.90 3.09 2.76 
11 3.03 2.57 2.50 2.82 2.98 2.80 2.54 2.57 
10b 2.72 1.10 1.14 1.14 0.95 1.24 1.90 2.29 
9 2.32 0.60 0.41 0.13 -0.08 0.49 1.58 2.14 
8 2.54 -1.00 -1.42 -1.55 -1.05 -0.25 1.14 1.97 

n=4 
17 4.55 3.71 3.87 4.18 4.50 4.66 4.33 3.49 
16 4.60 8.35 7.82 6.88 6.12 5.42 4.51 3.43 
15 3.96 9.68 9.26 8.10 6.89 5.67 4.37 3.32 
14 3.52 8.75· 8.49 7.70 6.76 5.55 3.81 3.11 
13 3.55 8.20 7.87 7.26 6.50 5.40 3.81 3.03 
12 3.38 3.30 3.71 4.05 4.20 3.95 2.99 2.60 
11 3.03 2.42 2.04 2.46 2.72 2.56 2.28 2.35 
10b 2.72 0.31 0.38 0.39 0.20 0.60 1.46 1.99 
9 2.32 -0.23 -0.48 -0.85 -1.05 -0.30 1.04 1.80 
8 2.54 -2.14 -2.73 -2.98 -2.23 -1.19 .0.49 1.58 
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Coupling Length Velocity Estimates 
(n "' 1) 
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Coupling Length Velocity Estimates 
{n - 3) 
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Coupling Length Velocity Estimates 
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