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Abstract 

The purpose of this study is to investigate the spatial variability of glaciers and how 

topography affects disparate glacier response to climate change in the Canadian 

Cordillera.  This research identifies topographic variables which may have affected 

glacier response to climate during and after the Little Ice Age (LIA).  Changes in glacier 

area, shape, length, elevation, height, aspect, hypsometry, slope and upslope area were 

measured for sixteen glaciers from orthophotos and digital surface models (DSM).  

DSMs were created to represent glacier surface elevation in 2005.  LIA glacier surfaces 

were reconstructed by interpolating the elevation along the former margin.  Multivariate 

statistics were used to determine which topographic variables explained variance in 

glacier geometry.  Glacier sensitivity scores based on the topographic characters of each 

glacier were developed and calculated.  Glacier cover in the study area has decreased by 

49.4 % with an estimated volume loss of 1.97 ± 0.2 km3. 
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Chapter One: Background 

1.1 Introduction 

The purpose of this study is to investigate the spatial variability of glaciers and 

how topography affects disparate glacier response to climate change in the Canadian 

Cordillera.  The first objective is to determine how extensive glaciers were at the Little 

Ice Age (LIA) maximum.  A fusion of remote sensing and geospatial techniques are 

employed to map and construct glacier surface elevation models.  Variability in former 

glacier length and elevation are examined to assess the relationship between glacier basin 

hypsometry and morphology.  The second objective is to investigate the spatial 

variability of ice loss occurring between the LIA and 2005, and relate these patterns to 

the topography of the landscape.  This endeavour is important to understand modern 

changes in ice extent and to better predict the future persistence of glaciers in the region.   

1.2 Research background  

1.2.1 The use of remote sensing and GIS in glacier science 

Since the 1970s, attempts have been made to catalogue glaciers in British 

Columbia and Alberta, however, due to the amount of complex glacierized terrain this is 

a difficult task.  Several inventories have been undertaken to map parts of the Canadian 

Cordillera during the UN International Hydrologic Decade (1965-1974) and the World 

Glacier Inventory (Demuth et al., 2008; Ommanney, 2009).  However, these were 

typically limited to regions of significant glacier cover (Ommanney, 2009; Bolch et al., 

2010).  An excellent overview of the glacier mapping process and the results of these 

efforts in the Canadian Rockies are described in Ommanney’s paper ‘Canada and the 

World Glacier Inventory’ (Ommanney, 2009).   

Ground-based data collection methods are often used to study mass balance and 

climate and to infer past climate (paleoclimate), but due to the amount of work involved, 

data coverage is limited to areas previously studied.  In contrast, remote sensing 

techniques enable the collection of many types of spatial terrestrial data without the need 

to make physical field visits (Jensen, 1996; Jensen, 2000; Rees, 2006).  The use of 

satellite imagery in conjunction with Geographic Information Systems (GIS) has greatly 
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improved the efficiency of land cover mapping by replacing thousands of air photos 

(possibly obtained in different years) with large scenes acquired over a relatively short 

time span.  Since satellite images with a high spatial resolution of < 5 m (e.g. Quickbird, 

GeoEye, Ikonos or SPOT) are costly to obtain, aerial photography and medium to low 

resolution imagery (e.g. Landsat, ASTER) are still used for many applications. 

Improvements in digital image processing software have enhanced the ease with which 

aerial photography may be used for high-resolution investigations (Jensen, 2000).  

The use of multispectral imagery, such as Landsat, allowed the development of 

glacial remote sensing to occur.  This scientific discipline pioneered applications such as 

glacier mapping, glacier monitoring via change detection and the investigation of snow 

and ice properties as they relate to spectral signatures (Sidjak and Wheate, 1999; Kääb, 

2002; Kargel et al., 2005; Rees, 2006; Bolch et al., 2010).  Glacier-specific techniques 

developed for the Landsat TM sensor were first applied in the Canadian Cordillera by 

Sidjak and Wheate (1999) in Glacier National Park, British Columbia.  Since then, many 

different remote sensing sensors have since been developed to capture imagery suitable 

for a variety of cryospheric applications.  Potential applications include the measurement 

of ice flow velocity, surface height, physical ice properties (e.g. albedo) and to map 

changes in extent and mass balance via change detection (Paul et al., 2004; Kääb, 2005; 

Kargel et al., 2005; Rees, 2006; Casassa et al., 2007; DeBeer and Sharp, 2007; Schiefer et 

al., 2007; Demuth et al., 2008; Heid and Kääb, 2012).   

An inventory of western Canadian glaciers reported by Bolch et al. (2010) 

presents glacier cover statistics from Landsat imagery taken between 1985 and 2005.  

This inventory includes glaciers visible in the Landsat images, however, due to the coarse 

spatial resolution (30 m ± 15) ice boundaries may be generalized and very small glaciers 

(< 0.05 km2) were excluded (Bolch et al., 2010).  In other work digital terrain models 

derived from air photos or shuttle radar topography are used to summarize changes in 

glacier area and volume (Surazakov and Aizen, 2006; Schiefer et al., 2007; Schiefer et 

al., 2008).  

A description of progress made to map and study the earth’s glaciers with remote 

sensing technology would be incomplete without mention of digital topographic datasets. 

These data are digital representations of topography that depict the elevation of the 
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earth’s surface.  Derived from interpolated contour data or extracted via triangulation 

from stereo-pairs of remotely sensed imagery, these data make it possible to study spatial 

problems in three dimensions using a GIS (Jensen, 2000).  It is now very common for 

glaciological studies to incorporate digital elevation data into their analyses because 

elevation and topography have been recognized as important environmental factors 

affecting the spatial distribution of glaciers (Nesje, 1992; Kääb, 2000; Baltsavias et al., 

2001; Kääb, 2002; Paul et al., 2004; Geist et al., 2005; Kääb, 2005; López-Moreno et al., 

2006; Casassa et al., 2007; Paul et al., 2007a; Schiefer and Gilbert, 2007; Schiefer et al., 

2007; Schiefer et al., 2008; Jiskoot et al., 2009).  For this reason an overview of glacier 

science related to the measurement of elevation and influence of topography is also 

presented.   

1.2.2 The study of topography and elevation in glacier science 

A sub-discipline of glacier science focuses on the linkage between topography 

and glaciers, or more specifically how topography affects glacier morphometry, 

hypsometry, distribution and response.  Initially Strahler (1952) and later Furbish and 

Andrews (1984) laid the groundwork for understanding landscape and glacier 

hypsometry.  Furbish and Andrews (1984) investigated how topography affected the 

vertical distribution of snow and ice, thus influencing the accumulation and ablation 

characteristics of the glacier.  Walter (2003) further explored these concepts with his 

research in the Canadian Arctic that used a hypsometric factor and hypsometric 

sensitivity measure to explain conflicting patterns of glacier retreat.  Glacial research in 

the Spanish Pyrenees Mountains indicates that several topographic conditions are 

required to support the development of glaciers,  including; elevation, a topographic slope 

angle between 0-30°, low solar radiation, and a slope that is concave or planar (López-

Moreno et al., 2006).  Evans (2006) evaluated orientation data for over 66,000 glaciers 

worldwide to better understand the asymmetrical distribution of glaciers across major 

mountain ranges.  Asymmetrical distribution was observed at glaciers of the same 

latitude which tend to have lower termini altitudes on the windward side of the 

topographic divide than the leeward side (Evans and Cox, 2005; Evans, 2006).  
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 In western North America several studies have focused on topography and 

glacier distribution. Østrem (1966; 1973) investigated glacier distribution and proposed a 

regional glaciation limit (critical elevation above which glaciers may develop) for the 

region of southern British Columbia and Alberta.  Allen (1998) noted that glaciers in 

Montana with equilibrium lines (ELA: elevation on the glacier where the annual net 

balance is zero) at a lower altitude tended to have a narrower cross-sectional width, 

whereas glaciers with higher altitude equilibrium lines were wider.  In the case of cirque 

glaciers, taller cirque headwalls are often associated with narrower glaciers (and hence a 

lower ELA).  

In the Interior Ranges of British Columbia, DeBeer and Sharp (2009) found that 

glaciers at lower elevations tend to have irregular outlines, extensive contributing areas 

and are situated on steep slopes.  In the Monashee Mountains small glaciers situated on 

sheltered aspects at high elevations were the least sensitive to climate.  These glaciers 

exhibited less ice loss over the past 50 years when compared to larger glaciers (DeBeer 

and Sharp, 2007).  This contradicts changes observed at small glaciers in the Canadian 

Arctic and the Swiss Alps, where small glaciers either vanished or dramatically retreated 

(Paul et al., 2004; Demuth et al., 2008).  The authors postulated that small glaciers that 

persist today may only exist due to their favourable locations, and hence that topography 

plays a key role (DeBeer and Sharp, 2009; Jiskoot et al., 2009).  One such topographic 

factor is a glacier’s hypsometry (the amount of glacier surface area distributed at different 

altitudes).  A study of glacier hypsometry in the Canadian Rockies by Jiskoot et al. 

(2009) was able to estimate glacier sensitivity (magnitude of area loss) to a future rise in 

ELA.  

1.3 Project significance 

Glaciers are sensitive to fluctuations in precipitation and temperature and exhibit 

changes in mass balance as regional climate patterns shift.  If the long term trends in 

glacier extent can be distinguished from interannual variations, then glaciers may be used 

to indicate a changing climate (Nesje and Dahl, 2000; Ruddiman, 2001).  Mountain 

glaciers are valuable indicators used to interpret the magnitude of past climate events and 

to monitor ongoing changes in climate (IPCC, 2001; Ruddiman, 2001; IPCC, 2007).  
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This knowledge is paramount to deciphering current climate/mass balance trends and 

predicting the future impacts of changes in regional climate.  Glaciers are also 

increasingly important for studies of environmental monitoring, hydrologic forecasting 

and natural hazard detection (Kääb, 2005; Demuth et al., 2008). 

Although climate is paramount, many other factors can affect glacier fluctuations.  

Topographic effects and glacier geometry can impact glacier length considerably, to the 

extent that glacier termini in the same region may react differently under the same 

climatic influence (Kerr, 1993).  Although variations in termini response may be partially 

attributed to differences in glacier volume response time and terminus elevation, local 

micro-climatic conditions, such as slope angle, solar exposure and mass input via wind or 

avalanche play an important role (Klingbjer and Neidhart, 2006; Raper and Braithwaite, 

2009).  This relationship has been acknowledged as a potential source of uncertainty 

when reconstructing past climate from glacial records (Kerr, 1993; Kovanen and 

Slaymaker, 2005).  This means that a direct comparison of changes between glaciers is 

hindered, as glaciers rarely share the same suite of characteristics.  For this reason it is 

common for scientists to study a sample of glaciers in a particular region to better 

understand the regional trend.  Glaciers which are found to be strongly affected by 

topographic influences can be identified, as they may be relatively insensitive to changes 

in climate.  

With the exception of Allen (1998), Walter (2003), DeBeer and Sharp (2009) and 

Jiskoot at al. (2009), few studies have addressed the role of topography upon the response 

of glaciers in North America.  To better understand patterns in climate variability, it is 

essential that we expand our knowledge of glacier dynamics and the effect of topographic 

factors acting upon them.  This project complements the work of WC2N (Western 

Canadian Cryospheric Network) and draws on their methodology, but the research 

question and study area are unique.  Sites selected for this study were picked with WC2N 

consultation in order to yield glacier data that would be valuable to the scientific 

community.  

Recent research in the Cascade Range, North America, and in the Swiss Alps has 

indicated that some mountain glaciers are currently thinning vertically (downwasting) 

faster than the glacier retreats upslope (Paul et al., 2004; Hopkinson and Demuth, 2006; 
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Pelto, 2006; Pelto, 2010).  This indicates that the mass balance of the glacier is in a state 

of disequilibrium because  the mass of the glacier no longer flows downslope fast enough 

to replace the ablating ice, likewise the terminus is unable to retreat upslope fast enough 

to maintain equilibrium (Pelto, 2006).  This phenomenon complicates monitoring efforts 

because traditional planimetric mapping methods that survey ice loss from aerial photos 

do not satisfactorily account for the thinning of glacier ice, thus calculated volumes are 

often underestimated (Pelto, 2010).  Additional studies using remotely sensed data and 

detailed glacier observations are essential to determine rates of ice loss in other regions 

with greater accuracy.  Evidence of glacier thinning and/or marginal recession is reported 

in this thesis as this may affect the future longevity and climatic sensitivities of these 

glaciers.  

Lastly, the 2005 glacier surface models generated for this study serve as baseline 

observations, from which future changes can be detected and measured.  This is 

especially important for smaller glaciers which were omitted from prior glacier 

inventories and have little recorded data.  Based on the results of a statistical analysis of 

2005 glacier data, glaciers were assigned a vulnerability ranking.  It is our hope that these 

vulnerability rankings will help to manage water resources in the near-term.  Ultimately 

these data will be used to better understand the topographic affect on the spatial 

distribution and climatic response of glaciers in the Purcells and Southern Rocky 

Mountain ranges. 

1.4 Neoglaciation and the Little Ice Age (LIA) 

In North America, after warm temperatures during the Hypsithermal, a period of 

renewed glacier growth commenced, called the Neoglacial (Porter and Denton, 1967; 

Ryder and Thomson, 1986; Luckman et al., 1993; Nesje and Dahl, 2000).  The 

Neoglacial was originally thought to commence approximately 3000 years ago, but 

evidence from Mt. Baker and Garibaldi indicates that glaciers were already expanding 

prior to 6900 y BP (Clague et al., 2009; Davis et al., 2009; Menounos et al., 2009). There 

are three generally recognized periods of ice expansion in the Neoglacial; these are 

known as the Garibaldi Phase (6.9-5.6 ka BP), Tiedemann-Peyto Advance (3.5–1.9 ka 
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BP), and lastly the late Neoglacial maximum (AD 1270-1900) or the ‘Little Ice Age’ 

(Porter and Denton, 1967; Ryder and Thomson, 1986; Luckman et al., 1993).  

LIA glacier advances have been documented in different regions of the world in 

both hemispheres, but these events are not synchronous.  Ryder and Thomson (1986) 

described the LIA as a period of  glacier expansion commencing approximately 1000 

years ago. Many other sources indicate that the Little Ice Age (LIA) occurred between 

AD 1200-1900 (Porter and Denton, 1967; Grove, 1988; Ruddiman, 2001).  Pre-LIA 

advances have been discovered in the Canadian Cordillera, but overall the shift from 

moderate medieval warm period conditions to LIA conditions commenced in the mid 

13th century in North America.  During the LIA, episodes of glacier expansion waxed 

and waned, culminating in the 18th and 19th centuries.  Climate data from the late 

Holocene indicate an overall cooling trend during the LIA of 1-2°C punctuated by warm 

or dry periods recurring at decadal or centennial intervals (Luckman, 2000; Ruddiman, 

2001; Grove, 2008).  In this paper the usage of the term ‘LIA’ refers to a period of 

intermittent glacier expansion occurring from AD 1270-1900, as documented in 

North America (Porter and Denton, 1967; Ryder and Thomson, 1986; Luckman, 2000). 

Clague et al. (2009) proposed that a revised nomenclature for Neoglacial glacier 

advances should be considered.  They argued that the current naming structure alludes to 

three periods of continuous glacier expansion, which is misleading as recent research 

indicates otherwise (Clague et al., 2009).  When these terms were initially coined, the 

limiting ages of the events were rough (within a millennium or century) and the degree of 

variability in glacier extent during the ‘advance’ was unknown.  Further complicating the 

matter, the ‘LIA’ as defined by Grove (2001) referred to a period of extensive glacier 

cover, but some scientists have since used the term to indicate a period of cooler or wetter 

climatic conditions.  As improved dating techniques improved yielded better chronologic 

control it was discovered that formerly recognized periods of glacier expansion also 

included intervals of glacier retreat (Clague et al., 2009).  To reduce confusion, it was 

proposed that a unique name be given to each distinct glacier expansion event. 

Furthermore, Clague et al. (2009) suggested that the term ‘advance’ should be applied to 

a single major glacier expansion phase that is well constrained temporally, rather than to 

multiple glacier size fluctuation phases.  



8 

 

1.4.1 The LIA in the Canadian Rockies  

Late Neoglacial (LIA) moraines in the Canadian Rockies were formed during one 

of the three episodes that are collectively referred to as the Cavell Advance (Luckman 

and Osborn, 1979).  The Cavell Advance is the regional name assigned to LIA glacier 

expansion in the Canadian Rockies, and named after the moraine complexes documented 

at Mount Edith Cavell (Osborn et al., 2001).  The first stage of the Cavell advance 

culminated shortly after AD 1271 at Stutfield Glacier (Osborn et al., 2001), the second 

phase occurred from AD 1700 to 1725 (Luckman, 2000)and the third episode of moraine 

building occurred between AD 1825 and 1875 (Luckman, 2000).  The locations of these 

sites are illustrated in Figure 1.1. During the Cavell Advance, glaciers typically advanced 

1-2 kilometres beyond present-day margins. 

Many dated moraines in the Rocky Mountains indicate that moraine building 

events occurred during the early 1700s and the late 1800s across the region (Luckman, 

1998; Luckman, 2000).  In the Premier Range of the Caribou Mountains the most 

extensive terminal moraines were deposited during the early 1700s (Luckman, 2000). 

Glaciers further south, in the Elk Lakes Provincial Park and the Kananaskis, reached their 

maximum extents in the mid 1800s (Smith et al., 1995; Luckman, 1998).  The great 

numbers of moraines deposited during both these events are corroborated by terrestrial 

climate data (e.g. dendrochronology, lake sediments, palynology) indicative of a regional 

shift in climate during this period (Luckman, 1997; Luckman, 1998; Luckman, 2000; 

Pederson et al., 2004; Watson and Luckman, 2004).  This is considered to be associated 

with a disruption in atmospheric circulation which is widespread across the region (Bond 

and Harrison, 2000; Pederson et al., 2004; Berger, 2010).   

Despite the regional trend of glacier expansion during the LIA some glaciers did 

not advance synchronously, especially when considered at a decadal time scale 

(Luckman, 2000).  This highlights glacier-specific differences possibly attributed to 

erroneous moraine deposition dates, microclimate variability, and flow dynamics unique 

to each glacier.  It is expected that there will be minor differences in precipitation and 

incident solar radiation between glaciers, but these differences alone cannot explain the 

asynchronous response.  A likely factor is glacier response time, which is defined as the  
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Figure 1.1 Key locations of dated moraines associated with the Cavell Advance. 
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duration of time incurred from the climate event to the moment of glacier response 

(Porter, 1986), or the duration of time between two steady-state (when the glacier is 

in equilibrium with environment) conditions (Nye, 1960).  If the asynchronous 

glaciers have significantly different response times, the discrepancies in the moraine ages 

may be explained.  There are many factors that may influence the response time of a 

glacier including; thermal regime, size, surface slope, hypsometry, elevation, aspect and 

local climate variations particular to an area (Benn and Evans, 1998; Andrews, 2000; 

Ruddiman, 2001; Raper and Braithwaite, 2009; Cuffey and Paterson, 2010).  Ultimately, 

the combined regional trends in glacier fluctuations are important and meaningful, as 

they provide an overall signal of cryospheric response to climate.  Although Luckman 

(2000) argues that glaciers reached their maximum extents in an asynchronous manner, if 

the same glaciers are examined through a coarser lens, such as at a millennial time scale, 

the glaciers in this region exhibit synchronous periods of growth and recession during the 

LIA. 

It is broadly determined that the LIA came to an end in the early twentieth century 

when global mean temperatures started to rise (Grove, 1988).  In the twentieth century 

there were two episodes of significant glacier retreat, from 1900-1950, and from the late 

1970s to present (Smith et al., 1995; Luckman, 2000; Hopkinson and Demuth, 2006). 

Glaciers in the Canadian Rockies lost on average of 25% of their LIA area during the 20th 

century (Luckman, 2000).  Some regions have experienced greater losses in glacier cover 

than others. Smith et al. (1995) estimated that glaciers in Kananaskis country lost 34% of 

their surface area between 1916 and 1988. Demuth et al. (2008) reported that glaciers in 

the Canadian Rockies within the South Saskatchewan River Basin lost ~36 % of their 

LIA surface area between 1976 and 1998.  Elsewhere in the Canadian Rockies, Jiskoot et 

al. (2009) report that glaciers in the Clemenceau Icefield Group and in the Chaba Group 

lost 15.5% and 40.6% of their respective LIA surface area between 1980 and 2001.  At a 

regional-scale, Bolch et al. (2010) found that glaciers in British Columbia and Alberta 

lost 10.8% ± 3.8% and 25.4% ±4.1% of their respective surface area between 1985 and 

2005.  As one would expect with such a marked retreat, mass balance measurements were 

largely negative between 1976 to 2005 (Luckman, 2000; Demuth et al., 2008; Jiskoot et 

al., 2009; Bolch et al., 2010). 
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1.4.2 Dating controls 

The study of glacial deposits requires the use of ancillary data to reconstruct 

detailed local climate records, in part because evidence of past glacier fluctuations is 

often destroyed by subsequent glacial advances (Luckman et al., 1993; Andrews, 2000; 

Luckman, 2000).  A proxy indicator is an indirect data source that can provide detailed 

information about past environments, from which one may infer climate (Ruddiman, 

2001).  Common proxy indicators used for climate reconstruction include oxygen 

isotopes from ice cores, coral, pollen and/or grain size fluctuations in lake sediment, tree 

rings, lichen counts, tephra layers, and radiocarbon dated macrofossils (Andrews, 2000; 

Walker and Lowe, 2007).  Some proxies may yield an absolute age (date of event) or 

limiting ages (date before or after event) obtained by radiocarbon (14C) or cosmogenic 

nucleotide dating techniques.  Other proxies give a relative age (is younger than / older 

than) based on stratigraphic relationships to known dated ‘marker’ horizons such as 

tephra layers or paleosols to limit the age (Walker and Lowe, 2007).  When proxy records 

are combined with geomorphological evidence of past glacier activity many gaps in the 

geological record can be filled to create a composite record of paleoclimate for an area.  

1.5 Climate forcing mechanisms and climatic variability 

There are several theories about the forcing mechanisms that triggered a shift to 

wetter and cooler conditions during the LIA.  When climate proxy records such as ice 

core and tree ring records are examined, there are two components that drive the 

observed climate oscillations; long-term (low frequency) forcing mechanisms and short-

term (high frequency) mechanisms (Ruddiman, 2001).  Low frequency long-term climate 

oscillations can span thousands of years and are commonly associated with millennial or 

orbital scale climate changes.  Short-term climate variability can span decades or 

centuries and often appear chaotic when compared against low frequency climate trends 

(Ruddiman, 2001).  Sophisticated climate models assist to correlate high resolution 

climate signals in proxy datasets to known meteorological oscillations (Hu et al., 2003; 

Pederson et al., 2004; Berger, 2010). 

The use of proxy indicators assembled from various terrestrial and marine 

environments help to indicate which recurring environmental factors are operating to 
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‘force’ or trigger climate shifts of decadal, centennial, millennial or orbital frequencies.  

Depending on the combination of the forcing mechanisms involved, the resulting shift in 

climate can affect only a geographic region, or disturb global heat exchange systems: the 

latter can cause widespread and persistent disruptions in weather.  

Glacier expansion during the LIA resulted from cooler summer temperatures and 

increased winter precipitation that affected regions in the Northern hemisphere (Porter 

and Denton, 1967; Luckman, 2000; Ruddiman, 2001).  The forcing mechanisms that 

initiated this transition in circa AD 1200 are currently the focus of much debate, which is 

complicated by the nature of different climate forcing mechanisms interacting together at 

various time scales (Grove, 2001).  Porter (1986) and Shindell et al. (2001), demonstrated 

that short-term climate fluctuations can be associated with forcing mechanisms such as 

volcanic eruptions or sun spot cycles.  Both mechanisms modulate the solar irradiance 

received at the Earth's surface. Porter (1986) provides an excellent overview of the 

relationship between periods of ice expansion in the Swiss Alps and volcanic acidity 

from distant volcanic eruptions as recorded in ice cores from Greenland.  During the LIA, 

the eruption of Mt. Tambora, Indonesia in AD 1816 caused the ‘year without 

summer’(Rampino and Self, 1982).  This notable event was recorded in the annals of 

European history, but today a trace of acidity is preserved within ice cores from the 

Greenland ice sheet (Grove, 2008).  

Also occurring throughout the period of LIA glacier expansion were three periods 

of reduced sunspot activity.  These are known as the Sporer Minimum (circa AD 1450), 

the Maunder minimum (AD 1645-1715) and the Dalton Minimum (AD 1790-1830) 

(Lean et al., 1992; Grove, 2008; Magny et al., 2010).  A study using reconstructed water 

levels (from lake sediment cores) as a proxy for climate observed that during these 

sunspot minima water levels were higher due to increased precipitation and cooler 

summer temperatures (Magny et al., 2010).  Climate models have been used to 

reconstruct that global annual temperatures were between 0.3-0.4°C cooler than present 

(AD 2001) during the Maunder minimum (Shindell et al., 2001).  A possible explanation 

for this is illustrated by climate models that indicate that a ~ 25% reduction in solar 
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insolation was enough to perturb the Arctic/North Atlantic Oscillation during the 

Maunder minimum (Shindell et al., 2001).  

Large regional variations in terrestrial surface temperatures occurred during the 

Maunder minimum when the northern hemisphere experienced cooler conditions 

especially during winter months (Stuiver et al., 1997; Shindell et al., 2001).  Although 

there is a link between reduced solar irradiance and glacier expansion from AD 1200 to 

1850, solar variability alone cannot explain why glaciers commenced a rapid retreat 

during the 1850’s prior to the Modern Maximum (AD 1900-1999), which is a period of 

increased sunspot activity (Grove, 2008; Rigozo et al., 2008). 

Shifts in mean summer temperature and precipitation in North America have been 

inferred from tree ring chronologies.  Climate reconstructions from these chronologies 

link enhanced winter precipitation and an increase in summer temperature to cyclical 

changes in the Pacific Decadal Oscillation (PDO) (Pederson et al., 2004; Berger, 2010). 

Changes in PDO, detected by variations in sea surface temperatures (SST), are associated 

with changing precipitation patterns in western North America.  A negative phase of 

PDO indicates that SST in the equatorial eastern Pacific Ocean is generally cooler than 

during a positive or ‘warm phase’.  The changing distribution of warm and cool regions 

in the Pacific Ocean alters the path of the jet stream, linking PDO to variability in 

terrestrial climate (Mantua and Hare, 2002).  Specifically, a negative PDO has been 

associated with cooler temperatures and increasing precipitation in western North 

America (Mantua and Hare, 2002; Pederson et al., 2004).  Drought and PDO 

reconstruction data indicate that conditions in the North Pacific were cooler and wetter 

during two periods of glacier growth in AD 1770-1790 and AD 1860-1890 (Pederson et 

al., 2004).   

Independently, climate forcing mechanisms such as volcanic eruptions, solar 

output and PDO can only account for some of the observed glacier fluctuations that 

occurred during the LIA (Luterbacher et al., 2001; Nesje, 2009).  Current theories suggest 

that multiple forcing mechanisms with overlapping time scales occurred during the LIA, 

thus decreasing temperatures in the northern hemisphere and increasing climate 

variability (Luterbacher et al., 2001; Shindell et al., 2001).  
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The retreat of glaciers in the Canadian Rockies starting circa AD 1850 could be 

explained by a period of reduced winter precipitation starting in AD 1840 (Watson and 

Luckman, 2004; Berger, 2010).  Pederson et al. (2004) described a shift in climate from 

AD 1860-1890 that was associated with decreased precipitation and warmer temperatures 

favouring ablation.  Tree ring data adjacent to the Peyto Glacier indicate a trend towards 

increasing summer and winter temperatures commencing in AD 1883 that likely resulted 

in increased ablation (Watson and Luckman, 2004).  During the late 1920s and 30s when 

glacier retreat accelerated, terrestrial proxy records and meteorological data indicate 

another period of drought (Berger, 2010).  

1.6 Glacier mass balance  

Typically, glaciers gain mass through solid precipitation during the fall, winter, 

and spring, while they lose mass during the summer from melting and sublimation (Benn 

and Evans, 1998).  This annual cycle of mass gain and loss determines the net mass 

balance, or whether a glacier is growing or shrinking.  Many earth systems affect 

glacier fluctuations, including meteorology, hydrology, geology, and other natural and 

anthropogenic climate forcing mechanisms (Grove, 2008).  Figure 1.2 provides an 

overview of the factors influencing glacier mass balance and the subsequent terminus 

fluctuations (changes in glacier geometry) that may be preserved in the geologic record. 

Among the factors shown in Figure 1.2, topography is important because it can affect the 

amount of incoming precipitation, the local surface energy balance and the dynamics of 

ice flow.  Moraines formed during the Cavell Advance (Figure 1.1) were created as 

glaciers advanced downslope to maintain equilibrium with the local climate.  

Theoretically, a glacier exists in a state of equilibrium where changes to mass 

input or output will trigger a terminus response.  The amount of ice contributing to 

glacier growth by accumulation or removed by ablation determines the annual mass 

balance (Benn and Evans, 1998).  New snow accumulates on the glacier surface from 

precipitation, wind deposition or avalanching from adjacent slopes.  The removal of ice 

occurs ablation zone where ice mass is lost predominantly to melting or calving  
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Figure 1.2 The relationship between climate, topography and glacier response 
modified from Furbish and Andrews (1984).   

(Benn and Evans, 1998).  Subsequent years of prolonged positive or negative average net 

mass balance will trigger a change of glacier geometry, but the glacier may not reach an 

equilibrium state (advance or retreat) for decades or centuries, as this depends on the 

length of the response time (Raper and Braithwaite, 2009; Cuffey and Paterson, 2010). 

For this reason, scientists track changes in glacier length because it represents a filtered 

signal of climate change (Barry, 2006).  If ongoing climate variability causes frequent 

mass changes the glacier will likely exist in a state of disequilibrium, because the 

geometry of the glacier has not yet adjusted to compensate for the mass changes, 

although glaciers with short response times ( < 10 years) may be an exception (Klingbjer 

and Neidhart, 2006; Cuffey and Paterson, 2010). 

The equilibrium line altitude (ELA), is the elevation on the glacier where the 

annual net mass balance is equal to zero (accumulation = ablation).  The ELA 

approximates the firn line, or the elevation where the transition from glacier snow to 

glacier ice occurs, which is visible at the end of each ablation season (Benn and 

Lehmkuhl, 2000).  The position of the ELA contour separates the ablation and 
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accumulation zones, but the position of this line varies over time due to mass balance 

changes (Nesje, 1992; Benn and Evans, 1998).  By tracking the position of the ELA over 

time it is possible to determine whether a glacier is advancing or retreating.  

During ‘steady-state’ conditions a glacier is in equilibrium with the climate and is 

able to maintain the same geometry (Benn and Lehmkuhl, 2000; Paul et al., 2007b). 

Steady-state conditions are theoretical because the terminus of a glacier rarely remains 

stationary (0 net balance) throughout the year.  It is important to note that a glacier 

must be in a state of equilibrium (glacier geometry has adjusted to climate) if the 

ELA is to be used as a meaningful climate indicator (Nesje and Dahl, 2000).  Since 

this is often not the case, scientists using ELAs should use them in a cautious manner and 

the uncertainty in the elevation values should be described. 

Snow and ice from avalanches, wind drift or direct precipitation will gradually 

become incorporated into the glacier and will undergo deformation.  This results in the 

flow of ice from the head to the terminus, or toe of the glacier.  When mass is removed 

over consecutive years (negative net balance) the ELA rises and the glacier retreats to 

attain a state of equilibrium.  The inverse of this scenario is also possible; years of 

positive net balance will give rise to glacier advance or thickening and a lowering in 

ELA.  In cases where ice mass is removed at a greater rate than the glacier margin can 

retreat, equilibrium can not be established.  This disequilibrium has been associated with 

thinning (downwasting) and noticeable retreat in the northern Cascades (Pelto, 2006; 

Pelto, 2010).  If thinning (ablation) occurs over the entire glacier surface this means that 

the ELA has risen to an elevation above the head of the glacier (Benn and Evans, 1998). 

Unless regional climate trends become more favourable (increase in solid precipitation, 

or decrease in summer temperature), glaciers in this state will likely continue thinning 

until they vanish completely (IPCC, 2001; Klingbjer and Neidhart, 2006; Pelto, 2006; 

IPCC, 2007). 

The correlation of known climate events to changes observed at the glacier 

terminus is often obscured by a lag interval between the time of the meteorological event 

and the time of glacier response (Torsnes et al., 1993; Carrivick and Brewer, 2004).  The 

length of the lag interval is dependent on the size, slope angle, thermal regime and local 
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setting of a glacier (Klingbjer and Neidhart, 2006).  For instance, a small mid-latitude 

glacier may have a lag time of ten years or less, but a large high latitude glacier may have 

a lag time of a century or more (Porter, 1986; Raper and Braithwaite, 2009).  

The sensitivity of an alpine glacier to a change in climate depends on many local 

topoclimatic geographic factors (Carr and Coleman, 2007; Demuth et al., 2008).  A 

glacier's orientation, albedo (% reflectance), relief and hypsometry act as a filter and 

influence the way it responds to a change in climate (Oerlemans et al., 1998; Carr and 

Coleman, 2007).  For this reason glaciers in the same basin may or may not exhibit 

similar mass balance trends when subjected to the same meso-scale climate.   

1.7 Hypsometry 

The hypsometry of a glacier describes how the surface area of the glacier is 

distributed across an altitudinal range (Furbish and Andrews, 1984; Benn and Evans, 

1998).  Hypsometric curves are a graphic representation of this concept that allows the 

distribution of glacier ice to be visualized.  A hypsometric curve that is perfectly straight 

would indicate that the area of glacier snow / ice is distributed in equal proportions 

(equidimensional) throughout the vertical elevation range of the glacier.  An example of a 

hypsometric curve for an alpine glacier in the Columbia Mountains is shown in Figure 

1.3.  In this case only a small part of the total glacier area (<20%) is situated above 2750 

m or below 2525 m where the curve is steeper.  Depending on the morphology of the 

glacier basin the shape of the hypsometric curve can vary considerably.  The ELA can 

be plotted to observe the amount of area remaining above it and to gauge the 

hypsometric sensitivity of a glacier (Furbish and Andrews, 1984; Carrivick and Brewer, 

2004; Jiskoot et al., 2009).  

Classes of hypsometric forms have been proposed for the purpose of studying 

landscape evolution.  Strahler numerically quantifies the hypsometry of  watersheds 

within a region of homogenous bedrock to describe the erosional state, or age of the 

landscape (Strahler, 1952; Strahler, 1956).  Analysis by Wilson and Pike found that the 

Strahler’s hypsometric integral is mathematically equivalent to the elevation relief ratio 

(E), and that the latter only requires a third of the effort to calculate (Pike and Wilson, 
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1971). Since Strahler’s system is suited to a fluvial watershed environment, Jiskoot et al. 

(2009) propose a hypsometric classification based on their analysis of glaciers in the 

Canadian Rockies.  This continuum consists of five transitional forms; very top-heavy, 

top-heavy, equidimensional, bottom-heavy and very bottom-heavy (Jiskoot et al., 2009). 

The hypsometric classification of a glacier depends on the value of its hypsometric 

integral, which is calculated with Equation 1 and classified using Table 1.1. 
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Figure 1.3 A hypsometric curve for North Star Glacier in 2005 where the red curve 
shows hypsometry and blue dashed line indicates the estimated ELA (AAR = 0.6).  
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Due to cumulative mass balance changes the ELA position will migrate over time. 

A glacier may become more or less sensitive to climate depending on the altitudinal 

distribution of glacier surface.  Two glaciers with vastly different shape and hypsometry 

are shown in Figure 1.4.  In this example, consecutive years of negative mass balance 

cause the ELA (ELA1 is blue) on both glaciers to rise 100 metres upslope (ELA2 is 

black).  This change in ELA will have a greater affect on ‘Glacier A’ due to the larger 

proportion of surface area situated near the ELA; as shown by the flatter profile curve. 

An ELA situated where the cross-sectional area is narrow (less surface area), as shown on 

‘Glacier B’ will yield a smaller glacier response (retreat) to the same climate fluctuation. 

This is because the percentage of total surface area removed from ‘Glacier A’ exceeds 

that of ‘Glacier B’ despite the same rise in the ELA (Benn and Lehmkuhl, 2000).  

Table 1.1 Hypsometric classification based on the hypsometric integral value, after 

Jiskoot et al. (2009). 

Hypsometric Classification Hypsometric Integral (HI) 

very top-heavy HI < -1.5 

top-heavy HI between -1.5 and -1.2 

equidimensional HI between -1.2 and 1.2 

bottom-heavy HI between 1.2 to 1.5 

very bottom-heavy HI > 1.5 
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Figure 1.4 Comparison of two glaciers with different hypsometry. ELA1 is shown in 

blue, ELA2 is shown in black and the hypsometric profile is shown in red.  
 

Jiskoot et al. (2009) used this method to determine the reduction in surface area 

that would be associated with a given rise in the ELA.  If the hypsometric curve is 

relatively flat where the ELA intersects the curve, this would indicate that a slight rise in 

the ELA would affect a large proportion of the glacier’s area.  This concept of 

hypsometric sensitivity is explored in this study at 16 glaciers in the Columbia Mountains 

and the Canadian Rockies.  Within the context of this thesis, ‘glacier sensitivity’ refers 

to the likelihood that a climate change will trigger a relatively large change in 

glacier geometry.  
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1.8 Hypotheses  

This MSc research project will test the following hypotheses:  

1. Glaciers achieved different maximum horizontal extents during the LIA due to the 

influence of local topographic settings, including their hypsometries. 

2. The magnitude of glacier retreat from LIA limits varies between sites according to 

the influence of hypsometry and basin morphology.  

3. Glaciers oriented to receive high direct solar radiation would be smaller than other 

glaciers during the LIA and would have experienced the greatest proportional post 

LIA retreat.  

The alternative to the above hypotheses is: 

Differences in glacier extent and response do not relate to topographic factors and likely 

indicate regional or local scale climate variability.  
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Chapter Two: Study Area 

2.1 Overview: the regional study area 

This project will focus on two local study areas within a larger regional study area 

(RSA) that is located in south-eastern British Columbia and south-western Alberta.  This 

approach enables spatial analysis at local and regional scales.  The RSA encompasses a 

west-east transect approximately located between 116°40' W and 115°08' W and 52°0' N 

and 50°0' N.  The study area includes the Purcell Range in the Columbia Mountains and 

several sub-ranges of the Rocky Mountains (Figure 2.1).  The mountain ranges included 

in this study are among the highest relief features (3600m +) in the entire province of 

British Columbia (Farley, 1979). 

All but one of the 16 glaciers selected for investigation are part of the Columbia 

River watershed, the exception being one Alberta glacier in the Bow River watershed.  In 

this study, glaciers were selected based on the following criteria: well-defined moraines 

and trimlines limits, field accessibility, availability of Aero-triangulated (AT) Scan 

imagery and a lack of previously reported studies.  In addition, care was taken to include 

glaciers of varied orientation, size and type.  

2.1.1 Regional geography and climate 

The continental climate of the southern Canadian Cordillera region is dominated 

by prevailing westerly winds throughout most of the year.  These westerly winds 

originate from the Pacific Ocean and transport moist maritime air over the Coast 

Mountains and the Interior Mountains before reaching the continental divide.  As these 

winds travel east, the topography creates zones of precipitation and rain shadow due to 

orographic lifting (Ahrens, 2000).  As an air mass travels over successive mountain 

ranges it becomes drier unless there are additional moisture sources.  For this reason 

mountain ranges situated close to sources of moisture typically receive more precipitation 

than ranges further away.  The vertical relief of the region is illustrated in Figure 2.2, 

which shows the topographic profile along a transect (see Figure 2.1) in the Southern 

Interior region of British Columbia. 
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Figure 2.1 Location of mountain ranges and sub-ranges relative to the study sites. 

 

Approximate location of 
Fig 2.2 Transect 
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The leeward side of the Selkirk Range of the Columbia Mountains is described  as 

having a moist interior continental climate (Demuth et al., 2008).  The orographic lifting 

of air masses concentrates greater precipitation on the windward side of the Purcell 

Mountains and decreases precipitation on the leeward side of the range toward the 

Columbia River.  

Air masses passing over the Rocky Mountain Trench may acquire additional 

moisture from lakes (Windermere and Columbia), which could result in localized lake-

effect snow on the windward side of the Rocky Mountains.  The western ranges of the 

Rockies receive the greatest precipitation while ranges on the leeward side (east) of the 

continental divide are drier due to the rain shadow effect.  This drier climate is 

punctuated by upslope conditions delivering precipitation from easterly air masses 

traveling over the eastern slopes of the Rockies (Demuth, 2007).  

 

Figure 2.2 Topographic profile of the southern Interior Mountains Ranges, BC.  

Transect is from west to east. Elevation shown does not reflect maximum peak 

height. Approximate location of the Purcell rain shadow is shown. 
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The RSA encompasses two mountainous ecoregions; the Northern Columbia 

Mountains and the Western Continental Ranges (Southern Canadian Rockies).  Each 

ecoregion delineates a distinct regional vegetation type that arises due to local 

temperature and precipitation gradients affecting the region (Demarchi, 1996).  

Environment Canada 1971-2000 climate normals obtained from metrological stations at 

Duncan Lake Dam, Banff and Kananaskis indicate that the most frequent wind direction 

through the year is south-westerly (Environment Canada, 2000).  Regional estimates 

indicate that between 1000 to 1500 mm of precipitation falls over the Columbia 

Mountains per annum (Farley, 1979).  Total annual precipitation data (Environment 

Canada, 2000) show that between 1971-2000 average precipitation was approximately 

945 mm/yr in Revelstoke (elevation = 450 m a.s.l.), 640 mm/yr in Kananaskis (elevation 

= 1391 m a.s.l.) and 472 mm/yr in Banff (elevation = 1384 m a.s.l.).  Precipitation data in 

Figure 2.3 indicates that Banff and Kananaskis tend to have drier winters than 

Revelstoke, which receives peak precipitation between December and January.  The 

Kananaskis has a wetter spring and summer than Banff or Revelstoke.  Monthly average 

temperatures plotted in Figure 2.4 show that Revelstoke is consistently warmer 

throughout the year, and that temperatures in Kananaskis are very similar to those of 

Banff with slightly milder winter temperatures.    

Monthly Precipitation (from 1971-2000 climate normals)

0

20

40

60

80

100

120

140

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Month

P
re

c
ip

it
a
ti

o
n

 (
m

m
/m

o
n

th
)

Banff

Kananaskis

Revelstoke

 
Figure 2.3 Average monthly precipitation in Revelstoke, Banff and Kananaskis from  

1971-2000 climate normals (Environment Canada, 2000).  
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Average Monthly Temperature (from 1971-2000 Climate Normals)
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Figure 2.4 Average monthly temperature measured at Revelstoke, Banff and 

Kananaskis from 1971-2000 climate normals (Environment Canada, 2000).  
 

2.2 Local study areas 

The local study areas (LSA) are situated in the Columbia Mountains and the 

Rocky Mountains.  Both LSAs encompass windward and leeward conditions in 

continental temperate climate zones.  The sites are situated on an east-west transect so 

that the magnitude of glacier response can be analyzed at synoptic and local scales. 

Within each LSA, glaciers were selected based on two criteria, the availability of digital 

imagery, and the presence of visually well defined LIA moraine and/or trimlines.  When 

these criteria were met, glaciers of various sizes, types, and orientation were selected 

because glaciers situated in unique topographic settings may have responded to climate 

differently.  

2.2.1 Starbird Ridge and the Septet Range in the Purcell Range of the Columbia 

Mountains  

Located on the western side of the Rocky Mountain Trench, the glaciers of 

Starbird Ridge and the Septet Range experience greater annual precipitation than ranges 

further to the east (see Figure 2.5).  Figures 2.2 and 2.5 show that the Bugaboos and 

Starbird Ridge are situated close to, or along the Purcell Mountain drainage divide.  
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Along this divide many glaciers are present, but they decrease in size and frequency 

toward the Purcell Mountain rain shadow zone.  These sites represent a continental 

temperate climate zone and are situated on the leeside of the Purcell Range.  In this LSA, 

ten glaciers of variable size and type were selected.  One of these glaciers is situated on 

the Purcell Mountain drainage divide, but the others are positioned to the east of the 

divide and would be subjected to greater rain shadow effect.  Although there is no 

published glaciological research in this specific region, work by Osborn and Karlstrom 

(1988) in the nearby Bugaboo Mountains provides some chronological control for the 

LIA advance.  

The geology of the Starbird Ridge area is dominated by igneous rocks of 

Cretaceous age, such as granite, granodiorite and monzonite (Massey et al., 2005). 

Glaciers are found in the sheltered valleys, niches, and bowls of the north slope of 

Starbird Ridge and on an unnamed ridge to the north.  To the north, the geology in the 

Septet Range is dominated by Proterozoic aged sedimentary rocks from the Purcell 

Supergroup and the Mount Nelson Formation (Gadd, 1996; Massey et al., 2005).  These 

cirque glaciers are nestled in basins below large peaks of resistant quartzite and arenite 

sedimentary rock (Massey et al., 2005).  As shown in Figure 2.5, the Septet range is 

shaped like an ‘E’; the spine is a ridge trending NW-SE flanked by two large basins 

which gradually slope toward the Columbia River Valley.  Glaciers are found along east 

side of the ridge in both basins; while relict and rock glaciers occupy less favourable 

orientations.  The complex orientation of mountain ridges in the Purcell Mountains varies 

by region and lacks the consistent ridge orientation (predominantly NW-SE) seen in the 

Rocky Mountain Range.  The variation in ridge orientation is caused by a combination of 

the underlying geologic structure, differential erosion of bedrock units, and by the effects 

of glacial erosion (Massey et al., 2005).  
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Figure 2.5 Local study area map showing Starbird Ridge, Septet Range and major 

drainage divides in the Purcell Mountains, BC.  
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2.2.2 Elk Lakes and Height of the Rockies Provincial Parks  

These adjacent mountainous parks are situated in the Park and Continental Ranges 

of the Rocky Mountains (see Figure 2.6).  The amount of annual precipitation received in 

the Rocky Mountains varies between 300-900 mm per year, which is considerably less 

than in ranges further west (Demarchi, 1996; Demuth et al., 2008).  Lower precipitation 

is a result of its location on the leeward side of two major mountain ranges (Coast 

Mountains and Interior Ranges) and greater distance from the west coast.  Four glaciers 

in Elk Lakes Provincial Park and two glaciers in Height of the Rockies Provincial Parks 

of the Park Ranges, and the Joffre Group of the Continental Ranges (all sub-ranges of the 

Rocky Mountains).  
In the Royal Group, the bedrock is predominately limestone with siltstone, slate 

and argillite strata of Cambrian to Ordovician age (Massey et al., 2005).  In the Joffre 

Group, the bedrock consists of several massive limestone units interbedded with shale. 

The Etherington, Mount Head and Livingstone Formations are collectively known as the 

Rundle Group, and are resistant bedrock with a tendency to produce high relief features 

and sheer cliffs (Gadd, 1996).  The bedrock of the Elk Lakes Region is mostly Devonian 

dolomite, limestone and chert (Massey et al., 2005).  Published glaciological and climate 

research in the Kananaskis region is limited to work on the Haig Glacier (Shea et al., 

2004; Shea et al., 2005; Moran et al., 2007; Shea and Marshall, 2007; Sinclair and 

Marshall, 2009).  Glacier moraines with chronological control for the LIA advance are 

reported in Smith et al. (1995).  Further north in the Canadian Rockies, Peyto Glacier has 

a detailed record of mass balance observations (Demuth and Pietroniro, 1999; Watson 

and Luckman, 2004; Hopkinson and Demuth, 2006) and the Shackelton Glacier of the 

Clemenceau Icefield has recent energy balance and weather observation data (Jiskoot and 

Mueller, 2012). 
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Figure 2.6 Local study area map showing glacier locations in the Canadian Rockies.  
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2.3  Site significance: why the Purcell Mountains and southern Rocky Mountains? 

Many glaciers in the Purcell Mountains and the Southern Canadian Rocky 

Mountains have yet to be studied.  These 16 glaciers represent sites chosen for LIA 

reconstruction and terrain analysis, which complement research efforts elsewhere in 

Western Canada.  Overall, very little glacier monitoring and paleo-climate studies have 

occurred in the Columbia Mountains of British Columbia, although in the neighbouring 

regions, detailed data exist for Shackelton Glacier (north of Golden) and several glaciers 

in Glacier National Park (Sidjak and Wheate, 1999; Jiskoot et al., 2009; Jiskoot and 

Mueller, 2012).  Many glaciers in the Southern Rockies have been the focus of study, 

especially those located in Banff National Park (Demuth and Pietroniro, 1999; Watson 

and Luckman, 2004; Hopkinson and Demuth, 2006). 

Some glaciers included in this study were little more than perennial snow/ice 

patches in 2005, however they were deemed important because their rapid decline from 

LIA extents may illuminate which topographic characteristics are unfavourable for 

glacier preservation.  Due to their small size (< 0.5 km2), these glaciers are of limited use 

to infer regional-scale trends of glacier length fluctuations.  This is because small glaciers 

tend to reflect annual changes in net balance, rather than the long-term climate signal 

(Hoelzle et al., 2003; DeBeer and Sharp, 2009).  Since steeply sloping mountain glaciers 

often have response times between 15 and 30 years (depending on the size and slope), 

their length fluctuations indicate a longer-term trend in climate variability (Barry, 2006; 

Raper and Braithwaite, 2009).  This would be equally as important as understanding what 

topographic variables are favourable for present development and preservation.   
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Chapter Three: Methodology 

3.1 Overview 

Glaciers at their LIA maximum extents were reconstructed in order to investigate 

and answer the research hypotheses posed in this study.  Additionally, glaciers in 2005 

were mapped during the study so that Digital Surface Models (DSM) could be generated 

and compared against the LIA glacier surface model.  This chapter describes the field 

methods and spatial reconstruction techniques used to generate 3D glacier surface models 

and the limitations and strengths of these techniques.  From these glacier surfaces 

additional data such as area, perimeter, volume, length, hypsometry, orientation, solar 

radiation and ELA are generated for use in subsequent statistical analysis.  This 

methodology is summarized in Figure 3.1 below. 

 

Figure 3.1 Workflow of data processing steps used to create the 2005 and LIA 

glacier surfaces and derived data.  
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3.2 Processing of digital data 

3.2.1 Source data 

Many geospatial investigations are hindered by the lack of affordable data of a 

sufficient spatial resolution for analysis.  One way to circumvent this problem is to 

generate DSMs from stereo imagery at a spatial resolution appropriate for the application.  

A DSM includes the height of some above ground features such as vegetation, whereas a 

Digital Elevation Model (DEM) represents the ground surface height (Pope et al., 2007).  

Since the target area had negligible vegetation cover, extracted DSMs were considered 

DEM once clipped to the LIA and 2005 glacier limits.   

High-resolution (0.5 m) digital aerial photographs, accompanied by 

aerotriangulation (AT) data, were the primary data sources for this project.  These 

1:30,000 scale AT Scan images were obtained for glacierized regions in both local study 

areas and are listed in Table 3.1 (Integrated Land Management Bureau, 2007).  Auxiliary 

datasets were needed to check the accuracy of the produced DSM and to measure the 

transverse curvature of other glaciers in the region.  For these purposes two 25 m 

resolution Terrain Resource Information Management (TRIM) DEMs (1995-2005) were 

obtained from the Province of British Columbia (Base Mapping and Geomatics Services 

Branch, 2002).  A Landsat 7 scene acquired September 23, 2001 was used to create a 

panchromatic sharpened (7,4,3) composite image for use in glacier identification outside 

the region covered by the AT Scans.  Metadata for the digital data used in this project can 

be found in Appendix A.  

Table 3.1 AT Scan images used to extract DSM and map glaciers.  

Film Roll # 
Photo 

number 
Year Region Scale Source 

15BCC05078 95-98 2005 Purcell Range 1:30,000 
Province of British 

Columbia  

15BCC05019 
69-72, 101-

106 
2005 Purcell Range 1:30,000 

Province of British 
Columbia  

15BCC05018 
50-53, 87-

88 
2005 

Height of the 
Rockies 

1:30,000 
Province of British 

Columbia  

15BCC05018 
80-83, 106-

109  
2005 Elk Lakes 1:30,000 

Province of British 
Columbia  
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3.2.2 Digital image processing 

Before DSMs are extracted from overlapping AT Scans the digital image data are 

processed to increase contrast and image detail.  Pixel saturation in an 8 bit image (DN 

255, 255, 255) commonly occurs in the visible wavelengths over land cover surfaces such 

as bright snow and ice covered surfaces (Sidjak and Wheate, 1999; König et al., 2001). 

To increase the success rate of automated DSM extraction image pre-processing was 

required to exaggerate minor differences in reflectance values for near-saturated pixels. 

Several image enhancements were tested to determine which would work to reduce 

shadows as well as in regions of extreme brightness.  Of the techniques evaluated the first 

principal component (PC1) performed better than histogram based enhancements (image 

matching statistics were compared during DSM extraction).  Using remote sensing 

software (ENVI v7.0) a principal component analysis (PCA) transformation was applied 

to each AT Scan image.  The statistics generated from the PCA transformation of the first 

AT Scan was used to re-apply the transformation to subsequent images to ensure 

radiometric consistency.  DSMs extracted from PC1 images have superior image 

matching statistics when compared to DSMs derived from raw imagery or second 

principal component (PC2) images (Pope et al., 2007).  PC1 images provide high contrast 

between features and capture the overall image variance, which improves the image 

matching statistic and reduces failures during DSM extraction.  

An additional image processing step was required to create an orthorectified 

image mosaic.  The process of orthorectification models and removes systematic image 

distortions caused by the camera lens and relief displacement, thus creating an image 

with a fixed scale (Jensen, 2000).  Camera calibration reports (obtained with the AT Scan 

images) were used to specify known lens distortions and the offset of the principal point 

(camera center) relative to the fiducial markings (reference markings along photo edge). 

Images were rectified using values from the camera calibration report and a 25 m 

resolution TRIM DEM.  These data were input into the OrthoEngine module within the 

PCI Geomatica (v9.1) software package.  Orthorectified images were further processed 

using OrthoEngine to crop off the border around each image and to generate a multi-

image composite called an orthomosaic.  
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3.3 Glacier boundary mapping 

Evidence of past glacier fluctuations remain in many alpine basins in the form of 

erosional and depositional landforms and sediments.  Many studies employ a range of 

indirect (proxy) data, such as lake sediment cores, macrofossils, and buried palaeosol 

horizons to infer glacial conditions.  However, this study will focus on landforms 

detectable via remote sensing techniques.  This means that landforms need to be larger 

than 25 metres in size to be clearly identifiable in the aerial photos and digital surface 

models.  Unvegetated moraines are easily identified in aerial photos and are often the best 

indicator of past glacier extent.  Where moraines are absent, erosional features called 

trimlines may be used in conjunction with tree line altitude to infer past glacial extents. 

The sections below introduce two techniques used to determine how extensive mountain 

glaciers were and how these were used to map former glacier extent.   

3.3.1 Glacial moraines 

A classic definition of the word moraine is “an accumulation of drift having 

constructional topography, built within a glaciated region chiefly by the direct action of 

glacier ice” (Flint, 1955).  Unfortunately, the term ‘moraine’ is often overused to describe 

many landforms composed of glaciogenic material.  To remedy this, additional 

clarification is provided to describe the moraines used in this study as a basis for glacier 

reconstruction. 

As a glacier flows the ice deforms while melting, refreezing and sliding over a 

soft substrate or hard bedrock substrate.  These actions result in the erosion of the 

bedrock by plucking and the abrasion/polishing actions of flowing ice.  As ice flows 

downslope the flow lines converge in the accumulation zone and diverge toward the 

margins in the ablation zone (Nesje, 1992).  Thus, over time subglacial debris 

concentrates along the bed, in basal layers of the ice and along the periphery of the 

glacier in the ablation zone.  Rock fall and avalanche debris accumulates on the surface 

of the glacier before being transported downslope as supraglacial debris (Benn and 

Evans, 1998).  During extended periods of glacier stability the ice margin may remain 

stationary, however, the continual motion of flowing ice transports englacial and 
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supraglacial debris to the glacial margins where it accumulates.  If given enough time to 

accumulate, these ice-marginal deposits build in size and relief to become a distinct 

landform, with a moderately sloping ice-proximal side and a steeper distal side (Glasser 

and Hambrey, 2002).  These ridge-like landforms are moraines, and are largely composed 

of a diamicton (poorly sorted, massive deposit with clast size ranging from silt to 

boulder) of sub and supraglacial debris called ‘glacial till’.  Although moraines typically 

consist of glacial till in some cases proglacial ice, native soils or vegetation may be 

incorporated into the landform (Glasser and Hambrey, 2002).  The term diamicton does 

not infer a genetic source of origin, thus it is suitable for moraines where secondary 

deposition of non-glacial sediment (e.g. talus from a rock fall event) may have intruded. 

In alpine valleys, advancing glacier ice is constrained by the surrounding 

topography.  The moraines deposited within the valley indicate the former bounding 

limits of the glacier, which is illustrated in Figure 3.2.  The vertical height of both lateral 

moraines can be used to estimate the elevation and thickness of the former glacier 

surface.  Glaciers that have advanced and retreated numerous times may build-up large 

composite lateral and terminal moraines that may preserve the layers of till from past 

glaciations and horizons from interglacial events like paleosols and vegetation mats 

(Osborn et al., 2001).  When preserved, a terminal moraine marks the maximum extent 

formerly occupied by the glacier terminus.  Terminal moraines may remain intact if 

successive glaciations do not override and destroy them, and when post-glacial erosion is 

minimal.  The moraines of interest in this study are the lateral and terminal moraines, 

because they indicate the length, width and height of the former glacier at its maximum 

extent.    

Once a glacier retreats upslope its moraines are exposed to erosional processes. 

Moraines situated on steep slopes develop gullies, and colluvium may accumulate at the 

base of the moraine (Schiefer and Gilbert, 2007).  Schiefer and Gilbert (2007) report that 

erosion rates of the lateral moraines at the Lillooet Glacier were greatest when the glacier 

retreated and left the moraine debutressed.  If the moraine was ice-cored, subsequent 

melting of this core may result in erosion and/or deflation. 
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Figure 3.2 Bird’s-eye view of a glacier and associated moraines, Niut Range, BC. 
Note the position of the terminal (red) and recessional moraines (orange, yellow, blue). 
The terminal moraines (red) were likely deposited during the LIA and denote maximum 
glacier extent during the Holocene. The lateral moraines (white) are likely composite 
features that were constructed during multiple Neoglacial advances.  

3.3.2 Trimlines 

Ballantyne and Harris (1994) define a trimline as “the maximum level to which 

glaciers or ice sheets have eroded or ‘trimmed’ the bedrock or debris in a valley 

hillslope”.  Figure 3.3 shows the trimline boundary separating glacially eroded surfaces 

from the non-glaciated valley walls.  In recently deglaciated regions trimlines can be 

detected as sharp transitions between types of vegetative ground cover, or by changes in 

the colour, slope angle and/or texture of the bedrock.  Trimlines are used to estimate the 

height of the former ice surface, especially in the accumulation area where lateral 

moraines are absent.  

Care must be taken when delineating trimlines because sharp transitions in 

vegetation or ground cover could arise due to non-glacial factors, such as forest fires or 

geological fault activity.  Aerial photos and topographic data can be used to confirm that 

the mapped trimline agrees with the projected ice surface defined by the crests of the 

lateral moraines.  Depending on the glacial history of an area there may be multiple 



38 

 

trimlines situated at different altitudes.  In the Canadian Rocky Mountains, trimlines from 

Cordilleran Ice Sheet expansion during the Pleistocene Epoch should not hamper LIA 

trimline identification.  If present, Pleistocene trimlines would likely occur near the 

summits of large peaks that were once nunataks.  Ice flow models simulating conditions 

in the Late Wisconsisin (15,000 years ago) estimate that the surface elevation of the 

Cordilleran ice sheet was situated at  ~2500 m above mean sea level (Roberts, 1991).  

LIA trimlines are typically much lower in elevation and are often associated with a 

difference in rock texture or colour due to their relatively young age.  

 

Figure 3.3 Trimline location in relation to the alpine landscape.  

3.3.3 Delineation of glacier extent 

Glacier limits were interpreted and mapped at a scale of 1:5,000 using the 

orthorectified image mosaic(s) as a photo base.  LIA glacier moraines and trimlines were 

used to infer the past ice extent and thickness.  Some portions of the glacier outline were 

inferred from scant geomorphic evidence.  Therefore, effort was made to evaluate the 

positional certainty of the LIA glacier limits.  Modern glacier extents were digitized with 

a high level of positional certainty and represent the 2005 glacier limits.  In 2005 the 

boundary of the glaciers’ accumulation zones were very similar to the mapped LIA 

extents, with the exception of some marginal recession (< 100 metres).  The mapped 
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extents of the glaciers were later visualized with ESRI’s ArcScene software to check that 

boundaries mapped in plan view follow the moraine crest or trimline when viewed in 3D 

perspective.  

3.3.4 Uncertainty of mapped glacier boundaries 

Human interpretation of geomorphic evidence likely introduced some error into 

the mapped 2005 and LIA glacier outlines.  The 2005 glacier outlines were likely 

accurately positioned within ±5 metres.  This is due to the mapping scale used and the 

lack of interpretation needed (ice margins were clearly defined).  Although the glaciers 

selected for this study had well-defined LIA moraines and trimlines, in some places 

moraines were eroded and/or trimlines were faint.  In order to gauge the uncertainty of 

LIA glacier boundaries each outline was buffered with a width of 5 m, 15 m, 25 m, and 

� � 桰Љ � Љ⬀ese buffers were overlain over the orthomosaic and the outline was 

broken into segments and assigned to a mapping uncertainty value class (±5 m, ±15 m, 

±25 m or ±50 m).  Figure 3.4 shows an example of LIA glacier boundaries with four 

classes assigned to indicate the level of horizontal uncertainty in interpretation of the 

photography.  Table 3.2 provides a breakdown of each glacier and the certainty of its 

perimeter lengths.  The digitized LIA boundaries for the 16 glaciers in this study show 

that roughly 76% of the perimeter lengths were mapped within a certainty of 15 m.  Well 

defined moraine crests were mapped within 5 metres and regions with faint trimlines on 

exposed bedrock were mapped within 50 metres.  The Catamount Glacier has the greatest 

uncertainty in its LIA limits, likely due to complex geometry and trimlines situated on 

steep bedrock faces. Despite this uncertainty, the Catamount glacier was included in 

subsequent analysis because the terminal moraines were well defined and trimlines were 

visible along most of the perimeter.  Many glacial reconstructions neglect to mention the 

reliability of the mapped glacier margins, but we include it as it pertains to the reliability 

of the reconstructed LIA glaciers. 
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Figure 3.4 Example of the horizontal uncertainty values assigned to the mapped LIA limits. 
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Table 3.2 Planimetric accuracy of mapped LIA boundaries by glacier 

Boundary Uncertainty as % of Perimeter 
Glacier Name 

LIA perimeter 

(m) Poor 
±50 m 

Fair    
±25 m 

Good    
±15 m 

Excellent     
±5 m 

North Star 19791 0.0% 11.4% 78.6% 10.0% 

Catamount 29680 10.5% 33.8% 51.7% 4.0% 

Centaurus 9694 0.0% 23.9% 69.7% 6.3% 

Carmarthen 4859 0.0% 0.0% 100.0% 0.0% 

Taurus 1 11100 6.2% 15.4% 54.0% 24.4% 

Taurus 2 3401 0.0% 50.2% 20.6% 29.1% 

Shelly 6247 0.0% 19.5% 42.4% 38.1% 

Templeton 8230 0.0% 17.7% 67.5% 14.8% 

Tiger 3726 0.0% 32.2% 40.3% 27.5% 

Oscar 3538 0.0% 15.8% 47.4% 36.8% 

Princess Mary 6582 9.8% 23.0% 59.6% 7.6% 

King George 10650 0.0% 0.0% 68.6% 31.4% 

Pétain 14913 2.8% 25.4% 65.5% 6.2% 

PB1 4509 0.0% 0.0% 100.0% 0.0% 

Marlborough 5331 0.0% 18.1% 66.9% 15.0% 

Elk Glacier 10525 0.0% 22.7% 67.6% 9.7% 

  
Total 
Perimeter: % of total Perimeter by uncertainty class: 

  152776 3.20% 20.36% 63.37% 13.08% 

 

3.4 Field surveys 

Due to the breadth of this project, most of the glaciers included in this study were 

not visited on the ground.  Instead, they were assessed remotely with aerial photography 

and satellite imagery.  This allowed for the inclusion of remote sites with difficult access.  

In order to assess the accuracy of remotely sensed data it is imperative that some field 

visits occur for verification purposes.  Effort was made to visit the most accessible sites 

to collect field data.  Field surveys at Catamount, Shelly and Pétain Glaciers were 

conducted over a two week period during the summer of 2008.  These three sites were 

accessible by a hiking approximately 12 – 25 km (per direction) from the nearest forestry 

service road.  This limited the type of equipment that could be carried as well as the 

survey schedule, because inclement weather cut some survey days short.  Figures 3.5 and  



42 

 

   

Figure 3.5 GPS field data collected in the Purcell Mountain Range during the 

summer of 2008. 
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Figure 3.6 GPS field data collected in the Rocky Mountains during the summer of 

2008. 
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3.6 depict the location of the glaciers visited along with differential Global Positioning 

System (DGPS) data collected during field surveys.  The primary objective of the field 

sampling program was to ascertain whether LIA glacier extents interpreted in the lab 

corresponded to glacier moraine (based on their physical characteristics), and that the 

outline was spatially accurate.  Additionally, the DGPS data collected during field visits 

would be used to estimate the accuracy of the extracted DSMs. 

3.4.1 GPS data collection 

Topographic surveys were conducted to capture the location and elevation of the 

terminal and/or lateral moraines.  A high precision differential DGPS (Trimble TSC2 

controller and Trimble R8 GNSS receiver) was used to collect topographic survey data 

while roaming.  Upon returning from the field it was discovered that the base station was 

incorrectly configured, thus the DGPS data was post-processed using positional data 

obtained from a nearby stationary BC Active Control Site (ACS) in Invermere, BC 

(McGregor-Sauve et al., 1999).  Trimble Business Center software was used to post-

process each GPS observation and exclude points with high RMS error. Table 3.3 

summarizes the precision and RMS error of the DGPS observations recorded in the field. 

Some glacier moraine survey points were rejected during post-processing due to high 

residuals, likely due to walking under a tree, poor PDOP (Position Dilution of Precision), 

or having the antenna at an angle while climbing over boulders.  All DGPS points used as 

ground control had an RMS error less than 2.5 metres and preference was given to points 

with an RMS error less than 1 metre.  DGPS coordinates were then adjusted for the 

height of the antenna by subtracting 1.25 metres from the elevation values of the post-

processed coordinates. 
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Table 3.3 Precision and RMS error of post-processed DGPS data 

n=1595 
Horizontal 

Precision (m) 
Vertical 

Precision (m)  
RMS (m) 

Minimum 0.296 0.388 0.142 

Maximum 0.510 0.500 2.500 

Mean 0.352 0.420 1.439 

Standard Deviation (σ) 0.033 0.028 0.509 

 

 

3.5 DSM extraction 

Stereophotogrammetric techniques can be used to calculate 3D coordinates from 

overlapping scenes of digital imagery.  When the same feature in overlapping images is 

identified, a ray of light can be traced from the camera to the feature(s) so that the feature 

coordinates can be triangulated (Jensen, 2000). The OrthoEngine module of PCI 

Geomatica (v9.1) was used to perform the photogrammetric DSM extraction process.  As 

part of the extraction process, the user specifies the location of the fiducial marks, the 

focal length, lens distortion values and the exterior orientation parameters (EOP) of the 

camera.  The EOPs are necessary to correct for changes in pitch, yaw and roll that may 

have occurred in flight during image acquisition (Jensen, 2000).  The complexity of the 

photogrammetric process is reduced by using AT Scan imagery which has been pre-

triangulated to provide the user with the exterior orientation parameters of the camera for 

each image.  This means that the collection of ground control points and tie-points can be 

omitted without sacrificing positional accuracy in the extracted DSM.  Once the first 

phase of the extraction is complete, the resulting epipolar pairs (anaglyph images) can be 

viewed in 3D to ensure that the bundle adjustment was carried out successfully.  These 

epipolar pairs are then used to extract the DSM and its reliability can be gauged by the 

image matching statistic (Pope et al., 2007).  

Although the automated DSM extraction process is simple, there are many user-

defined options that are important for attaining optimal results.  Four images were used as 

a test to establish which OrthoEngine settings (e.g. pixel sampling interval, DSM quality, 
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and resolution) yielded DSMs most suitable for glacier reconstruction (PCI Geomatics 

Enterprises Inc., 2007).  In order to reconstruct former glacier surfaces the DSM 

resolution must be fine enough that the moraine crests are distinguishable with elevations 

similar to those measured in the field.  During this test it was determined that a DSM 

resolution of 10 metres would be sufficient to capture the crests of the lowest relief 

moraines in the study area.  Figure 3.7 compares the 10 metre DSMs generated from the 

raw AT scans and AT Scans enhanced with the first principal component.  

a) 10m DSM from raw AT Scan.a) 10m DSM from raw AT Scan.

c) Moraine complex at the Catamount Glacier, Purcell Mountains, 
British Columbia. Note the nested recessional moraines ‘R’ upslope 
of the terminal moraine ‘T’.

b) 10m DSM from PC1 image.

T

R

R

 

Figure 3.7 Raw DSM extraction results. Boxes ‘a’ and ‘b’ show the relative elevation 

of moraine crests in the Catamount moraine complex shown in ‘c’.  The DSM 

extracted from PC1 images (b) contain less errors to remove via post-processing. 

Colour gradient shown in ‘a’ and ‘b’ corresponds to a elevation range of 100 metres.  

3.6 DSM post-processing 

DSM extraction in a mountainous environment is often hampered by the 

occurrence of dense vegetation, occlusion, dark shadows and bright snow covered 

surfaces (Rees, 2006; Pope et al., 2007).  Large snow-covered glaciers with homogenous 

brightness values impede the identification of conjugate points (pixel showing the same 

feature) in adjacent images.  When the density of conjugate points correctly matched 

within the image overlap zone declines, image co-registration and DSM extraction may 
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fail (Baltsavias et al., 2001).  Therefore, errors in the extracted DSM typically occur in 

the aforementioned problem areas where dense forest, steep slopes, dark shadow or 

uniform snow cover occur (Fox and Nuttall, 1997; Pope et al., 2007).  It is possible to 

allow OrthoEngine to filter the DSM and fill holes that failed during the DSM extraction 

process, but this is undesirable as interpolation could smooth and mute the elevations of 

moraine crests.  Manual post-processing steps were chosen to interpolate over large failed 

regions, correct errors and preserve the original elevation values.  The data were 

converted into ASCII format and imported into ESRI’s ArcGIS software for post-

processing.  

In each local study area the ASCII DSM was converted into a raster GRID and a 

mass point dataset representing surface elevations.  Shaded relief and ten metre contours 

were created from the raw DSM to assist visual inspection of failed areas and spurious 

spikes or depressions (See Figure 3.8).  DSM errors outside the previously mapped limits 

of LIA glaciation were ignored because they would have no impact on subsequent 

analyses.  

A semi-automated approach was employed to identify and correct DSM blunders, 

but some problem areas required manual correction.  Single cell pits and spikes were 

corrected using Terrain Analysis System (TAS) software (Lindsay, 2007).  Subsequently, 

the curvature tool (Spatial Analyst, ArcMap 9.2) was used to identify and exclude 

spurious spikes and pits with plan or profile curvatures exceeding ±5 (radians per linear 

metre).  This semi-automated approach also involved the creation of a 40 metre buffer 

around failed areas, which was used to select and exclude erroneous elevation values 

along the margins of the failed areas.  In many cases additional points beyond the 40 m 

buffer required removal (in the case of large failed areas), but an increase in the buffer 

width resulted in the potential loss of valuable elevation data.  The removal of these 

points was addressed manually to ensure that elevation values near failed areas were 

correct and not mistriangulated by the DSM extraction algorithm. 
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Figure 3.8 DSM prior to post-processing. Large failed areas were primarily 

confined to patches of bright snow or dark shadow. Localized surface anomalies 

such as depressions and spikes are apparent in the shaded relief. Approximate 
elevation range is from 1800 m to 3000 m a.s.l. 

Once points with erroneous elevation values were removed from the elevation 

dataset, DSMs were rebuilt using the ‘Topo to Raster’ interpolation tool in the Spatial 

Analyst extension of ArcGIS.  Margins of proglacial lakes were input along with 

elevation data so that lake surfaces appeared smooth and were not intersected by 

topographic contours in the finished DSM.  The ‘Topo to Raster’ tool uses a program 

called ‘Anudem’ to generate hydrologically correct DEMs (Hutchinson, 1989).  In one 

extreme case, several topographic contours from the TRIM dataset were used to guide the 

interpolation process over a large failed region.  In this case DSM extraction on the west 

flank of the Catamount glacier failed due to the steepness of the snow covered slope.  The 

elevation values along the periphery of the failed area yielded an unrealistic simplified 

surface when interpolated using the ‘Topo to Raster’ tool.  To remedy this problem, 
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several contours from the TRIM (1:20,000) DEM were used to improve the reliability of 

the DSM interpolated from the raw elevation data.   

This blended approach has the potential to propagate errors from the TRIM 

dataset.  However, this was deemed low-risk given the reported accuracy of the TRIM 

data (± 10 m 90% of the time), the small size of the area requiring correction and the 

benefit of increased detail in the finished DSM (Base Mapping and Geomatics Services 

Branch, 2002).  The option to insert the TRIM DEM elevations in failed areas rather than 

interpolating across them was tested.  Unfortunately the TRIM DEM was created from a 

series of photos acquired between 1995 and 2005; and thus surface heights over glaciated 

surfaces, which may have since thinned or thickened, varied inconsistently (Base 

Mapping and Geomatics Services Branch, 2002).  The post-processing of DSMs was 

considered complete after all failures and aberrations within the LIA glacier limits were 

corrected. 

3.7 Accuracy assessment 

The post-processed 10 m glacier DSMs were compared to other datasets in order 

to assess the severity of errors and suitability for subsequent geospatial analysis.  DSM 

errors are important to understand as they may propagate and affect the quality of the 

LIA glacier reconstruction, the 2005 glacier surface elevation, volumetric changes, and 

DEM derivatives such as hypsometry, aspect and slope angle (Fisher and Tate, 2006). 

Accuracy assessments were completed using post-processed DGPS coordinates to 

determine the root mean squared (RMS) error values for three regional DSMs (Hall et al., 

2003; Fisher and Tate, 2006; Schiefer and Gilbert, 2007).  A comprehensive assessment 

of all five DSMs was not possible as this would have required additional GPS surveys in 

the field.  Where GPS data were not available, random spot checks against the 25 m 

TRIM DEM yielded a difference of < 10 metres in most cases. 

3.7.1 Accuracy assessment of 2005 glacier DSM surface  

Since DGPS observations were limited to the valley bottom and the vicinity of the 

moraines, a composite approach using a variety of datasets was needed to thoroughly 
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estimate the errors across the generated DSMs.  The first level of accuracy assessment 

used a stratified random sample of points distributed across the 2005 glacier DSM to 

compare the difference between elevation values in the 2005 DSM and the TRIM DEM. 

The use of the TRIM DEM enabled the determination of vertical error relative to the 

TRIM dataset across the whole tile, which was especially useful in inaccessible areas. 

This comparison shows that the 2005 glacier DSM was within 10 metres of the TRIM 

elevation 70.1 percent of the time.  A direct comparison between the two DEM surfaces 

showed that the DSM tended to slightly overestimate the elevation of bedrock ridges, but 

tended to underestimate the elevation of the valley floor and glaciers (relative to the 

TRIM DEM).  Further comparisons were needed to determine the accuracy of the DSM 

and TRIM data relative to other elevation data. 

The second phase of the accuracy assessment compared elevations of 3D points 

captured along the glacier surface using VRTwo stereo-plotting software (by Cardinal 

Systems, LLC) against the 2005 glacier DSM.  It is possible that the points collected in 

VRTwo may contain some degree of vertical error as the points were manually collected. 

This comparison shows that the 2005 glacier DSM was within 10 metres of the VRTwo 

points 90.0 percent of the time.  Although encouraging, the positional certainty of the 

points collected with VRTwo software is unknown and, thus of anecdotal importance. 

The third phase of the accuracy assessment compared the elevation of the DGPS 

observations with the 2005 glacier DSM elevation.  When this comparison was done the 

2005 glacier DSM was found to be within 10 metres of the DGPS data 98.5 percent of the 

time.  This yielded the most favourable results as the positional accuracy of the DGPS 

data is known. 

These three phases of accuracy assessment are summarized in Table 3.4 and 

indicate that the elevation of the 2005 glacier DSM is very close to the DGPS and 

VRTwo data.  When the TRIM DEM was compared to the 2005 glacier DSM there was 

found to be a bias; the TRIM DEM appeared to consistently overestimate surface height 

of low angle surfaces.  When the TRIM data were compared with the VRTwo and the 

DGPS data the vertical discrepancy between these (shown in Table 3.3) is great enough 
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to exceed the specifications of the TRIM data program (± 10 m 90% of the time) within 

the target areas assessed (Base Mapping and Geomatics Services Branch, 2002).  

The TRIM DEM consistently overestimated surface elevation by ~5 metres on 

non-glacier covered areas and overestimated elevation by 10-30 m (increasing towards 

the glacier terminus) in glacier covered areas.  This could due to poor data collection in 

VRTwo, error in the TRIM DEM which is greater over ice covered surfaces, or that the 

TRIM DEM no longer represents the ice surface in 2005 due to recent glacier thinning. 

Since the TRIM DEM was generated from images most likely acquired in 1995 (personal 

communication with Harold Steiner, ILMB) it is possible that this elevation difference 

represents melting or thinning that has altered the glacier surface height over a decade. 

Table 3.4 DEM accuracy assessment calculated as a probability  

Comparison of: Probability Within 

36.5% 5 m 

70.1% 10 m 

84.7% 15 m 

TRIM DEM  vs.                    
2005 glacier DEM 

(from AT Scan data) 
95.6% 25 m 

86.0% 5 m 

90.0% 10 m 

90.0% 15 m 

VRTwo points  vs.                                 
2005 glacier DEM 

(from AT Scan data) 
93.0% 25 m 

75.8% 5 m 

98.5% 10 m 

99.7% 15 m 

DGPS points  vs.                  
2005 glacier DEM 

(from AT Scan data) 
100.0% 25 m 

17.0% 5 m 

28.0% 10 m 

52.0% 15 m 

TRIM DEM  vs.                          
VRTwo points 

76.0% 25 m 

13.4% 5 m 

55.6% 10 m 

89.5% 15 m 

TRIM DEM vs.                         
DGPS points 

100.0% 25 m 
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3.8 Glacier reconstruction techniques 

Traditionally, former glacier limits were mapped and reconstructed using the 

shape of topographic contours, and the elevation and position of trimlines or moraines 

were determined from aerial photos and topographic maps (Østrem, 1966; Meierding, 

1982).  These glacier boundaries were then used to infer the former elevation of the 

paleo-glacier surface.  The reconstructed elevation of an ice surface is an estimate 

because the moraines may have been taller prior to erosion or deflation.  

During the glacier reconstruction process we assume that the LIA glacier surface 

is a rectilinear (straight line) surface projected between the crests of both lateral 

moraines, as shown in Figure 3.9.  This generalization assumes that glaciers have a planar 

surface rather than a convex form in the ablation zone, but it is a consistent method that 

can be used at different glaciers and it is easily reproducible.  The amount of error this 

assumption introduces is difficult to estimate because glacier flow models would be 

needed to determine the past glacier surface topography.  

 

Figure 3.9 Use of lateral moraine crests to estimate the thickness of the former 

glacier. A simplified surface is approximated by a rectilinear plane (white dashed 

line). Since a glacier’s surface tends to be convex in the ablation zone (blue dotted 

line) the simplified surface underestimates glacier surface height, especially near the 

centreline. 
 

Minimum estimated 
glacier thickness 
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3.8.1 Transverse glacier curvature 

An idealized glacier viewed in transverse profile would be convex upward in the 

ablation zone, and bowl-shaped or concave in the accumulation zone (Nesje, 1992; 

Hooke, 2005; Cuffey and Paterson, 2010).  This assumption was tested using the TRIM 

25 m DEM to plot elevations along transverse profiles for 30 randomly selected glaciers 

situated within the 1:250,000 scale 82K NTS map sheet.  A 2001 Landsat scene fused 

with 15 m panchromatic data was used to detect the glacier margins marking the start and 

end of each transect. An example of one such a transverse profile is shown in Figure 

3.10, which could be characterized as being partially convex and partially concave.  The 

expected convex profile shape of the ablation zone was absent at three glaciers, and was 

partially convex at eight of the 30 glaciers where transverse curvature was investigated. 

The lack of convex curvature may be attributed to modern downwasting of differential 

ablation.  The variability of transverse curvature in the ablation zone indicated that an 

assumed amount of transverse curvature was inappropriate to include in a simple 

reconstruction of surface elevation. 
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Stockdale Glacier: Ablation Zone Transverse Profile

 X-section Profile ST1 (500m from terminus)
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Figure 3.10  Transverse profile in the ablation zone 500 m upglacier of terminus, 

Stockdale Glacier (not part of this study), Purcell Mountains, BC. Transect is from 

the left glacier margin to the right. The 2005 ice surface is plotted in blue and the 

rectilinear surface projected between the left and right lateral moraine is plotted in 

red. Elevation from 82K TRIM DEM (in metres above mean seal level).   

3.8.2 Glacier reconstruction via surface elevation reconstruction 

After LIA glacier outlines were mapped, elevations along the glacier margins 

were extracted and interpolated using tools in Spatial Analyst (ArcGIS v 9.2).  Several 

spatial interpolation techniques were tested to determine their suitability for 

reconstructing glacier surfaces from marginal elevations along moraine crests and 

trimlines.  Ground surface elevations were obtained at a 10 metre interval along the LIA 

glacier margin. Techniques that were tested to reconstruct LIA glacier surfaces include: 

kriging, trend, spline, topo to raster, and TIN (Triangulated Irregular Network).  The 

resulting surfaces were compared for three test glaciers to establish which techniques 

yielded the most consistent glacier surface contours and cross-sectional profiles for 

simple glacier geometries.  Of these five techniques, three were eliminated as potential 

interpolators due to issues with the resultant glacier surface models.  The trend technique 

was unsuitable for this type of interpolation as the complex flow patterns of many 

glaciers requires a higher order trend surface.  Higher order trend surfaces yield 



55 

 

convoluted surface contours which are unrealistic for a generalized glacier surface. This 

interpolator was only appropriate for simple glacier geometries with one outlet and a 

compact accumulation zone.  Kriging was tested using several semivariogram models, 

but each output yielded unrealistic glacier surface forms.  The Spatial Analyst ‘Topo to 

raster’ tool was tested as well, but the resultant surface is a shallow basin rather than a 

positive relief glacier form.  

The two interpolation techniques that performed well were the spline and TIN 

methods.  Both the spline and TIN surfaces yielded a reasonable approximation of 

modern glacier profiles when the same reconstruction method was tested in an exercise to 

predict 2005 glacier elevations.  The results of this comparison are presented in section 

3.11.   

3.9 ELA reconstruction techniques 

The best way to determine the ELA is with annual mass balance field 

measurements, but this method is costly and time consuming (Benn and Evans, 1998; 

Benn et al., 2005; Carr and Coleman, 2007).  Consequently, many studies use 

topographic maps, air photos and satellite imagery to assist in the determination of the 

ELA.  For this reason great effort has been spent on developing methods to calculate 

ELA by using remote sensing methods (König et al., 2001).  The use of multi-temporal 

satellite imagery has proven very useful for monitoring changes in snow / ice cover and 

to measure the velocity of glacier flow (Kääb, 2002; Kääb, 2005).  Despite these 

applications, most of these techniques are limited to the study of modern glaciers and 

additional approaches are required to estimate paleo ELAs.  

The most appropriate method to reconstruct an ELA depends on the type of data 

available.  Some researchers are able to use modern mass balance gradients and 

knowledge of the modern flow dynamics of a particular glacier to extrapolate into the 

past via basic or sophisticated modeling efforts (Benn and Lehmkuhl, 2000; Klok and 

Oerlemans, 2003; Osmaston, 2005).  When ELAs are to be reconstructed for glaciers 

lacking mass balance data, appropriate methods rely on air photos, topographic maps or 
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digital terrain models. These common techniques and their respective strengths and 

weaknesses are summarized in Table 3.5.  

Of these methods the Accumulation Area Ratio (AAR) has been found to be 

reliable and it has been applied successfully to many types of glaciers with varying 

geometries around the world (Nesje, 1992; Benn and Lehmkuhl, 2000; Nesje and Dahl, 

2000; Benn et al., 2005; Paul et al., 2007b; Dyurgerov et al., 2009).  Two drawbacks of 

the AAR method are that hypsometry is not considered and the correct steady-state ratio 

value must be used for optimal results.  Most temperate cirque or valley glaciers with 

limited debris cover have an assumed steady-state AAR of 0.6 ± 0.05 (Porter, 1975; 

Torsnes et al., 1993; Benn and Lehmkuhl, 2000; Nesje and Dahl, 2000).  The AAR value 

is indicative of a glaciers’ mass balance; an AAR < 0.5 usually indicates negative net 

balance and an AAR > 0.8 indicates a positive net balance (Nesje, 1992).  

The LIA ELA was estimated with a modified approach that combined the AAR 

and Area by Altitude (AxA) methods.  This was accomplished by tabulating the area in 

each 25 metre elevation band and assuming the area of the accumulation zone occupies a 

fixed ratio of the total glacier surface area.  In this study we use an AAR of 0.6, a suitable 

value for alpine glaciers in the mid-latitudes at the culmination of the LIA (Porter, 1975; 

Torsnes et al., 1993).  This assumption holds during the LIA, but estimating modern 

ELA’s using an AAR of 0.6 would likely underestimate the ELA position.  The slow 

decline of glaciers through out the study area indicate that the 2005 AAR is likely much 

less than 0.5.  The AAR of Peyto glacier was ~ 0.26 between 2000 to 2001 (Jiskoot et al., 

2009).  Although mass balance data is available for two glaciers in the Canadian Rockies 

(Peyto Glacier and Haig Glacier) there is not enough data to calculate a regional ELA 

trend surface.  

As the 2005 AAR ELAs are likely incorrect, the Area-Altitude Balance Ratio 

(AABR) method was used to improve ELA estimates for 2005.  This ELA estimation 

method was first described by Furbish and Andrews  (1984) and later substantially 

improved by Osmaston (2005) and Rea (2009).  The AABR method requires a 

programmed spreadsheet to calculate the position of the ELA from many bands of  
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Table 3.5 Summary of common ELA reconstruction techniques, adapted from 

(Meierding, 1982; Furbish and Andrews, 1984; Torsnes et al., 1993; Benn and 
Lehmkuhl, 2000; Benn et al., 2005; Osmaston, 2005; Jiskoot et al., 2009; Rea, 2009). 

ELA Reconstruction 

Method 
Overview Glacier Suitability 

Altitude x Area 
(Kurowski’s Method)  

Calculations based on the 
amount of area by altitude 
are applied starting at the 
mid point of the glacier.  

Works best for glaciers with a 
complex shape e.g. piedmont or 

tributary.  

Ratios of 0.6 to 0.65 used for mid-
latitude glaciers.  AAR 

 (Accumulation Area 
Ratio) 

Area of the accumulation 
zone is estimated as a ratio of 

the overall area (under 
steady-state conditions). 

Does not take into account 
glacier hypsometry. 

Ratios of 0.2 - 0.4 used on debris 
covered glaciers. 

AABR 
(Area-Altitude Balance 

Ratio) 

Weights the mass balance of 
a glacier according to altitude 

bands. Considers glacier 
hypsometry. 

Suitable for any glacier if the 
correct balance ratio is used, 

otherwise it can be used to estimate 
the ELA. 

Hess’s (geodetic) 
Method 

The altitude where 
topographic contours change 

from convex to concave 
approximates the ELA. 

Suitable for any glacier, but 
reconstructed surfaces may lack the 

curvature needed.  

Not suitable for steep glaciers as 
lateral moraines may be poorly 

preserved.  MELM  
(Maximum elevation of 

lateral moraines) 

The highest altitude reached 
by the lateral moraine defines 

the location of the ELA. Suitable for debris laden glaciers 
where the surface gradient of the 

ablation zone is uncertain. 

 MEG 
(Median Elevation of 

Glacier) 

Assumes that median 
elevation of the glacier 

defines the ELA. 

MEG is only suitable as a quick 
estimate. 

Ratios of 0.35 - 0.4 used for small 
cirque glaciers.  

Ratios of 0.5 have been used in mid 
and northern latitudes. 

THAR  
(Terminus-to-headwall 

altitude ratio) 

Estimate ELA by applying a 
ratio to the elevation 
difference between 

maximum and minimum 
glacier altitudes. A rough 

estimate of ELA that doesn’t 
take into account 

hypsometry. 

Ratio of 0.6 used for glaciers with 
large accumulation areas and 

narrow tongues. 

TSAR  
(Toe-to-Summit altitude 

ratio) 

A ratio between the 
maximum and minimum 

altitude of the glacier basin 
(summit to the glacier 

terminus).  

Not suitable for hanging glaciers or 
glaciers where the peak is 

anomalously high relative to the 
rest of the basin.  
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elevation (bins) where the glacier surface is distributed (hypsometry) for a given 

balance ratio (Osmaston, 2005).  Ultimately, the accuracy of the AABR method relies on 

the use of the correct balance ratio (BR), which is often estimated in the absence of mass 

balance data.  A balance ratio of 1.11 ± 0.1 was used to estimate the ELAAABR in 2005 

(Rea, 2009).  This regional balance ratio was determined by Rea (2009) based on mass 

balance observation at five glaciers in the eastern Rocky Mountains of North America. 

The AABR ELA estimation method was deemed more reliable than using the mean 

altitude of the late summer snowline as a proxy of the 2005 ELA.  This is because the AT 

Scan imagery was acquired during early July before the peak of summer ablation season, 

thus snowline altitudes would have been underestimated. 

3.10 2005 Glacier surface elevation interpolation  

A quantitative validation test was devised to interpolate modern glacier surfaces 

at seven glaciers using marginal elevations from the 2005 DEM.  Using the same 

methodology as used in the LIA glacier reconstructions spline and TIN surfaces were 

interpolated using elevation values extracted along each glacier margin.  The interpolated 

spline and TIN glacier surfaces were compared to the post-processed 2005 glacier DSMs. 

The RMS error for both the spline and TIN glacier surfaces were calculated from a series 

of points randomly distributed over the glacier surface.  

The 2005 glacier surface elevation interpolation model exercise yielded similar 

results for both the Spline and TIN surfaces.  The resulting RMS values from this 

exercise are summarized in Table 3.6, where the RMS error indicates the deviation of the 

predicted surface from the 2005 glacier surface.  Both interpolation techniques yielded 

favourable results although at some glaciers one technique was clearly better than the 

other.  Greater RMS error values were obtained from the spline surface models at the 

Pétain and Taurus 1 glaciers.  The TIN surface model for the Carmarthen glacier had a 

much greater RMS value than the corresponding spline surface.  
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Table 3.6 RMS error of the 2005 spline and TIN modeled surfaces  

Glacier Name 
Spline 2005 

vertical RMSE (m) 
TIN 2005 vertical RMSE 

(m) 

Centaurus Glacier 10.20 9.83 

Pétain Glacier 36.94 31.80 

Taurus 2 Glacier 5.18 6.18 

Carmarthen Glacier 10.62 20.19 

Taurus 1 Glacier 19.76 15.34 

Catamount Glacier 25.74 24.88 

Shelly Glacier 15.66 14.78 

North Star Glacier 19.68 20.30 

 

When the spline and TIN interpolated surfaces were compared using cross-section 

profiles, both surfaces yield some profiles that look realistic and others that look 

artificial.  The quality of the interpolated surface cross-section depends on the transect 

location, glacier zone, and the complexity of the glacier and its basin.  An example of this 

is shown in Figure 3.11 where four transverse profiles are compared to evaluate the 

performance of the spline and TIN interpolators.  At Shelly glacier, transect S1 shows 

that both the spline and TIN surface underestimate ice surface height, although the TIN 

performs somewhat better.  Profile S2 shows that the spline underestimates part of the 

2005 ice surface, yet it better approximates a rectilinear ice surface.  The TIN glacier 

surface at S2 reasonably estimates the ice surface until 300 m along the transect.  Here 

the glacier surface decreases in height towards the south, while the modeled TIN surface 

dramatically over predicts surface elevation.  Transect S3 shows that the TIN surface 

better approximates the rectilinear projected surface while the spline surface emulates the 

surface profile. Lastly, profile S4 shows that neither TIN nor spline approximates the 

rectilinear surface, but TIN best approximates the 2005 glacier surface.  RMS error 

values show that the TIN surface (14.78 m) is slightly better than the spline surface 

(15.66 m) at the Shelly Glacier.  Since both interpolators have drawbacks and strengths, 

the decision to pick one over the other relies on the minimizing error and uncertainties as 

well as reproducibility.  
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Figure 3.11 A comparison between 2005 DEM height and interpolated spline and 

TIN surfaces. Transects were measured from the right to left margin. Elevation 

measured in metres above mean sea level. 
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3.11 Comparison of glacier reconstruction approaches: TIN vs. spline 

A problem with the spline technique was that it performed very well for some 

glaciers, but performed very poorly at others.  Typically, spline surfaces better 

approximated the glacier surface in the accumulation zone, while the TIN surface better 

estimated the surface of the ablation zone.  Two examples of transverse profiles are 

shown in Figures 3.12 and 3.13 where the reconstructed surfaces are shown in relation to 

the modern basin and the LIA moraine/trimline.  In Figure 3.12, the spline surface 

underestimates the former ice surface as well as the basin itself.  Figure 3.13 shows that 

both surfaces reasonably estimate the former ice surface, although the spline surface 

could potentially overestimate the surface elevation.  The subjective nature of a visual 

comparison made it difficult to determine whether the spline or TIN method yielded the 

best results in a consistent manner. 

The transverse curvature of a glacier depends on the glacier’s flow dynamics and 

whether the glacier is advancing or retreating.  Since these are unknown, transverse 

profiles were measured at a variety of glaciers to better understand which curvatures were 

common (see section 3.8.1).  Transverse profiles of glacier termini in 2005 showed 

considerable variability in cross-sectional shape, with a tendency towards a modified 

convex-upward form (similar to transect S2 in Figure 3.11).  Modern downwasting of the 

glacier surface may have modified the curvature of the glacier so that the portion more 

exposed to radiation or with greater debris cover (lower albedo), thins preferentially.  If 

this is the case, finding a suitable analog from which to determine the appropriate 

curvature would be increasingly difficult.  

In order to simplify the reconstruction process we assume that the glacier surface 

during the LIA approximates a rectilinear surface projected between the lateral moraine 

crests.  This is best modelled with the TIN interpolation method as the glacier surfaces 

generated with this technique have minimal transverse curvature.  A hybrid product 

composed of both TIN (ablation zone) and spline surfaces (accumulation zone) was 

considered, however this would have decreased the reproducibility of the method. 
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Petain Glacier: Transverse Profile PL400
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Figure 3.12 Transverse profile of the Pétain Basin, in the LIA ablation zone. Basin 

elevation (m a.s.l.) is plotted in brown and the rectilinear surface projected between 

the left and right lateral moraine is plotted in red. The green dashed line represents 

the LIA TIN surface and the pink dashed line represents the LIA spline surface.  

North Star Glacier: LIA Transverse Profile 
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Figure 3.13 Transverse profile of North Star Glacier, in the LIA accumulation zone. 

2005 Basin and ice surface elevation (m a.s.l.) is plotted in brown and the rectilinear 

surface projected between the left and right lateral moraine is plotted in red. The 

green dashed line represents the TIN reconstruction and the pink dashed line 

represents the spline reconstruction of the LIA ice surface.  
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Figure 3.14 Comparison of LIA glacier surfaces reconstructed using two different 

interpolation techniques. Shelly Glacier (lower left) was interpolated using the TIN 

technique and Oscar Glacier (upper right) was interpolated using the spline 

technique. Note: Contours shown are plotted at a 25 metre interval. 

A visual comparison between the reconstructed LIA spline and TIN surfaces in 

Figure 3.14 reveals that the spline interpolation technique creates the most natural 

looking glacier surface.  In comparison the TIN interpolation method generates a glacier 

surface that appears irregular and artificial due to the underlying network of triangles. 

The contours plotted from the TIN surface are angular and jagged; where the spline 

contours are curved such that the glacier surface reflects a convexity or concavity.  This 

is problematic because the amount of transverse curvature resulting from the spline is 

inconsistent and difficult to modify with the available processing options.  The spline also 

generated several interpolated glacier surface elevations where the terminus appeared 

concave, when one would expect it to be convex.  This could be manually corrected, but 

that negates the purpose of finding a robust automated interpolation method for glacier 

surface elevation interpolation.  

TTTIIINNN   sssuuurrrfffaaaccceee   

SSSppplll iiinnneee   

   sssuuurrrfffaaaccceee   

SShheellllyy  GGllaacciieerr  

OOssccaarr  GGllaacciieerr  
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The TIN interpolation best approximates a glacier surface in an automated and 

repeatable manner despite some irregularities in the modeled surface.  The TIN surface 

also minimizes the RMS error of the modeled surfaces.  Although the spline and TIN 

interpolation test (presented in Table 3.6) is not statistically significant due to the small 

sample size, it provided some valuable insights into the performance of these 

interpolators.  Overall the TIN method yielded the best ablation zone reconstruction as 

the spline model tended to underestimate the glacier surface height, creating a basin 

glacier with a lower centerline elevation.  In the accumulation zone however, the spline 

method performed better as it approximates a bowl-shaped accumulation zone.  Based on 

the results of this limited evaluation the spline technique seems suitable for small glaciers 

with a simple geometry such as cirque and niche glaciers (e.g. Carmarthen and Taurus 2). 

When the spline technique was used at complex glaciers the errors were greater and more 

unpredictable than the TIN method.  Although the TIN surface looks somewhat unnatural 

it is suitable for use in LIA glacier reconstructions because it minimizes RMS error and is 

closer to approximating our desired transverse curvature.  Ultimately, the TIN 

interpolation technique was applied to reconstruct 16 LIA glacier surfaces for this study 

due to its reliability, simplicity, consistency and ease of reproduction. 

3.11.1 Assumptions and uncertainty 

In order to reconstruct or simulate the natural environment certain assumptions 

are made.  In this case I assumed that the elevations of the LIA margin (moraine and 

trimline) are approximately the same as they were at the end of the LIA.  With respect to 

the trimlines, this is a valid assumption.  However, it is recognized that moraines are 

subject to rapid erosion after glacier retreat (Schiefer and Gilbert, 2007).  To minimize 

this possibility, only glaciers with well preserved moraines were selected and care was 

taken to exclude marginal elevations that fell within areas visibly incised by streams or 

gullies.  Despite these measures, it is difficult to estimate how much of the original 

moraine height may have reduced by deflation or erosion since the end of the LIA.  

Given the young geological age of these moraines and the site selection process, this is 

less of a cause for concern.  A study by Schiefer and Gilbert (2007) found that moraine 
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erosion rates are greatest as the glacier retreats leaving the moraine debutressed.  When 

this event occurred at each glacier is unknown, however the moraines were likely only 

exposed to post-retreat erosion for a period up to 150 years long.  

The overall level of confidence in the LIA reconstructions can be approximated 

by tabulating the accuracies of the input datasets.  The 2005 DSM generated from the AT 

Scans was found to be accurate within 10 metres over 98% of the time and within 5 

metres 78% of the time.  The LIA glacier outlines were mapped at a scale of 1:5,000 and 

collectively the level of certainty associated with their interpretation is approximately ± 

25 metres.  Some small portions of the glacier outline may have segments of ‘poor’ 

certainty (± 50 m).  However, these should have negligible effects as these make up less 

than 4% of the total glacier perimeter.  Overall, the LIA glacier margins can be 

considered to have a horizontal and vertical accuracy of ± 25 metres at least 95% of the 

time.  Assessing the accuracy of the reconstructed surface is not currently possible as it 

would require prior knowledge of the glacier surface height at the LIA maximum.  Had 

historical photos been available for glaciers at the LIA maximum, DSM models could 

have been extracted directly from the imagery.  Alternatively, glacier flow models could 

have been used to validate or reject the modeled surface, however, this was beyond the 

scope of this project.  The 2005 glacier surface interpolation exercise provides an indirect 

measure of the RMS error of the interpolated TIN surfaces.  Assuming that the accuracy 

of a reconstructed LIA surface is comparable to that of the 2005 surfaces, one can expect 

a maximum RMS error of 32 m for the interpolated TIN surfaces.  This likely 

underestimates the actual error in the reconstructed LIA glacier surface elevations 

because glaciers in 2005 were retreating while glaciers during the LIA were advancing. 

It is recognized that any errors in the digitized glacier boundaries would also 

affect the glacier change data sets and derivative products such as the solar radiation and 

hypsometry data.  The reconstructed surfaces of glaciers during the LIA may be 

idealized, but they serve as a simulation so that the effect of topography on glacier 

response can be investigated.  The 2005 glacier data was found to be accurate within ± 10 

m at least 95% of the time and would be a suitable baseline from which future changes 

can be assessed.  
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3.12 Glacier statistics and change metrics 

Although the majority of effort has focused on the creation of the digital terrain 

data, it is the datasets derived from these DSMs that are most important for glaciological 

and geomorphic applications.  Reconstructed surfaces of glaciers during the LIA are used 

to as a starting point to generate spatial statistics, create new child datasets and to 

calculate glacier change metrics.  The most commonly used glacier change metrics can be 

measured directly from the imagery (e.g. glacier area, length) or may be calculated 

directly from the glacier DSMs (e.g. volume, hypsometry).  The change in glacier surface 

area is determined based on the difference in mapped extents during the LIA and in 2005. 

Glacier flow length was measured along the centreline from the head of the glacier to the 

toe; the difference in flow length represents the retreat distance from mapped LIA limits.  

Various elevation measurements were determined from each glacier DSM at both time 

periods including: the minimum, maximum, relative vertical relief (elevation range) and 

the mean elevation of the accumulation zone. 

The hypsometry of a glacier describes how ice is distributed across an altitudinal 

range (Furbish and Andrews, 1984; Benn and Evans, 1998).  Glacier hypsometry was 

generated by binning each glacier DSM into 25 metre increments and tabulating the area 

associated with each elevation bin.  In this manner hypsometric curves for 2005 and the 

reconstructed LIA glacier surface may be plotted.  These hypsometric curves are useful to 

understand the variation in glacier response to a change in climate (Furbish and Andrews, 

1984; Walter, 2003; Jiskoot et al., 2009).  The shape of the hypsometric curve can be 

quantified with the elevation relief ratio ‘E’ which is mathematically equivalent to the 

hypsometric integral (Strahler, 1952; Pike and Wilson, 1971).  The elevation relief ratio 

was calculated for all glaciers according to Equation 2 using each glacier’s elevation (H) 

characteristics (Pike and Wilson, 1971). 

 

 (2) 
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Other glacier metrics indicative of mass balance include volumetric analysis and 

the determination of the ELA. Volumetric changes of ice loss and or gain are determined 

via a cut-fill analysis using the LIA and 2005 glacier surfaces in a GIS.  The estimated 

volume of ice lost over the glacier surface is calculated for solid ice (m3) and does not 

reflect the volume of water equivalent.  In order to compare the volume lost between 

glaciers of different sizes the change in volume between the two time periods was divided 

by the total surface area of the glacier during the LIA.  This calculation can approximate 

the average height lost since the LIA, but this average does not reflect the true thickness 

of ice lost in the ablation zone, which would be considerably greater.  

ELAAA during the LIA was estimated using a modified Area by Altitude (AAR = 

0.6) method and the 2005 ELAAABR  was estimated using the AABR (BR = 1.11) method. 

The modified Area by Altitude method gives a better estimate of ELA during the LIA 

because the balance ratio for the region during this period is unknown.  For modern ELA 

reconstructions the AABR method is best because it considers hypsometry and the 

regional balance ratios are known.   

The relative upslope area (UA) was calculated based on the ratio of upslope area 

above a glacier to the glacier surface area below (DeBeer and Sharp, 2009).  This is 

because slopes adjacent to glaciers have the potential to contribute snow mass to a glacier 

via the processes of avalanche and wind drift (DeBeer and Sharp, 2009).  Contributing 

upslope areas were digitized to encompass the slopes above the accumulation zone and 

terminated at the drainage divide upslope.  The unitless ‘relative upslope area’ (UA)  

indicates the size of the upslope area relative to the size of the glacier and can be 

calculated using Equation 3 from DeBeer and Sharp (2009).  Glaciers with a small UA 

have very little upslope area relative to their overall size, while glaciers with a high UA 

have a large upslope area relative to size of the glacier.  A relative upslope area (UA) ratio 

greater than 1 indicates that the area of the surrounding overhead terrain is equivalent to 

the area of the glacier surface it has the potential of contributing to.  

 

 

 
(3) 

      Upslope Area (m2)  
                                                      Glacier Area (m2) Relative Upslope Area (UA)  =      
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The ‘shape factor’ (SF) used in this study is a unitless measure that indicates the 

deviation of a shape’s perimeter from the perimeter of a perfect circle (Davis, 1986). 

Shape factor is calculated according to Equation 4, as shown below. The resultant SF 

value indicates the tortuosity (approaching 0) or compactness (1) of the glacier perimeter.  

 

The theoretical amount of direct incoming solar radiation received at each glacier 

pixel in the DSM was calculated using the Solar Radiation tool (available in the Spatial 

Analyst extension of ArcGIS v 9.2).  This tool was used to calculate the hourly incoming 

solar radiation (Wh/m2), which were summed to determine the daily maximum. Solar 

conditions on June 21st 2009 were modeled to render shadows and calculate direct 

radiation values for every 30 minutes under clear sky conditions (default atmospheric 

transmissivity of 0.3 was used).  These assumptions allowed for the calculation of a daily 

theoretical maximum of incoming direct solar radiation, without consideration of changes 

in solar output over time.  Thus, incoming solar radiation values during the LIA were 

assumed to be equivalent to those in 2009, although this was likely not the case. Since the 

calculated solar irradiance is a rate expressed in watt hours per meter2, the energy units 

were converted to Mega joules (MJ) so that the radiant exposure (irradiance per day) 

could be determined.  The daily sum of radiant exposure was tabulated for each glacier 

and then divided by glacier surface area to determine the average radiation per pixel.   

3.12.1 Calculation of spherical orientation data 

Landscape statistics such as slope aspect (azimuth), slope angle (plunge) and the 

shape parameter ‘K’ (dispersion) were calculated for 16 glaciers using Sterostat (version 

1.4.0) and Stereo32 (version 1.0.1) software packages.  These programs plot the data on a 

Schmidt stereonet and determine the eigenvectors and eigenvalues associated with the 

mean glacier direction.  This was done for both the accumulation and ablation zones by 

randomly selecting 500 points in each zone and then calculating the azimuth and plunge 

angle of the first eigenvector. To avoid binning the aspect values into eight cardinal 

directions, circular values of aspect (0° to 360°) were converted into values indicating 

(4) 
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their deviation from south (0° to 180°).  This was done to determine the slope angle, 

aspect and shape parameter in both the accumulation and ablation zones.  By calculating 

spherical statistic values for entire glaciers as well as the ablation and accumulation zones 

it is possible to discern if the entire glacier is relatively uniform in its orientation, or if 

portions are dramatically different.  This distinction is useful to understand why glaciers 

with similar average aspect may respond differently to climate.  For instance, Figure 3.15 

illustrates a glacier shaped like a boomerang, where the opposing orientations of both 

termini differ from the mean orientation (bold arrow).  Rather than using the mean 

orientation, the first eigenvector (E1) is used to describe the primary direction of glacier 

orientation. Although the second eigenvector (E2) is not used to describe the glacier 

orientation, it is used with the first three eigenvalues to calculate the shape parameter K.  

 

Figure 3.15 Illustrated difference between the mean glacier direction (bold arrow) 

and the first and second eigenvectors. This glacier would have a low K value 

approaching 0. 

The ‘K’ value gives a measure of the spherical distribution, or clustering of data 

in three dimensional space (Davis, 1986).  Glaciers with low K values (K<1) have a 

girdle-like distribution with parts of the glacier facing different orientations. These 

glaciers (K<1) are typically situated in bowl shaped basins with peaks or nunataks adding 

complexity to the basin.  Glaciers with high values of K (K>1) are characterized by 
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strong clustering, which means that most of the glacier is oriented the same direction. 

Glaciers with high K values are typically small cirque or niche glaciers that are laterally 

confined by bedrock and thus restricting azimuth and slope angle. 

 

3.12.2 Multivariate statistics 

The spatial data described in section 3.12 were used in a geostatistical analysis of 

glaciers in both the Purcell Mountain Range and the Rocky Mountains.  To better explore 

the amassed glacier data two multivariate statistical approaches were used.  A principal 

components analysis was first used to explore the data to determine what variables were 

important and which could be discarded as they did not contribute greatly to the 

variability in glacier extent (length and area).  Of approximately 30 variables that were 

measured for each glacier, only 13 were selected for further investigation.  These 13 

variables showed some degree of correlation (r > 0.5) with the loss of glacier surface area 

or average height loss and were subsequently used in a principal components analysis 

(PCA).  

A PCA transforms the data by projecting 15 (2005) or 16 (LIA) orthogonal axes 

through the cloud of data so that each axis explains the greatest proportion of the total 

variance in glacier extent data (Davis, 1986; StatSoft, 2007).  When the data are 

transformed, the resulting principal components are uncorrelated linear combinations of 

the 13 input variables.  This effectively reduces the number of variables needed to 

explain most of the variance in the sample (see Davis (1986) for additional information 

about a PCA as a data reduction technique). The first principal component (PC1) 

describes the greatest proportion of the system variance, with each subsequent component 

describing smaller proportions of the system variance.  Only components with loadings 

greater than 0.5 and an eigenvalue greater than one are presented in this section.  The 

magnitude of each component loading indicates which variables contribute the most 

variance to a given component. The sign of the loading indicates contrast between 

opposing variables for a given component. 

A Factor Analysis (FA) with a varimax rotation was used to further statistically 

explore the same 13 topographic variables that were assessed using a PCA.  Factor 
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analysis is similar to a PCA, in that the eigenvalues and eigenvectors are first extracted 

from a correlation matrix, however the orientation of the axes projected through the data 

points is not orthogonal (Davis, 1986).  Factor analysis uses communality to estimate 

how much of the variance in the system is attributed to common factors (StatSoft, 2007). 

The strength of each loading indicates which variables contribute the most variance to a 

given factor, and the sign indicates contrast between opposing variables.  

A sensitivity analysis was conducted for both PCA and FA methods to determine 

the robustness of the statistical analyses, which was important due to the small sample 

size (n = 16 in LIA and n= 15 in 2005).  This was done by excluding the two smallest and 

two largest glaciers from the PCA and FA procedures to examine how the resultant factor 

loadings were impacted for each variable.  Since the factor loadings and their signs would 

likely change with reduced input data, the results of the full PCA or FA were considered 

robust if the key contributing variables to each component / factor were consistent with 

the reduced PCA or FA results.  This sensitivity analysis provided useful information 

regarding the robustness of the PCA and FA results because the variable groupings may 

have been overwhelmed by glaciers of extreme size.  Additionally, data used in the PCA 

and FA procedures were spilt into their respective geographic regions and reanalyzed. 

This was done to determine whether there was a distinct regional trend that was obscured 

when both regions were lumped together during the statistical analyses.  The results of 

these analyses are presented in Chapter 4 and discussed in detail in Chapter 5. 
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Chapter Four: Results 

4.1 Introduction 

This chapter reports on the glacier change metrics described in Chapter three. 

Glacier cover, length, relief and other descriptive statistics are summarized for the LIA 

maximum and 2005 in Section 4.2.  Relative upslope area ratio, hypsometric curves and 

the classification of these into hypsometric types along a continuum are explained in 

Sections 4.3 and 4.4.  Sections 4.5 and 4.6 describe the results of a principal component 

analysis and factor analysis for topographic variables during the LIA maximum and in 

2005.  

Several types of alpine glaciers are investigated in this chapter. The distinction 

between types is important as it relates to the environmental setting of the glacier.  While 

all 16 glaciers are alpine glaciers that are constrained by topography there are several 

shape classification terms that are used to better describe the glacier.  These classification 

terms describe glaciers as being cirque, niche, valley, or hanging glaciers (Benn and 

Evans, 1998).  Additionally, the term ‘glacieret’ may apply to small glaciers that form in 

small depressions on a mountainside.  Some glaciers are too complex to classify in this 

manner as they have attributes belonging to several different glacier types.  

4.2 Descriptive statistics  

The following subsections summarize the changes in area, length, volume, 

elevation, ELA and hypsometry that have been measured.  For additional tables and 

detailed information please refer to Appendix B.  

4.2.1 Glacier area at the LIA maximum and in 2005 

During the LIA there was considerable variability in glacier size and length. Some 

glaciers were confined to isolated cirques and sheltered niches, but others advanced far 

downslope.  Glaciers that existed as small cirque or niche type glaciers during the LIA 

are presently retracted (have retreated close to the cirque headwall) and in many cases 

they have fragmented into separate ice lobes.  Large valley glaciers with complex 
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geometries during the LIA remain considerably larger than niche or cirque glaciers 

despite a prolonged period of retreat.  

Glaciers in the Rocky Mountains lost ~ 56%, whereas those in the Purcell Range 

lost ~ 63% of their former areal extent (see Table 4.1).  This difference is not statistically 

significant due to the small sample number.  The consistent retreat of glacier termini in 

the region has been punctuated by brief periods of advance or stability, as interpreted 

from recessional moraines.  As the amount of glacier cover is reduced, larger glaciers are 

fragmented into detached bodies of ice.  Some ice bodies are too small to undergo the 

internal deformation and basal sliding required to flow downslope and should be 

considered perennial snow or ice patches rather than glacierets (Benn and Evans, 1998). 

Former glaciers that may be considered perennial snow or ice patches in 2005 include 

Carmarthen Glacier and a small detached lobe of the Taurus 1 glacier.  Larger glaciers 

that have fragmented include Catamount, Elk Templeton, King George and Princess 

Mary glaciers. 
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Table 4.1 Summary of glacier area and percent area loss.  Italicized glacier names 

are formally recognized in the BC Gazetteer while others are unofficial.  

Mountain 

Range 
Glacier Name 

LIA area 

(km²) 

2005 area 

(km²) 
% Area loss 

Catamount  13.39 7.16 46.5% 

North Star  6.94 4.68 32.6% 

Centaurus  1.89 0.30 84.3% 

Carmarthen  0.68 0.12 82.5% 

Taurus 1 2.36 1.16 50.9% 

Taurus 2 0.38 0.18 52.1% 

Shelly 1.79 0.80 55.6% 

Oscar 0.52 0.22 58.1% 

Templeton  1.85 0.51 72.4% 

Tiger  0.57 0.00 100.0% 

Purcell sub-total: 30.36 15.11 - 

Purcell 

Mean: 3.04 1.51 63.5% 

King George 2.77 1.49 46.4% 

Princess Mary 0.95 0.50 47.4% 

Pétain  6.02 3.73 38.0% 

Elk  3.52 1.56 55.7% 

PB1  0.39 0.13 67.4% 

Marlborough  0.82 0.14 83.1% 

Rockies sub-total: 14.46 7.54 - 

Rocky 
Mountains 

Mean: 2.41 1.26 56.3% 

  Totals: 44.83 22.65 - 

  Mean: 2.80 1.42 60.8% 

  Standard deviation: 3.43 2.04 18.9% 

  

The percentage of area loss negatively correlates with the area, vertical relief, and 

mean elevation of the accumulation zone during the LIA.  The percentage of area loss 

also negatively correlates with relief and area in 2005, but the strength of the correlations 

is greater.  The Pearson’s correlation coefficient for the relief variable is greater in 2005 

(LIA r = -0.69 / 2005 r = -0.73), while the coefficient for the area variable also increased 

in 2005.  Figure 4.1 provides a graphic display of the spatial differences in percent glacier 

loss. 
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Figure 4.1 Percent of glacier cover remaining in the RSA.
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4.2.2 Glacier volume and height loss 

As we have no measure of the present day ice thickness, only the amount of 

volume removed from the ice surface between the LIA maximum and 2005 is calculated. 

The difference between the reconstructed LIA ice surface and the 2005 glacier DSM 

provides a measure of the total net volume of ice loss since the LIA. The net volume loss 

data are summarized in Table 4.2.  Estimates of the remaining volume are not possible 

without extrapolating the remaining volume from mass balance data, volume-area scaling 

studies, or having prior knowledge of ice thickness from ground penetrating radar (GPR) 

surveys.  

Table 4.2 Glacier volume loss between LIA maximum and 2005.  Italicized glacier 

names are formally recognized in the BC Gazetteer while others are unofficial. 

Mountain 

Range 
Glacier Name Net Volume Loss (m

3
) 

Catamount  846,196,582 

North Star  281,733,259 

Centaurus  23,699,265 

Carmarthen  13,274,091 

Taurus 1  69,861,954 

Taurus 2  5,330,533 

Shelly  89,345,362 

Oscar  18,592,308 
Templeton  64,485,082 

Purcell 

Tiger  15,241,950 

King George 87,588,175 

Princess Mary 20,823,825 

Pétain  270,831,559 

Elk  138,549,142 

PB1  4,890,331 

Rocky 
Mountains 

Marlborough  19,108,099 

  Total Volume Loss: 1,969,551,517 

  Average Volume Loss: 123,096,970 

  Standard Deviation: 211,720,301 
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Due to the considerable variation between glaciers the data were standardized to 

enable direct comparison. In the data shown in Appendix B and C, the largest glaciers 

lost the most volume and the smallest glaciers the least, because the volume lost per 

glacier is strongly correlated with glacier size (r = 0.77).  Net volume loss was then 

converted to average height loss by dividing the net volume loss per glacier by the glacier 

area.  The average height represents the amount of thinning that has occurred since the 

LIA at each glacier.  However, it does not provide information about which parts of the 

glacier thinned the most.  The spatial patterns observed in the volume and average height 

loss (thinning) datasets are shown in Figures 4.2 and 4.3.  The amount of thinning is 

variable between glaciers, yet the regional means of the Rocky Mountains and the Purcell 

Range are consistent (see Figure 4.3).  

In 2005, ongoing thinning in the accumulation area is evident for most glaciers in 

this study.  Signs of thinning in the accumulation zone include bare, multi-year ice at the 

top of the glacier, ice margin recession, exposure of previously ice covered bedrock and 

supraglacial melt water ponds (Pelto, 2010).  In 2005, nine out of fifteen glaciers 

exhibited clear evidence of accumulation zone thinning and marginal recession. Large 

scale aerial photographs from the 1970’s (see Appendix A.4) revealed that six of twelve 

visible glaciers were showing signs of thinning in the accumulation zone at that time.  A 

review of all fifteen remaining glaciers was attempted, however early September snow 

cover hampered this process as six glaciers were obscured by snow.  Details regarding 

the 1970’s aerial photography are listed in Appendix A.4. 

At each of the sixteen glaciers there are regions where the 2005 surface is higher 

than reconstructed LIA glacier surface.  These small areas of ice ‘thickening’ typically 

occur in areas where the slope angle rapidly changes or where modern wind deposited 

snow forms large ridges and drifts.  This indicates that the rectilinear TIN surface is too 

simplified to completely capture the complexity of an irregular surface and/or that the 

trimline elevation used in the reconstruction was too low.  For most glaciers in this study 

these small regions of thickening are minimal (volume gain less than 5% of volume lost).  

However, at Centaurus, Templeton and PB1 glaciers the amount of volume gain was 

substantial relative to the amount of volume lost.  This is likely due to the fact that  
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Figure 4.2 Volume of ice lost between the LIA maximum and 2005 
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Figure 4.3 Average height loss at glaciers between the LIA maximum and 2005.  

‘Combined thinning’ refers to the regional total of average height loss. 
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glaciers within debris-laden basins are harder to accurately map.  The small size of these 

glaciers also means that errors in the mapped boundaries will affect a greater proportion 

of the glacier surface area and subsequent volume calculations.  A tabular summary of 

volumetric changes are presented in Appendix C.   

4.2.3 Glacier terminus retreat 

All of the glaciers in this study have undergone considerable retreat from their 

former LIA extents.  The 10 glaciers in the Purcell Range have lost the most length when 

compared to the 6 glaciers measured in the Rocky Mountains.  Figure 4.4 provides an 

illustrated summary of retreat distances in the region.  To facilitate the comparison of 

retreat distances at glaciers of differing sizes, the data were normalized by calculating 

retreat as a percentage of the LIA maximum length.  The percentage of length lost 

warrants consideration, as the magnitude of the retreat distance is dependent on the initial 

size and shape of the glacier. 

Situated in the Purcell Range, Centaurus Glacier retreated 2.4 km, more than any 

other glacier in this study.  Catamount and North Star Glaciers, situated on the same ridge 

as Centaurus, retreated 2.0 km and 2.2 km respectively.  Elsewhere in the Purcell Range 

retreat distances vary from 0.5-1.6 km.  The total combined distance of glacier retreat in 

the Purcell Range is 13.77 km, with a regional mean of 1.4km ± 0.67 km.  Glaciers which 

lost the greatest percentage of their former (LIA) length were among the smaller glaciers 

in the Purcell study area.  For instance, Tiger Glacier retreated 1.5 km, but vanished 

completely.  Glaciers in the Purcell Range with the greatest percent retreat include Tiger, 

Templeton and Centaurus, all of which are small (< 2 km2) cirque and niche glaciers.  

The largest glaciers in the Purcell Range experienced the lowest percent of retreat.  As 

the largest glaciers studied in this region, Catamount Glacier and North Star Glacier 

retreated 33.7% and 35.3% respectively.  

 Measured retreat distances in the Rocky Mountains vary between 0.3 km and 1.8 

km. In Elk Lakes Provincial Park the Pétain Glacier retreated 1.8 km and the Elk Glacier 

retreated 1.6 km.  In the Height of the Rockies Provincial Park, both southeast facing  
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Figure 4.4 Percent glacier retreat in the Regional Study Area. ‘Combined retreat’ 

refers to the regional total retreat distance. 
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glaciers on Mt. King George have retreated a distance of ~1.3 km.  Sheltered niche 

glaciers in the region, such as PB1 glacier retreated 0.3km, the least of all glaciers in the 

study.  Marlborough glacier (< 1 km2) retreated 68.9%, which is the largest percent 

retreat measured in the Rocky Mountains.  The glaciers with the least percent of retreat 

include the largest glaciers in the region, as Pétain Glacier and King George Glacier 

retreated 32.7% and 33.4%, respectively.  Considering the high solar exposure on the 

southeast side of Mt King George it is surprising that both Princess Mary (48.9%) and 

King George Glaciers (33.4%) have low percent retreat values.   

In summary, the glaciers that lost more than 60% of their former length were 

smaller glaciers (< 2 km2) while larger glaciers (> 4 km2) lost between 32-35% of their 

former length.  Despite this tendency, there are exceptions. The east facing Elk Glacier 

lost ~52.4% of its former length despite having a larger area and more sheltered 

orientation than King George glacier.  Also, low values of percent retreat between 32%-

46% were observed at small (< 2 km2) sheltered niche glaciers in both the Purcell and 

Rocky Mountain ranges.  These exceptions show that glacier size in itself is not a reliable 

predictor of the retreat magnitude.  

4.2.4 Vertical relief and elevation of glaciers 

During the LIA, glaciers with high vertical relief often had the lowest terminus 

elevations (r = -0.71, p = 0.05) and were the most extensive in area (r = 0.74,    p = 0.05). 

As glaciers retreat from their LIA maximum limits, elevation range is defined by the new 

minimum and maximum altitudes.  Maximum elevations remained near constant for all 

glaciers as terminus elevations increased, thus reducing the relative vertical relief of each 

glacier considerably.  The vertical relief of reconstructed glaciers range from a minimum 

of 420 m to a maximum of 1225 m, while the same glaciers in 2005 range from 200 m to 

670 m (excluding hanging glaciers).   

  Vertical relief is also correlated with Shape Factor (rLIA= -0.67, p = 0.05 and   

r2005 = -0.50, p > 0.05).  The negative correlation between the Shape Factor variable and 

vertical relief means that a glacier with a large elevation range may tend to have a low 

shape factor (a tortuous perimeter when approaching zero).  Conversely, glaciers with a 
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smaller elevation range tend to be more compact, with shape factors approaching one. 

Since vertical relief is closely linked with glacier size and shape factor this variable was 

normalized by expressing relief as a percentage of the former relief.  Glaciers with the 

greatest relief during the LIA include Catamount, North Star and Princess Mary glaciers. 

In 2005 the glaciers with the lowest percentage of their former relief remaining were 

Templeton (28.6%), Catamount (42.6%) and Carmarthen Glacier (49.7%).  The dramatic 

loss of relief at Templeton and Catamount glaciers is due to the glaciers’ retreat upslope 

over steep terrain to occupy gentler terrain.   

During the LIA there is an apparent relationship between the mean elevation of 

the accumulation zone and exposure to direct solar radiation (r = 0.71, p = 0.05), yet in 

the 2005 data there is no significant correlation (r = 0.38, p > 0.05).  This is unexpected 

considering that the mean elevation in 2005 has increased, and that solar radiation tends 

to increase with altitude.  

A weak linkage between terminus elevation and the Elevation Relief Ratio (‘E’) 

existed during the LIA (r= -0.56, p = 0.05).  This may indicate that glaciers with lower 

terminus elevations tend to have greater ‘E’ values (top-heavy hypsometry).  This 

tendency is not significant in 2005 (r = -0.06, p > 0.05).  This could be due to the increase 

in terminus elevation, a change in glacier shape and/or a tendency towards lower ‘E’ 

values (bottom-heavy hypsometry) at most glaciers in 2005.  Vertical relief is an 

important factor contributing to glacier persistence which will be addressed in more detail 

in sections 4.5 and 4.6. 

4.2.5 Glacier equilibrium line altitudes  

Reconstructed LIA ice surfaces yield a mean ELAAA of 2519 ± 46 m using an 

accumulation area ratio of 0.6 and 25 metre binned elevation data.  Modern glacier 

surfaces yield a mean ELAAA of 2651 ± 49 m when the area by altitude ELA method is 

used and a mean ELAAABR of 2669 ± 48 m with the AABR ELA method.  The 2005 

AABR ELAs are higher than those calculated with the modified area by altitude method, 

but the mean elevation difference between the methods is only ~14 m (σ 23 m).  In  the 

RSA the ELA rise since the end of the LIA is 150 ± 42 m, which is slightly less than the 
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rise of 179 ± 92 m reported by Jiskoot et al. (2009) for glaciers in the Clemenceau 

Icefield and Chaba group. 

In the Purcell Mountain Range reconstructed LIA glacier elevation surfaces yield 

a mean ELAAA of 2487 m ± 47 m.  In 2005 the surface elevations of same glaciers yield a 

regional ELAAABR of 2621 m ± 50 m.  This corresponds to a 134 m rise in ELA for 

glaciers in the Purcell Mountain Range.  In the Rocky Mountains the mean ELAAA from 

reconstructed LIA glacier elevation surfaces was 2572 m ± 33 m.  In 2005 the regional 

ELAAABR in the Rocky Mountains was found to be 2730 m ± 20 m.  This corresponds to a 

158 m rise in ELA for glaciers in the Rocky Mountains. A comparison of post LIA ELA 

rise between the Purcell and Rocky Mountain ranges shows a negligible difference of 

~24 metres; this is because glaciers in the Rocky Mountains experienced a slightly 

greater rise in ELA.  

Although no modern regional ELAs for the Purcell Range have been reported, 

Ommanney (2009) reports that ELAs in Joffre Group of the Rocky Mountains varies 

between 2600 and 2700 metres.  In the Clemenceau Icefield and Chaba Group Jiskoot et 

al. (2009) report that the regional ELA varies between 2548 m and 2560 m when 

calculated using Kurowski’s method.  At Peyto Glacier in Banff National Park mass 

balance measurements indicate a long-term (1966-1995) ELA of 2695 m (Demuth and 

Keller, 2006).  

Considering that there is ample evidence that modern glaciers are currently in a 

state of disequilibrium, the 2005 ELA values should be used with caution.  The AABR 

method better estimates the ELA, but the reliability of this method depends on the 

balance ratio used (BR = 1.11) which was determined by Rea (2009) from five glaciers in 

the eastern Rockies.  Figure 4.5 illustrates the considerable variability in ELA values in 

both mountain ranges, with a trend of increasing ELAs to the east.  Although the first 

order trend surface shows a distinct gradient, the errors bars show that the means of the 

ELAs in both regions are only statistically different during 2005.  Despite the lack of 

statistical difference during both time periods, glaciers in the Rocky Mountains tend to 

have higher ELAs than glaciers in the Purcell Mountain range.  This observation has been 

previously reported by Østrem (1973) in his study of transient snowline positions in 
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southern British Columbia.  There is a considerable amount of ELA variance between 

glaciers in the same geographic region during both time periods.  The gradient of the 

2005 regional ELA surface echoes that of the LIA regional surface albeit shifted to a 

higher elevation.  

 

Figure 4.5 ELA estimates of LIA glaciers and 2005 glaciers with standard deviation 

bars. First order trend surfaces are represented by a black dashed line in the LIA 

(R
2
 = 0.23) and a blue dashed line in 2005 (R

2
 = 0.27). 

 

4.2.6 Direct radiation 

Because the topographic setting of each glacier is unique, there is a wide range in 

the average radiation received at each location.  The averaged radiation data suggest that 

these differences are likely attributed to differences in aspect, slope angle, elevation and 

topographic shading.  Figure 4.6 shows that the greatest contrast in average direct 

radiation was observed between Marlborough Glacier and Princess Mary Glacier, with a 

difference of 116 MJ.  This difference is meaningful in a climatological sense. Models 

investigating the plausibility of solar forcing on climate have shown that a 1 to 1.5 W/m2 
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decrease in solar irradiance was sufficient to trigger hydrological and meteorological 

changes during the Maunder minimum (Lean et al., 1992; Magny et al., 2010).  This 

0.24% decrease in global irradiance is suggested to have decreased the global equilibrium 

temperature by 0.2º C to 0.6º C (Lean et al., 1992; Lean et al., 1995).  Spatial patterns of 

radiation variability are apparent when examining the raw, non-normalized direct 

radiation maps available in Appendix D.  

Direct Solar Radiation in June 2009 
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Figure 4.6 Mean direct solar radiation received per glacier on the summer solstice 

(June 21).  

4.2.7 Spherical orientation data 

Landscape statistics such as slope aspect (azimuth), slope angle (plunge) and the 

parameter ‘K’ were calculated for 16 glaciers.  Several glaciers have a similar orientation 

in both the accumulation and ablation zone, which appears to be related to the structure of 

the underlying geology.  Other glaciers have different aspect and surface slopes in the 

two zones that are likely due to substantial topographic breaks in complex terrain. Evans 

(2006) explains that the orientation of the accumulation zone is more important than the 

ablation zone, because snow and ice deposited in the accumulation zone become mass 
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inputs contributing to the flow of the glacier.  While the orientation of the ablation zone 

may affect mass balance characteristics, it is the accumulation zone orientation that 

dictates the collection and preservation of snow (Evans, 2006). 

As expected, there is some dispersion in the aspect values for accumulation zones 

in this study.  The mean orientation of the 16 glaciers is 54.1º (σ = 45.8 º) or northeast 

during the LIA.  Figure 4.7 depicts this using an equal area projection on a Schmidt 

Stereonet.  The following stereonet in Figure 4.8 shows the shift in the distribution of 

glaciers as glaciers retreat upslope.  Southeast facing glaciers have retreated close to a 

mountain peak where the orientation of the bedrock varies.  Most glaciers have a similar 

aspect in both the accumulation and ablation zones, however several glaciers depart from 

this trend, with a maximum deviation of 46 degrees.  The geologic structure of the 

landscape appears to be the controlling factor affecting these changes in aspect.  The 

slope angle of the accumulation area and its change over time is an important indicator of 

thinning and changes occurring in the glacier system.   Several glaciers in this study have 

gently sloping accumulation zones, which are equal to or less than the gradients of the 

ablation zones.  These glaciers are all found in the Purcell Range and include the 

Catamount, North Star and Centaurus glaciers which are located along Starbird Ridge. 
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Figure 4.7 LIA glacier orientation. Density contours indicate the number of glaciers 

oriented in different azimuth directions. Contours are plotted from the azimuth and 

plunge angle of the first eigenvector for the entire glacier on a Schmidt Stereonet. 

0°

90°

180°

270°

Equal area projection, lower hemisphere

N = 15

Maximum density = 5.00

Minimum density = 0.00

Mean density = 0.30

Density calculation: Small circle count

Small circle area = 10 ‰

Contour intervals = 10

From minimum to maximum

Stereo32, Unregistered Version  

Figure 4.8 Orientation of glaciers in 2005. Density contours indicate the number of 

glaciers oriented in different azimuth directions. Contours are plotted from the 

azimuth and plunge angle of the first eigenvector for the entire glacier on a Schmidt 

Stereonet. 
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Values of the parameter K are summarized in Figure 4.9 to illustrate the 

dispersion in glacier orientation.  The two highest K values determined at the LIA 

maximum were found at Oscar and Taurus 2 glaciers, both of which are cirque glaciers 

that are laterally confined by bedrock headwalls.  Lower K values are associated with 

glaciers that span different slope aspect and are more varied in their orientation.  

Mountain glaciers in complex terrain typically have lower K values when compared to 

cirque and niche glaciers. 

 

Figure 4.9 Dispersion in glacier orientation (parameter K) for glaciers at the LIA 

maximum. 

4.3 Upslope area  

Relative upslope area values for glaciers in the LIA and 2005 are summarized in 

Appendix B1 and B2.  Upslope area values in 2005 are greater than they were at the LIA 

maximum because the glacier surface area was less in 2005 relative to the contributing 

upslope basin area. Mean UA values tended to be slightly larger for glaciers in the Rocky 

Mountains (µ = 0.43) than they were in the Purcell Mountains (µ = 0.28).  The reason for 

this is presently unknown. It could be that glaciers in the Rocky Mountains require 

greater UA values to persist in a drier environment, or it could be related to the geologic 
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structure of the mountain range.  Figure 4.10 shows two things, firstly that small glaciers 

tend to have a greater UA than large glaciers, and that Princess Mary and King George 

Glaciers have very high UA values.  

Relative Upslope Area by Glacier  
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Figure 4.10 Plot of relative upslope area (UA) by glacier in 2005. The number in 

parentheses indicates the number of ice bodies if the glacier has fragmented.  

Glaciers are arranged along X axis from smallest to largest (left to right). 

4.4 Glacier hypsometry 

The hypsometric profiles were normalized so that all curves are expressed as 

percentages of the total vertical relief and cumulative area.  In this manner the shape of 

the curves between various glaciers with differing geometries can be compared (Furbish 

and Andrews, 1984; Jiskoot et al., 2009).  The shape of the curve is important as it 

indicates at which elevations the bulk of the glacier area is situated.  Steep parts of the 

curve indicate that little of the percent area exists in that elevation range; an example of 

this is shown in Chapter 1 in Figure 1.3.  
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4.4.1 Hypsometry types 

Several types of hypsometric continua have been proposed to facilitate landscape 

morphology studies.  This study refers to Strahler’s hypsometric continuum and the          

continuum presented in Jiskoot et al.(2009) which is glacier specific.  In this study the 

Elevation relief ratio (E) is used in statistical analysis while other continua were used to 

aid interpretation of observed glacial changes.  Figure 4.11 shows that as E values 

increase hypsometric forms tend toward a top-heavy hypsometry.  

 

Figure 4.11 Hypsometric integrals are used to rank glacier hypsometry. This 

hypsometric rank is plotted against Elevation relief ratio (E) values. 

At the LIA maximum most glaciers had a greater proportion of their total area 

distributed in the top 50% of their elevation range (top-heavy) when compared to their 

modern counterparts.  Glaciers had larger E values at this time, with the exception of 

Carmarthen, Templeton and Marlborough glaciers.  Reconstructed LIA E values were 

found to correlate negatively with the terminus elevation (r = -0.56, p = 0.05) and 

positively with average height lost (r = 0.55, p = 0.05).  This means that glaciers with 

higher E values during the LIA tended to have lower terminus elevations and greater post 
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LIA height loss.  Figure 4.12 plots glacier hypsometry ranked according to the Jiskoot et 

al. (2009) continuum versus the average height loss per glacier.  Interestingly, although 

the percent of area loss is uncorrelated with glacier hypsometry, for certain glaciers a 

bottom-heavy hypsometry is associated with dramatic post LIA ice loss.  Figure 4.12 

shows that the North Star, Catamount and Pétain glaciers suffered the greatest average 

height loss, but as the largest glaciers in this study this is not unexpected.  

 When glaciers occupied their maximum LIA extent the distribution of ice was 

quite different than today, especially in complex terrain.  Today the Templeton Glacier is 

perched on a bedrock bench, but at the LIA maximum it was a hanging glacier that 

flowed over a cliff to occupy a lower basin. In this case the retreat of the glacier 

significantly altered the shape of the hypsometric curve and the resulting ‘E’ value.  The 

2005 ‘E’ values yield a negative correlation with glacier relief (r = -0.54, p = 0.05), 

indicating that glaciers with higher E values have a lower elevation range.  These results 

may seem counterintuitive but will be discussed in Chapter 5.  

 

 Figure 4.12 Average post LIA height loss vs. hypsometric type during the LIA.  
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4.5 Principal component analysis 

A Principal Component Analysis (PCA) was used to statistically explore 13 

topographic variables associated with each glacier.  This statistical method was selected 

as a potential data reduction technique and it is one of the few statistical techniques that 

applies for small sample sizes (n = 16 in LIA and n = 15 in 2005).  Furthermore, a PCA 

was used to detect groups of variables which may have acted together to influence the 

magnitude of change in glacier length or area.  These variable groupings along with the 

strength and sign of the factor loading were used to assign a relative rating of ‘high’ or 

‘low’.  This rating is called the ‘expected topographic vulnerability rating’ (ETVR) and it 

is determined based on the observation that some driving variables have a greater or 

lesser chance of influencing a substantial change in glacier area.  Groupings of certain 

variables may increase a glacier’s topographic vulnerability.  This is indicated by a ‘high’ 

topographic vulnerability rating, relative to variables of the opposing sign which pose a 

lower risk to a substantial change in glacier area.  These ratings contribute to the 

calculation of glacier sensitivity scores which are discussed in Chapter 5 and summarized 

in Appendix G.   

The 13 topographic variables (listed in Tables 4.3 and 4.5) were used throughout 

the statistical analyses of LIA and 2005 glacier data.  Both the LIA and 2005 PCAs 

yielded similar results.  The LIA PCA results will be summarized first and then minor 

differences in the 2005 dataset will be contrasted.  Glaciers with principal component 

scores close to zero have an average amount of variance relative to the sample; therefore 

attention is paid to glaciers with extreme (large positive or negative) scores.  These 

extreme scores indicate that some glaciers exhibit atypical response traits. PCA factor 

scores for each glacier are reported in Appendix E.  

4.5.1 LIA principal component analysis 

Four principal components (PC) extracted from the LIA glacier data collectively 

account for 86.9% of the observed variance in the input glacier data (n = 16).  Table 4.3 

lists factor loadings associated with each variable.  Table 4.4 summarizes which variables 

contribute greatly to each PC, which glaciers have extreme scores, and describes the  
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Table 4.3 Component loadings of LIA glacier data. Loadings greater than 0.5 are 

marked in bold and loadings stronger on a previous component are italicized. 

LIA Topographic Variable PC1 PC2 PC3 PC4 

Ablation zone aspect                        
(deviation from south) 

-0.28  0.85  -0.32  0.06  

Accumulation zone aspect                    
(deviation from south) 

-0.44  0.75  -0.36  -0.06  

Area (m2) 0.72  0.59  -0.04  0.01  

Average direct radiation (MJ) 0.89  -0.25  0.13  -0.16  

ELAAA (m a.s.l.) 0.66  -0.35  -0.48  -0.15  

Elevation relief ratio (E) 0.34  0.36  0.46  -0.58  

Mean altitude of accumulation zone (m a.s.l.) 0.81  -0.29  -0.38  0.05  

Slope angle of ablation zone -0.42  0.15  0.61  0.20  

Slope angle of accumulation zone -0.69  -0.32  -0.07  0.50  

Shape factor -0.45  -0.35  0.28  -0.70  

Terminus elevation (m a.s.l.) -0.40  -0.70  -0.55  -0.15  

Upslope area (UA) 0.21  -0.61  0.50  0.38  

Vertical relief (m) 0.80  0.31  0.17  0.44  

expected topographic vulnerability.   The first PC accounts for ~34% of the total system 

variance and is dominated by six variables (see Tables 4.3 and 4.4).  As positive PC1 

scores increase, variables with positive loadings will increase in value, and variables with 

negative loadings will decrease.  This means that glaciers with a high positive PC1 score 

would tend to have higher values of average direct solar radiation, mean accumulation 

zone elevation, large vertical relief and area, and a low slope angle in the accumulation 

zone.  Both the Catamount Glacier and North Star Glacier exemplify these traits. In 

contrast, both Tiger and Marlborough Glaciers have a high negative score on PC1. 

Glaciers with negative scores on PC1 were assigned a ‘high’ ETVR rating because the 

contributing variables pose a greater risk of increasing the amount of surface area lost 

during warmer temperatures.  This rating was appropriate because glaciers with a small 

elevation range and low accumulation zone altitude would be more affected by a 

theoretical rise in ELA than glaciers with a large elevation range and high altitude 

accumulation zone.  
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Table 4.4 Summary of LIA PCA results 

Component 
Name 

Relationship between variables and 
associated loading sign in descending 

order of variable contribution 

Glaciers with 
extreme 
scores 

Expected 
topographic 
vulnerability 

+

Large/high solar radiation, mean 
elevation of accumulation zone, 

vertical relief, surface area and ELA. 
Gentle slope in accumulation zone. 

Catamount, 
North Star 

low 

PC1   
 

- 

Small/low solar radiation, mean 
elevation of accumulation zone, 

vertical relief, surface area and ELA. 
Steep slope in accumulation zone. 

Tiger, 
Marlborough 

high 

+ 

Aspect has a high deviation from 
south in the ablation and 

accumulation zone. Area tends to be 
large, but terminus elevation and UA 

tend to be low. 

Taurus 1, 
Catamount 

low 

PC2    
 

- 

Aspect has a low deviation from 
south in the ablation and 

accumulation zone. Area tends to be 
small, but terminus elevation and UA 

tend to be high. 

Princess 
Mary, King 

George 
high 

+ 
Steeply sloping ablation zone, low 

terminus elevation. 
Oscar, Taurus 

2 
low 

PC3 
 

- 
Gently sloping ablation zone and 

high terminus elevation. 
PB1, 

Marlborough 
high 

+ 
Low shape factor, low E and steeply 

sloping accumulation zone. 
Princess Mary high 

PC4 
 

- 
High shape factor, high E and gently 

sloping accumulation zone. 
Shelly low 

 

The second PC accounts for ~25% of the total system variance and it is a 

combination of five topographic variables.  A glacier with a high positive PC2 score 

would have an aspect with a large deviation from south, large area, low terminus 

elevation and low relative upslope area.  Glaciers with negative scores on PC2 were 

assigned a ‘high’ relative ETVR rating because the contributing variables pose a greater 

risk of increasing the amount of surface area lost.  This rating was assigned because 

glaciers oriented to receive a greater amount of daily solar radiation would likely be 
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prone to increased ablation and associated surface area and length changes.  The Taurus 1 

and the Catamount glacier were found to have high positive PC2 values, largely due to 

their north facing aspect, low terminus elevation and relatively small upslope catchment 

areas. In the Park Ranges of the Rocky Mountains two southerly orientated glaciers (King 

George and Princess Mary) are associated with higher terminus elevations and low PC2 

scores.   

The third PC accounts for ~14.5% of the total system variance and is described by 

three variables: slope angle of the ablation zone, terminus elevation and the upslope area. 

A glacier with a high positive score on PC3 would have a steep slope angle in the 

ablation zone, a low terminus elevation and high upslope area ratio.  Both the Oscar and 

Taurus 2 glaciers are positive extremes on PC3 that exemplify these three traits.  PB1 and 

Marlborough glaciers are negative extremes on this component. PB1 glacier has a high 

negative score due to its relatively high ELA and terminus elevation.  Marlborough 

glacier’s high negative score is a result of high terminus elevation, gently sloping ablation 

zone and low ‘E’ ratio value.  Both of these glaciers with extreme negative scores were 

classified as having ‘very bottom-heavy’ hypsometry.  Glaciers with negative scores on 

PC3 were given a ‘high’ ETVR rating, but this was somewhat subjective.  Both 

combinations of variables for each sign could increase the risk of considerable surface 

area loss depending on the attributes of the other variables.  This rating was assigned 

because glaciers with steep slopes in the ablation zone tend to receive less daily solar 

radiation and tend to have equidimensional or top-heavy hypsometry.   

The fourth PC accounts for ~11.7% of the total system variance and it is driven by 

shape factor, ‘E’ and the slope angle of accumulation zone.  A glacier with a high 

positive PC4 score would tend to have a lower shape factor, low E value and a steep 

slope angle in the accumulation zone.  Glaciers with positive scores on PC4 would 

therefore have a ‘low’ ETVR rating due to their steeper slopes and greater E values.  The 

highest positive score on PC4 is associated with Princess Mary glacier which during the 

LIA had a very steep accumulation zone, very low E and shape factor.  Interestingly, the 

greatest contributors to this glacier’s score was relative upslope area and vertical relief, 

neither of which had high PC4 component loadings.  Shelly glacier has the greatest 
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negative score, due to a very high shape factor, moderately large E value and gently 

sloping accumulation zone.   

The sensitivity of the glaciers in this study were then quantified based on the 

results of the PCA analysis and the associated expected topographic vulnerability rating. 

In the context of this text, glacier sensitivity is defined as ‘the likelihood of significant 

retreat or disappearance given climatic conditions favorable for ablation’.  Glacier 

sensitivity scores were calculated for 16 reconstructed glaciers at the LIA maximum 

according to equation five. 

 

In the above equation, the ‘% variance’ is the amount of total system variance 

described by each component, thus the overall glacier sensitivity score for the LIA PCA 

is based on our understanding of 86.9% of the data.  The above equation assumes that a 

glacier with a negative overall score is more ‘sensitive’ than a positive score, so the sign 

of each bracketed sub-component should be adjusted according to expected topographic 

vulnerability rating (ETVR).  In the case of the LIA PCA, a negative sign is associated 

with a high ETVR on PC1, a high ETVR on PC2, a high ETVR on PC3 and a low ETVR 

on PC4 (Table 4.4).  In light of these ETVR values the equation should be adjusted so 

that PC1 and PC4 values are negative, as shown in equation six. 

 

The overall sensitivity scores for each glacier were then converted to an ordinal 

rank to identify which glaciers had the greatest/least overall topographic sensitivity. 

Based on the assigned rankings from the LIA PCA analysis, the most sensitive glaciers 

include, Princess Mary, King George, Pétain and PB1 glaciers.  The ordinal rankings also 

indicate that the least sensitive glaciers include Tiger, Taurus 1, Taurus 2 and Templeton 

glaciers.  Refer to Appendix G1 for a full listing of sensitivity rankings.  A Spearman’s 

(5) 

(6) 
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rank order correlation was conducted to test for any statistically significant relationships 

between the ranked glacier sensitivities and ranked glacier change metrics (see Appendix 

G2).  A weak correlation (r = 0.56) was found to exist between LIA PCA glacier 

sensitivity ranks and the percent of post LIA loss in glacier area (p < 0.05).  The output of 

the Spearman’s rank correlation is summarized in Appendix G4. 

4.5.2 2005 principal component analysis 

Three principal components (PC) were extracted which collectively describe 

78.7% of the observed glacier variance.  Table 4.5 lists the factor loadings associated 

with each topographic variable.  Table 4.6 summarizes which variables contribute 

significantly to each PC, which glaciers have extreme scores, and the expected 

topographic vulnerability rating.    

Table 4.5 Component loadings of 2005 glacier data. Loadings greater than 0.5 are 

marked in bold and loadings stronger on a previous component are italicized. 

2005 Topographic Variable PC1 PC2 PC3 

Ablation zone aspect                    
(deviation from south) 

-0.55 -0.63 0.33 

Accumulation zone aspect                    
(deviation from south) 

-0.64 -0.57 0.22 

Area (m2) 0.60 -0.67 0.21 

Average direct radiation (MJ) 0.91 0.02 -0.03 

ELAAABR (m a.s.l.) 0.41 0.50 0.73 

Elevation relief ratio (E) -0.37 -0.55 0.36 

Mean altitude of accumulation zone (m 
a.s.l.) 

0.57 0.44 0.60 

Slope angle of ablation zone -0.82 0.35 -0.06 

Slope angle of accumulation zone -0.65 0.60 -0.21 

Shape factor -0.44 0.55 0.22 

Terminus elevation (m a.s.l.) -0.12 0.60 0.73 

Upslope area 0.01 0.74 -0.48 

Vertical relief (m) 0.76 0.00 -0.37 

The first PC (PC1) accounts for ~33.8% variance and consists of eight 

topographic variables.  Based on the strength of the loadings the first component is 

primarily described by the average solar radiation received and the slope angle of the 
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ablation and accumulation zones (See Table 4.5).  Glaciers with a high positive PC1 

score would likely receive high solar radiation, have a low slope angle, high vertical 

relief and an aspect closer to being south facing (see Table 4.6).  These glaciers were 

given a ‘high’ ETVR rating because glaciers with gently sloping accumulation zones that 

are oriented to receive greater solar radiation would have a greater risk of considerable 

surface area loss.  Two glaciers with extreme positive scores on PC1 are the North Star  

Table 4.6 Summary of 2005 PCA results 

Component 
Name 

Relationship between variables and       
associated loading sign                                                      

(in descending order of variable contribution) 

Glaciers with 
extreme 
scores 

Expected 
topographic 
vulnerability 

+ 

High solar radiation, low slope angle in 
ablation zone, large vertical relief and 
area. Low slope angle in accumulation 

zone.  Mean elevation is high and aspect 
has a low deviation from south in 

accumulation zone. 

Princess 
Mary, North 

Star 
High 

PC1                                    

- 

Low solar radiation, large slope angle in 
ablation zone, small vertical relief and 
area. Steep slope angle in accumulation 
zone.  Mean elevation is low and aspect 

has a large deviation from south in 
accumulation zone. 

Marlborough 
Taurus 2 

Low 

+ 

Large UA, small area, aspect of ablation 
and accumulation zones has a low 

deviation from south. High terminus 
elevation, steep slope angle in the 

accumulation zone, large shape factor and 
low E value. 

Princess 
Mary, 

Centaurus 
High 

PC2                                 

- 

Small UA, large area, aspect of ablation 
and accumulation zones has a high 

deviation from south. Low terminus 
elevation, gentle slope angle in the 

accumulation zone, small shape factor and 
high E value. 

Catamount, 
Taurus 1, 
North Star 

Low 

+ 
High terminus elevation, ELA and mean 

altitude of the accumulation zone. 
North Star, 

Marlborough 
Low 

PC3                                      

- 
Low terminus elevation, ELA and mean 

altitude of the accumulation zone. 

Taurus 1, 
Princess 

Mary, King 
George, 
Taurus 2 

High 
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and Princess Mary glaciers, which both receive very high radiation, but due to different 

reasons.  Glaciers with very high negative scores on PC1 include the Marlborough and 

Taurus 2 glaciers, which are heavily shaded and situated in steep terrain.  

The second PC accounts for ~27.9% of the observed glacier variance and it is a 

combination of eight topographic variables.  Based on the factor loadings, PC2 is 

primarily described by the upslope area, aspect of the glacier (both zones), area and E  

(see Tables 4.5 and 4.6).  Glaciers with a high positive PC2 score would likely have some 

of the following attributes: a large upslope area ratio, a southerly aspect, small area, low 

E value, steep slope in the ablation zone, high terminus elevation, and a moderately 

compact morphology.  Glaciers with these attributes were assigned a ‘high’ ETVR rating 

because these traits (especially a tendency toward bottom-heavy hypsometry) would pose 

a greater risk of considerable surface area loss for glaciers with small surface areas that 

are situated on southerly aspects.  Princess Mary and Centaurus glaciers have extreme 

positive scores on PC2. Princess Mary glacier has a very high upslope area ratio, is 

orientated to the southwest in both zones, and has a low E value.  Centaurus glacier has a 

low E value, is relatively steep and has a high terminus altitude. Extreme negative scores 

on PC2 were associated with Catamount, Taurus 1 and North Star glaciers.  The extreme 

negative PC2 score for Catamount glacier is a result of many negative variable 

contributions, most notably, large area, low shape factor, a gentle slope angle and 

northerly orientation in the accumulation zone.  Taurus 1 glacier has a moderately high 

negative PC2 score due to many negative variable contributions such as, a low terminus 

elevation, low mean elevation of the accumulation zone, low ELA and a northerly aspect 

in both glacier zones.  The moderately high negative score of North Star glacier results 

from contributions such as,  low upslope area ratio, gentle slope angle in the 

accumulation zone, large area and a higher than average E value. 

The third PC accounts for ~17.1% of the observed glacier variance and is 

predominantly described by ELA, terminus elevation and the mean elevation of the 

accumulation zone.  The signs of the contributing variables indicate that as PC3 scores 

increase so will values of ELA, terminus elevation and the mean elevation of the 

accumulation zone.  Glaciers with extremely positive PC3 scores exemplify these traits 
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and this is observed at the North Star and Marlborough glaciers. Glaciers with extremely 

negative PC3 scores contradict this tendency, and have lower elevations for these three 

variables.  Glaciers which are extremely negative on PC3 include Taurus 1, Princess 

Mary, Taurus 2 and King George glaciers.  Glaciers with negative loadings were assigned 

a ‘low’ ETVR rating because a low terminus altitude, ELA and mean elevation of the 

accumulation zone increase the risk of considerable surface area loss due to warming or 

decreased precipitation. 

Relative glacier sensitivities were quantified based on the results of the PCA 

analysis and the associated ETVR.  This process is analogous to the process described in 

section 4.5.1, but equation five was modified for three principal components (see 

equation 7).  The equation is also adjusted because the ETVR for PC1 and PC2 were 

more vulnerable for positive loadings (see equation 8).  As previously described the 

sensitivity scores were then converted to an ordinal sensitivity rank.  The ordinal rankings 

from the 2005 PCA analysis indicate that the most sensitive glaciers are Princess Mary, 

King George, Centaurus and Elk glaciers.  The least sensitive glaciers include Templeton, 

Marlborough, Taurus 2 and Carmarthen glaciers.  A full listing of sensitivity rankings is 

provided in Appendix G1.  A Spearman’s Rank Order Correlation was used test for 

statistically significant relationships between the ranked glacier sensitivities and ranked 

glacier change metrics.  Appendices G3 and G4 show that no statistically significant 

relationships were found between the 2005 PCA glacier sensitivity ranks and rankings of 

glacier changes. 

 

 

(7) 

(8) 
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4.5.3 PCA sensitivity analysis results 

The two largest and smallest glaciers were excluded and the PCA was run again 

to test that the results were not skewed by glaciers of anomalous size.  For the LIA 

scenario this meant that Catamount, North Star, PB1 and Taurus 2 glaciers were excluded 

from analysis.  For the 2005 scenario this meant that Catamount, North Star, PB1 and 

Carmarthen glaciers were excluded from analysis.  This was done for both the LIA and 

2005 PCA, which demonstrated that the same or very similar groupings of variables 

comprised each component.  By excluding glaciers of extreme size (relative to the 

sample), glacier surface area became a less important variable with weaker loading 

values on all components.  With the exception of this change, the resulting variable 

groupings as well as the glaciers with extreme scores were very similar to the results 

obtained from the full glacier dataset.   These loadings and the associated scores are 

summarized in Appendix E2, Appendix E3, Appendix E5 and Appendix E6. 

4.6 Factor analysis results 

In this section the results of the LIA and 2005 Factor Analyses are summarized. 

Overall both time periods yielded similar results, and the results of the factor analysis are 

complementary to the results of the principal component analysis.  Since the axes in a 

PCA are orthogonal, the resultant components are not always easy to interpret; some of 

the variables form large groupings (6 to 8 variables) and may appear on multiple 

components.  Further investigation with a factor analysis is advantageous because the 

axes (through the point cloud of glacier data) are oriented to maximize the variance, 

which further separates the resultant variable groupings.  Glaciers with factor scores close 

to zero have an average amount of variance relative to the sample, therefore attention is 

paid to extremes with high or low scores as they exhibit atypical response traits. 

In addition to the factor analysis of the full suite of glacier data, a regional factor 

analysis was carried out separately on glaciers in the Rocky Mountains and in the Purcell 

Mountains.  An additional factor analysis allowed regional differences in the topographic 

variables impacting glacier geometry (length and area) to be observed.  A drawback of 
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this regional factor analysis was that the limited number of glaciers in each geographic 

area weakens the robustness of the results.  

4.6.1 LIA factor analysis - all glaciers 

Four factors were extracted from the LIA glacier data, which collectively 

accounted for ~85.7% of the observed variance in the glacier data.  The first factor (F1) 

accounts for ~34.4% of the observed glacier variance and it is a combination of four 

variables: vertical relief, shape factor, area and terminus elevation (see Tables 4.7 and 

4.8).  The contrasting signs of the loadings indicate that a high positive F1 value would 

be associated with high vertical relief, large area, low terminus elevation and a low shape 

factor.  Glaciers with positive scores on F1 were assigned a ‘low’ ETVR rating because 

the contributing variables reduce the risk of substantial surface area loss due to a 

theoretical rise in ELA.  A ‘low’ ETVR rating was appropriate because glaciers with a 

large elevation range were less affected by a theoretical rise in ELA than glaciers with a 

high terminus altitude and small elevation range.  This is because a glacier with a 

Table 4.7 Factor loadings of LIA glacier data. Loadings greater than 0.5 are listed in 

bold and loadings that are stronger on a previous component are italicized. 

LIA Topographic Variable F1 F2 F3 F4 

Ablation zone aspect                      
(deviation from south) 

0.25  -0.90  -0.21  0.01  

Accumulation zone aspect                    
(deviation from south) 

0.02  -0.92  -0.21  -0.04  

Area (m2) 0.67  -0.22  0.27  0.55  

Average direct radiation (MJ) 0.27  0.53  0.54  0.50  

ELAAA (m a.s.l.) 0.08  0.20  0.87  0.06  

Elevation relief ratio (E) -0.04  -0.01  -0.11  0.89  

Mean altitude of accumulation zone (m a.s.l.) 0.34  0.30  0.82  0.07  

Slope angle of ablation zone -0.00  0.11  -0.77  -0.01  

Slope angle of accumulation zone -0.18  0.05  -0.37  -0.81  

Shape factor -0.88  0.14  -0.20  0.23  

Terminus elevation (m a.s.l.) -0.66  0.07  0.41  -0.61  

Upslope area 0.13  0.87  -0.14  -0.16  

Vertical relief (m) 0.89  0.21  0.15  0.29  
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Table 4.8 Summary of LIA factor analysis results 

Factor Name 

Relationship between variables and       
associated loading sign                                                      

(in descending order of variable 
contribution) 

Glaciers with 
extreme scores 

Expected 
topographic 
vulnerability 

+ 
 Large/high vertical relief and 
glacier area. Low/small shape 
factor and terminus elevation. 

Catamount, 
North Star 

Low 

F1              

- 
Small/low vertical relief and glacier 

area. High/large shape factor and 
terminus elevation. 

Tiger, Shelly High 

+ 

Large/high upslope area and 
average direct solar radiation. 

Aspect has a low deviation from 
south in the accumulation and 

ablation zone. 

Princess Mary, 
King George 

High 

F2                                 

- 

Small/low upslope area and average 
direct solar radiation. Aspect has a 
high deviation from south in the 
accumulation and ablation zone. 

Marlborough Low 

+ 

High ELA, mean altitude of the 
accumulation zone and average 

direct solar radiation. Gentle slope 
angle in the ablation zone. 

PB1, North Star, 
Pétain 

Low 

F3                                      

- 

Low ELA, mean altitude of the 
accumulation zone and average 

direct solar radiation. Steep slope 
angle in the ablation zone. 

Taurus 1, 
Taurus 2, 

Templeton 
High 

+ 

High/large elevation relief ratio (E), 
area and average direct solar 

radiation. Gentle slope angle in the 
accumulation zone. 

Shelly, North 
Star, Catamount 

Low 

F4                                    

- 

Low/small elevation relief ratio (E), 
area and average direct solar 

radiation. Steep slope angle in the 
accumulation zone. 

Marlborough, 
PB1 

High 

large elevation range can retreat upslope in response to climate, but a glacier with a small 

elevation range has limited potential to do so.  Several glaciers have significantly high or 

low F1 scores indicating that the first factor is important at these sites and that the 

contributing variables play a key role.  Examples of these extremes include the 

Catamount and North Star glaciers which have large positive scores, and Tiger and Shelly 

glaciers, which have large negative scores.  Catamount and North Star glaciers have large 
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positive values on F1 due to their high vertical relief, large size, low terminus elevation 

and complex perimeter shape.  Both the Catamount and North Star glaciers had multiple 

termini which flowed downslope and deposited terminal moraines at the LIA Maximum. 

In stark contrast, Tiger and Shelly glaciers are negative extremes on F1 due to their low 

relief, small area, and relatively simple morphology. 

The second factor (F2) accounts for ~25.0% of the observed glacier variance and 

it is a combination of four variables.  Large positive values of F2 are associated with a 

‘high’ ETVR rating because these glaciers tend to have a southerly slope aspect, a large 

upslope area ratio and receive more direct solar radiation per day.  Glaciers with a large 

positive score on F2 have a greater risk of losing more surface area than glaciers with 

negative score, largely due to increased solar radiation exposure.  Princess Mary and 

King George glaciers had the largest positive F2 scores due to their near south 

orientation, large upslope basins, and high solar radiation exposure.  Marlborough glacier 

is a negative extreme on F2 due its northerly orientation, a small upslope area within a 

confined bedrock couloir, and low solar exposure.  

The third factor (F3) accounts for ~17.07% of the observed glacier variance and it 

is a combination of four variables.  This factor is primarily driven by ELAAABR, the mean 

elevation of the accumulation zone, the slope angle of the ablation zone and the average 

direct solar radiation received.  Glaciers with large positive F3 values tend to have a high 

ELAAABR, high accumulation zone elevations, gently sloping ablation zones and greater 

solar exposure.  These glaciers were assigned a ‘low’ relative ETVR rating because of 

their high ELA and accumulation zone altitude. These variables reduce the risk of 

substantial ablation and associated terminus retreat because the length of the ablation 

season is shorter than it would be for glaciers with lower accumulation zone altitudes. 

Positive extremes include PB1, North Star and Pétain glaciers, while negative extremes 

include Taurus 1, Taurus 2 and Templeton glaciers.  The negative extremes are situated 

in the Purcell Mountain Range and are consequently found at lower elevations due to the 

regional precipitation gradient.  In addition to the relatively low elevation values of ELA 

and the mean altitude of the accumulation zone, their F3 scores are also heavily 

influenced by a steep slope angle in the ablation zone. PB1, North Star and Pétain 
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glaciers have large positive F3 scores due to the combination of relatively high ELA and 

terminus elevations, with low slope angles in the ablation zone. 

The fourth factor (F4) accounts for ~9.1% of the observed glacier variance and it 

is largely described by the elevation relief ratio (E) and the slope angle of the 

accumulation zone.  A large positive F4 score is associated with a gently sloping 

accumulation zone, high E values (top-heavy hypsometry) and possibly, a larger area. 

Glaciers with negative scores were assigned a ‘high’ ETVR rating because low E values 

indicate a tendency toward bottom-heavy hypsometry.  Glaciers with a greater proportion 

of surface area distributed in the lowest elevation ranges would be more susceptible to a 

major reduction in area for a rise in ELA.  There are two clusters of extremes that depart 

from the F4 axis.  The positive extremes include Shelly, North Star and Catamount 

glaciers, which have gently sloping accumulation zones, and larger E values.  Both 

Marlborough and PB1 glaciers are negative extremes that have steep couloir shaped 

accumulation zones and low E values (bottom-heavy hypsometry).  

Relative glacier sensitivities were calculated using the results of the factor 

analysis of LIA glacier data.  Equation nine is similar to the equations previously 

described in sections 4.5.1 and 4.5.2.  Equation ten shows how the calculation of a glacier 

sensitivity score is adjusted to reflect a vulnerable ETVR on F2.  The resultant sensitivity 

scores were used to rank the glaciers from most to least sensitive.  The ordinal rankings 

from the LIA factor analysis indicate that the most sensitive glaciers include Shelly, 

Princess Mary, Oscar and PB1 glaciers.  The least sensitive glaciers include the 

Catamount, Taurus1, North Star and Templeton glaciers (see Appendix G1).  To test for a 

statistically significant relationship between glacier sensitivity rank and post LIA glacier 

changes a Spearman’s rank order correlation was carried-out (see Appendix G2).  

Appendix G4 shows that a weak (r = -0.5), yet statistically significant (p<0.05) 

relationship was found to exist between LIA FA glacier sensitivity rank and post LIA 

changes in vertical relief. 

 

(9) 
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4.6.2 LIA regional factor analysis 

A factor analysis of LIA glaciers (n = 6) in the Rocky Mountains was conducted 

to identify any regional differences in the groupings of topographic variables extracted. 

The same analysis was then conducted on LIA glaciers (n = 10) in the Purcell Mountains. 

Tables 4.9 and 4.10 show the resulting factor loadings from these analyses.  Overall, the 

magnitude of the factor loadings shows that the importance of these variables differs by 

region.  The most significant difference was that slope aspect and upslope area describe 

more of the variance in glacier extent in the Rocky Mountains than they did in the Purcell 

Mountains.  Another interesting difference is that glacier extent in the Purcell Mountains 

was more strongly associated with the mean altitude of the accumulation zone, ELA, 

shape factor and terminus altitude than these were for glaciers in the Rocky Mountains. 

The elevation relief ratio (E) was weakly associated with slope angle on both F2 and F4 

in the Rocky Mountains, but in the Purcells it was extracted on the same component as 

the upslope area ratio.  Lastly, the slope angle of the accumulation and ablation zones 

was more important for glaciers in the Rocky Mountains than they were for glaciers in 

the Purcell Mountains. Potential reasons for why these regional differences exist will be 

discussed in Chapter 5.  Due to the small number of glaciers input into these analyses the 

results are considered tenuous.  Glacier scores resulting from the regional factor analysis 

of LIA glacier data are listed in Appendices F7 and F8. 

 

 

 

 

(10) 
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Table 4.9 LIA Factor loadings for glaciers in the Rocky Mountains. Loadings > 0.5 

are listed in bold. Loadings that are stronger on another component are italicized. 

LIA Topographic Variable F1 F2 F3 F4 

Ablation zone aspect                        
(deviation from south) 

0.90 0.03 -0.13 -0.13 

Accumulation zone aspect                    
(deviation from south) 

0.96 0.05 0.01 -0.25 

Area (m2) 0.11 -0.97 0.14 -0.14 

Average direct radiation (MJ) -0.65 -0.65 0.27 0.28 

ELA (m a.s.l.) 0.08 0.03 0.95 0.31 

Elevation relief ratio (E) -0.09 -0.58 0.20 0.63 

Mean altitude of accumulation zone (m a.s.l.) -0.28 -0.34 0.86 0.15 

Slope angle of ablation zone -0.30 0.23 0.29 0.83 

Slope angle of accumulation zone 0.13 0.98 -0.02 0.03 

Shape factor 0.35 -0.61 -0.58 0.33 

Terminus elevation (m a.s.l.) 0.63 0.67 0.33 -0.20 

Upslope area -0.96 0.20 0.18 -0.01 

Vertical relief (m) -0.76 -0.53 0.02 -0.06 

 

Table 4.10 LIA Factor loadings for glaciers in the Purcell Mountains. Loadings >  

0.5 are listed in bold. Loadings that are stronger on another component are 

italicized. 

LIA Topographic Variable F1 F2 F3 F4 

Ablation zone aspect                        
(deviation from south) 

0.28 0.87 -0.23 0.00 

Accumulation zone aspect                    
(deviation from south) 

0.67 0.63 0.03 0.08 

Area (m2) -0.40 0.74 0.13 0.35 

Average direct radiation (MJ) -0.87 0.06 -0.14 0.36 

ELAAA (m a.s.l.) -0.88 0.02 -0.04 0.27 

Elevation relief ratio (E) -0.49 0.17 0.61 0.27 

Mean altitude of accumulation zone (m a.s.l.) -0.91 0.28 0.02 0.18 

Slope angle of ablation zone 0.20 0.00 0.21 -0.94 

Slope angle of accumulation zone 0.40 -0.22 -0.21 -0.82 

Shape factor 0.15 -0.90 0.40 0.01 

Terminus elevation (m a.s.l.) 0.03 -0.93 -0.27 -0.08 

Upslope area 0.30 -0.17 0.84 -0.20 

Vertical relief (m) -0.37 0.89 0.03 0.10 
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4.6.3 2005 factor analysis 

Four factors were extracted from the 2005 glacier data, which collectively account 

for ~87.8% of the observed glacier variance.  Table 4.9 lists the factor loadings 

associated with each input variable.  The strength of each loading indicates which 

variables contribute the most variance to a given factor, and the sign indicates contrast 

between opposing variables (see Table 4.11). 

Table 4.11 Factor loadings of 2005 glacier data. Loadings greater than 0.5 are 

marked in bold and loadings stronger on a previous component are italicized. 

2005 Topographic  Variable F1 F2 F3 F4 

Ablation zone aspect                        
(deviation from south) 

-0.07 0.94 -0.10 -0.13 

Accumulation zone aspect                  
(deviation from south) 

0.07 0.93 -0.18 -0.10 

Area (m2) -0.86 0.22 0.04 0.29 

Average direct radiation (MJ) -0.67 -0.70 0.13 0.12 

ELAAABR (m a.s.l.) -0.09 -0.15 0.98 0.03 

Elevation relief ratio (E) -0.30 0.44 -0.19 -0.65 

Mean altitude of accumulation zone (m a.s.l.) -0.18 -0.19 0.91 0.25 

Slope angle of ablation zone 0.82 0.26 -0.07 -0.26 

Slope angle of accumulation zone 0.96 0.08 0.03 0.05 

Shape factor 0.50 -0.21 0.21 -0.62 

Terminus elevation (m a.s.l.) 0.28 -0.02 0.83 -0.36 

Upslope area 0.64 -0.55 0.01 0.30 

Vertical relief (m) -0.31 -0.34 0.01 0.83 

The first factor (F1) accounts for ~33.8% of the observed glacier variance and it is 

a combination of six variables (see Tables 4.11 and 4.12).  The contrasting signs of the 

loadings indicate that a large positive F1 value would be associated with a combination 

of: steep slope angle, small area, low solar radiation, large upslope area ratio, and a 

moderately large shape factor.  Glaciers with a positive score (low ETVR) would tend to 

be less vulnerable to a large reduction in area than glaciers with a high ETVR rating.  

This is because glacier’s with a low F1 ETVR rating tend to have gentle surface slopes in 

the accumulation and ablation zones and therefore receive a greater amount of direct 
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solar radiation per day.  Glaciers that are positive extremes on F1 are Marlborough and 

PB1 glaciers.  These glaciers are both steep, receive less direct solar radiation, and have 

small areas.  Glaciers that are negative extremes on F1 are North Star, Catamount and 

Pétain glaciers, which have gently sloping ice surfaces, larger than average area and 

small relative upslope area ratios.  

Table 4.12 Summary of 2005 factor analysis results 

Factor 
Name 

Relationship between variables          
and associated loading sign                                                      

(in descending order of variable 
contribution) 

Glaciers with 
extreme scores 

Expected 
topographic 
vulnerability 

+ 

Steep slope angle in accumulation 
zone, small area, steep slope in 

ablation zone, low solar radiation 
and large UA. 

Marlborough, 
PB1 

low 

F1                                   

- 

Gentle slope angle in accumulation 
zone, large area, gentle slope in 

ablation zone, high solar radiation 
and small UA. 

North Star, 
Catamount, 

Pétain 
high 

+ 
Large deviation from south in the 
ablation and accumulation zone. 

Low solar radiation and small UA. 

Marlborough, 
Taurus 1 

low 

F2            

- 
Small deviation from south in the 
ablation and accumulation zone. 

High solar radiation and large UA. 

Princess Mary, 
King George, 

Shelly 
high 

+ 
High ELAAABR, mean altitude of 
accumulation zone and terminus 

elevation. 
Marlborough  low 

F3                                      

- 
Low ELAAABR, mean altitude of 
accumulation zone and terminus 

elevation. 

Taurus 1, 
Taurus 2, 

Shelly 
high 

+ 
Large/high vertical relief, 

low/small elevation relief ratio (E) 
and shape factor. 

Princess Mary, 
Taurus 1, 

low 

F4                                    

- 
Small/low vertical relief, 

large/high elevation relief ratio (E) 
and shape factor. 

Shelly, 
Carmarthen 

high  

The second factor (F2) describes ~ 27.8% of the observed glacier variance and it 

is composed of four contributing variables.  F2 is mainly determined by the glacier aspect 

of both zones (ablation and accumulation) and the direct radiation received.  A large 

positive score on F2 is associated with a low ETVR rating because these glaciers have a 
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northerly orientation, a smaller upslope area and most likely receive less direct solar 

radiation per day.  This combination of variables reduces the potential for ablation and 

associated geometry changes for glaciers with positive scores on F2.  Positive extremes 

on F2 include Marlborough and Taurus 1 glaciers which both exemplify the traits 

associated with large F2 scores. Negative extremes on F2 include Princess Mary, King 

George and Shelly glaciers.  Of these negative extremes, both Princess Mary and King 

George glaciers are situated on the southeast flank of Mt King George, and receive 

considerable direct solar radiation.  These glaciers were likely able to develop due to their 

large upslope catchments which accumulate wind deposited snow.  Shelly Glacier has an 

anomalous F2 score due to contributions from shape factor, direct solar radiation, the 

orientation of the ablation zone, and to a lesser extent the orientation of the accumulation 

zone.  The east facing Shelly glacier is exposed to morning radiation, but is shaded by a 

high cirque headwall in the afternoon.  

The third factor (F3) is composed of three variables and accounts for ~18.3% of 

the observed variance.  The topographic factors describing F3 include ELAAABR, mean 

altitude of the accumulation zone and terminus elevation.  Due to the positive loadings 

associated with the F3 contributing variables, a glacier with a large positive F3 score 

would tend to have a high ELA, high mean elevation of the accumulation zone and a high 

terminus altitude.  A glacier with a positive score on F3 has a ‘low’ ETVR rating because 

these three elevation variables tend to be higher.  Glaciers at higher altitudes experience 

less ablation because air temperatures are generally cooler.  This means that the length of 

the ablation season is shorter and the amount of solid precipitation received will likely be 

greater than glaciers situated at lower altitudes (Nesje and Dahl, 2000; DeBeer and Sharp, 

2007; Zemp et al., 2007).  The F3 elevation factor is important at Taurus 1, Taurus 2 and 

Shelly Glaciers which are negative extremes with a ‘high’ ETVR rating. Taurus 1’s score 

has large contributions from ELA, terminus elevation and the mean altitude of the 

accumulation zone, while Taurus 2 receives the same contributions, albeit with weaker 

values.  These three contributing variables are important to the score of Shelly glacier, 

although it is the mean elevation of the accumulation zone that is the largest contributor. 

Marlborough glacier is a positive extreme due to its contributions from terminus 
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elevation, ELAAABR and the mean altitude of the accumulation zone.  Since Marlborough 

glacier is a positive extreme in the Rocky Mountains, its elevation characteristics are 

expected to be much higher than the glaciers in the Purcell Range.  

The fourth factor (F4) describes ~8.8 % of the variance in 2005 glacier data with 

large contributions from vertical relief, E and shape factor.  The signs of the factor 

loadings indicate that a glacier with a large positive F4 score would have high relief, a 

low E value and a small shape factor.  A glacier with a large positive score on F4 has a 

‘low’ ETVR rating because its greater vertical elevation range will limit the amount of 

ablation for a theoretical rise in ELA.  Shape factor and E contribute less to this factor; 

therefore the role of vertical relief is greater than hypsometry or geometry when 

assigning the ETRV rating. A glacier with high relief, bottom-heavy hypsometry and a 

small shape factor could lose considerable area and/or length for the same rise in ELA, 

but once it retreats upslope ablation would decline.  A glacier with little elevation range 

cannot retreat far upslope and would likely face a greater risk of disappearing completely. 

This combination of variables is important at Princess Mary glacier, which is a positive 

extreme, and at Shelly and Carmarthen glaciers which are negative extremes.  Princess 

Mary has a large positive score due to its considerable vertical relief, low E, large 

upslope area ratio, and high mean elevation of the accumulation zone.  Shelly and 

Carmarthen glaciers have large negative F4 scores due to their small shape factors, low 

relief, low mean elevation of the accumulation zone and in the case of Carmarthen 

Glacier, a very low E value.  

Relative glacier sensitivities were calculated using the results of the factor 

analysis of 2005 glacier data and equation eleven.  Since the ETVR of F1, F2, F3 and F4 

are all ‘high’ for negative loadings no adjustments were necessary.  When the 2005 

sensitivity scores are converted to a rank the most sensitive glaciers are King George, 

Elk, Catamount and Princess Mary glaciers.  According to the rankings the least sensitive 

glaciers in 2005 include Marlborough, PB1, Templeton and Carmarthen glaciers.  

Appendix G4 shows the results of a Spearman’s rank order correlation calculated from 

the 2005 FA glacier sensitivity ranks and ranked glacier change metrics (input data 

shown in Appendix G3).  Two moderately strong (r = -0.75 and r = -0.70) correlations 
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were found to exist between the 2005 FA glacier sensitivity rank, post LIA area loss rank 

and post LIA height loss rank (p < 0.01 and p < 0.01). 

 

4.6.4 FA sensitivity analysis results 

As done previously for the PCA analysis, a sensitivity analysis was conducted to 

determine whether the FA results were skewed by glaciers of anomalous size.  For the 

LIA scenario this meant that Catamount, North Star, PB1 and Taurus 2 glaciers were 

excluded from analysis.  For the 2005 scenario this meant that Catamount, North Star, 

PB1 and Carmarthen glaciers were excluded from analysis.  This was done for both the 

LIA and 2005 FA, which demonstrated that the same or very similar groupings of 

variables comprised each component.  By excluding glaciers of extreme size (relative to 

the sample), glacier surface area became a less important variable with weaker loading 

values on all components.  With the exception of this change, the resulting variable 

groupings as well as the glaciers with extreme scores were very similar to the results 

obtained from the full glacier dataset.  These data are summarized in Appendices F2, F3, 

F5 and F6.  

4.6.5 2005 regional factor analysis 

A factor analysis of glacier data in 2005 was conducted to identify possible 

regional differences in the groupings of topographic variables extracted in the Rocky 

Mountains (n = 6) and the Purcell Mountains (n = 9). Tables 4.13 and 4.14 show the 

resulting factor loadings from these analyses.  Overall, the magnitude of the factor 

loadings shows that the importance of these variables differs by region.  The most 

significant difference was that  ELA, slope aspect and shape factor describe more of the 

variance in glacier extent in the Rocky Mountains than they did in the Purcell Mountains.  

Another interesting difference is that glacier extent in 2005 in the Purcell Mountains was 

more strongly associated with slope angle and terminus altitude than these were for 

(11) 
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glaciers in the Rocky Mountains.  The elevation relief ratio (E) was associated with the 

mean altitude of the accumulation zone on F3 in the Rocky Mountains, but in the Purcell 

Mountains it was extracted to its own component.  Potential reasons for these regional 

differences and how these tenuous results changed between the LIA and 2005 regional 

FA will be discussed in Chapter 5.  

Table 4.13 Factor loadings of 2005 glacier data in the Rocky Mountains. Loadings >  

0.5 are listed in bold and loadings that are stronger on another component are 

italicized. 

2005 Topographic  Variable F1 F2 F3 

Ablation zone aspect                            
(deviation from south) 

0.86 0.26 0.01 

Accumulation zone aspect                    
(deviation from south) 

0.92 0.29 -0.18 

Area (m2) 0.26 -0.94 0.10 

Average direct radiation (MJ) -0.54 -0.79 0.11 

ELAAABR (m a.s.l.) 0.97 0.06 0.03 

Elevation relief ratio (E) 0.55 0.12 -0.83 

Mean altitude of accumulation zone (m a.s.l.) 0.14 0.14 0.97 

Slope angle of ablation zone 0.37 0.90 -0.07 

Slope angle of accumulation zone -0.11 0.99 0.05 

Shape factor 0.43 0.81 0.20 

Terminus elevation (m a.s.l.) 0.61 0.65 0.26 

Upslope area -0.89 0.41 0.12 

Vertical relief (m) -0.70 -0.46 0.46 
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Table 4.14 Factor loadings of 2005 glacier data in the Purcell Mountains. Loadings 

>  0.5 are listed in bold and loadings that are stronger on another component are 

italicized. 

2005 Topographic  Variable F1 F2 F3 F4 

Ablation zone aspect                         
(deviation from south) 

-0.12 -0.17 0.42 -0.87 

Accumulation zone aspect                      
(deviation from south) 

0.04 -0.45 0.01 -0.77 

Area (m2) -0.86 0.12 0.03 -0.28 

Average direct radiation (MJ) -0.73 0.34 -0.05 0.56 

ELAAABR (m a.s.l.) -0.26 0.91 0.09 0.25 

Elevation relief ratio (E) -0.11 0.05 0.98 -0.12 

Mean altitude of accumulation zone (m a.s.l.) -0.41 0.87 -0.03 0.07 

Slope angle of ablation zone 0.82 -0.33 0.09 0.06 

Slope angle of accumulation zone 0.86 -0.06 -0.42 -0.11 

Shape factor 0.45 0.05 0.16 0.81 

Terminus elevation (m a.s.l.) 0.33 0.87 0.03 0.26 

Upslope area 0.80 0.01 -0.24 0.13 

Vertical relief (m) -0.72 -0.23 -0.30 -0.37 

 

4.7 Chapter summary  

The exploratory statistical analyses presented in this chapter link the variability in 

glacier extent to classes of topographic variables.  The factor analyses yielded better 

classes as the groupings of topographic variables were easier to interpret while explaining 

a similar amount of the total system variance (within 1%).  These classes are meaningful 

as they explain the bulk of the variance in glacier extent, but some glaciers are expected 

to be more vulnerable to specific topographic variables than others.  There are several 

extreme cases (outliers in a non-statistical sense) for which specific topographic 

variable(s) appear to exert a disproportionately greater influence upon glacier extent.  

This is not unexpected due to the large degree of variability in glacial basin morphology. 

These outlying, or extreme cases, will be discussed in greater detail in Chapter 5 as they 

illuminate the inner workings of glacier-landscape dynamics.  
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Chapter Five: Discussion and Conclusions 

The LIA and 2005 topographic data presented in Chapter 4 provide insight 

regarding the hierarchy of topographic factors which affect glacier development and 

persistence.  This study sought to answer three hypotheses regarding fluctuations in 

glacier extent and linkages to topographic setting.  The first hypothesis was to ascertain 

whether differences in glacier extent at the LIA maximum arose due to the influence of 

local topographic setting.  The second hypothesis was to determine if the amount of post 

LIA retreat is linked to basin hypsometry and morphology.  And lastly, the third 

hypothesis was to determine whether glaciers which receive the most direct solar 

radiation have experienced the greatest post LIA retreat.  

The trends observed in the data describe the variability in glacier extents reached 

at the LIA maximum (under conditions suited for glacier growth) and later in 2005 (under 

conditions suited for ablation).  Glaciers achieved different maximum extents during the 

LIA in part due to the collective influence of groups of topographic factors.  These 

include hypsometry, aspect, slope angle, and relative upslope area.  The most important 

factors extracted from the LIA and 2005 datasets are summarized in sections 5.1 and 5.2 

below.  These PCA and FA factor loadings indicate that some variables are important for 

certain glaciers and inconsequential for others.  Some glaciers were found to have 

exceptional scores on many of the factors extracted during the PCA and FA analyses. 

These specific glaciers will be discussed in greater detail in the case studies presented in 

section 5.4.  Modern differences in retreat distance and future outlook are also affected by 

these topographic elements and these are discussed in section 5.5.  

The observed linkages between glaciers and topography are explored and 

described, yet the specific role of each variable is not fully unravelled in this study. 

Rather, this study raises a series of new questions which warrant future investigation. 

Although these factors are not fully disentangled, terrain suitability is paramount for 

glacier development, persistence and decay.  The altitude, morphology, slope angle and 

size of a basin play a large role in glacier health.  A low-angle slope of considerable 

width and height may support the development of a valley or large mountain glacier 

given favourable conditions.  Under the same climatic conditions an incipient glacier may 
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form within a bedrock cirque or niche along a mountain slope, but may accumulate less 

mass due to topographic constraints.  The shape and disposition of the basin relative to 

the glacier surface determines the category or type of glacier (niche, cirque, valley) and 

its ability to entrain snow and ice via precipitation, wind re-distribution and by 

avalanching.  

5.1 Review of key LIA statistical results 

5.1.1 LIA PCA 

The LIA PCA seeks to describe the system variance in the reconstructed glacier 

data by creating new components to better describe the variance.  An exceptionally high 

negative or positive score on a given component indicates that this particular combination 

of topographic variables is very important for that glacier.  In this study there were many 

glaciers with moderate scores but several had exceptional scores.  

PC1 shows that large glaciers (at the LIA maximum) received more direct solar 

radiation, had considerable vertical relief and a high mean elevation in the accumulation 

zone. Small glaciers exhibited the reverse of these traits.  PC2 shows that large glaciers 

tend to be oriented at aspect angles close to north, but if oriented on southerly aspects 

glaciers will tend to be smaller and generally have a large relative upslope area (UA).  In 

the northern hemisphere a slope oriented north or north-east has the potential benefit of 

shade during the hottest time of the day, the amount of which depends on the height and 

orientation of the surrounding terrain.  Slope aspect is also important for the entrainment 

of wind drifted snow, which typically accumulates on the lee-sides of topographic 

divides.  Despite higher radiation exposure on south-east facing slopes, the two glaciers 

on Mt King George did not lose much more mass than other glaciers in this study.  This 

unexpected result shows that ice loss due to high radiation exposure can be offset by 

other topographic conditions.  Both glaciers on Mt King George were found to have 

considerably large UA values and relatively little debris cover, which indicate that 

additional mass input via avalanche or drifting is important to their development and 

persistence.  
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The third LIA principal component shows that glaciers with a steep ablation zone 

tend to be smaller with a compact morphology, this tendency has been observed in other 

studies (Hoelzle et al., 2003).  None of the exceptional glaciers on this factor achieved a 

large extent during the LIA.  This may indicate that large glaciers tend to have average to 

low slope values in the ablation zone (this is often the case), or that small glaciers tend to 

have variable slope angles which are often steeper due to the structure of the underlying 

bedrock.  A potential reason for this could be the geometry of small glaciers.  The smaller 

glaciers in this study tended to have narrower accumulation zone widths that were 

approximately the same width as the ablation zone.  This type of geometry tends towards 

equidimensional or bottom-heavy hypsometry, with the exception of cirque glaciers.  

Cirque glaciers tend to have equidimensional to top-heavy hypsometry.  Their inclusion 

in the analysis likely increased the variability observed in the slope angles of small 

glaciers.  There are two groups of extremes; glaciers with a steep slope angle in the 

ablation zones are positive and those with a gentle slope angles are negative. 

The fourth LIA component is the glacier morphology factor, which is dominated 

by shape factor, E, and the slope angle of the accumulation zone.  The negative extremes 

on this factor indicate that compact glaciers (large shape factor) with gentle slope angles 

tend to have greater E values.  This is certainly the case for both Shelly and Elk Glaciers 

which are considered ‘very top-heavy’ in Jiskoot et al.’s (2009)  hypsometric 

classification schema. The positive extreme, Princess Mary glacier, has a steep slope 

angle and a low E value indicative of ‘very bottom-heavy’ hypsometry.  A weak 

correlation between E and slope angle of the accumulation zone (r=-0.53) was observed.  

Cirque glaciers like Shelly Glacier tend to have low slope angles and higher E values due 

to their geometry, but the other cirque glacier (Oscar Glacier) in this study did not exhibit 

these traits.  At the LIA maximum Oscar Glacier had advanced beyond the cirque basin 

onto a steeper slope below. 

5.1.2 LIA FA 

Although the results of the principal component analysis are useful, the factor 

analysis results are more interpretable as the rotation of the axes better describes the 
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variance in the data.  This section describes the meaning of the LIA factor analysis results 

and contrasts any differences between the PCA findings. 

The LIA FA results show that the variance in all measured glacier data is 

described by multiple groups of topographic variables, which were combined in the 

resulting factors.  For instance, glaciers with large positive F1 loadings have high vertical 

relief and low compactness (tortuous perimeter), which is fairly similar to PC1.  The 

greatest positive extreme of F1 is the Catamount Glacier due to its complex shape, high 

vertical relief, large area and low terminus elevation.  The F2 factor loadings indicate that 

glaciers which are oriented close to south are associated with high relative upslope areas 

and receive a greater than average amount of direct solar radiation.  This factor is very 

similar to PC2 extracted from the LIA glacier data although some of the extreme cases 

differ.  Positive F3 extremes tend to have gently sloping ablation zones, with a higher 

than average ELA, mean elevation of the accumulation zone, and terminus elevation.  

The grouping of elevation variables on F3 shows that elevation and slope are both 

important factors affecting differences in glacier length and area.  The role of slope angle 

and its relationship with length has been investigated before.  Hoelzel et al. (2003) were 

able to derive mass balances from changes in glacier length, but first they classified 

glaciers according to size and slope criteria (Hoelzle et al., 2003).  This was because of 

the effect slope has on glacier flow characteristics and response times.  The only 

similarity between PC3 and F3 is the importance of the ablation zone slope angle.  Lastly, 

F4 indicates that glaciers with extremely high F4 score would tend to have gently sloping 

accumulation zones with a high E value (top-heavy hypsometry).  Both PC4 and F4 have 

important contributions from the accumulation zone slope angle and the elevation relief 

ratio ‘E’.  The variable groupings from the LIA FA indicate that a glacier with a gently 

plunging accumulation zone tends to have a high E value, have greater area and receive 

more direct radiation.  This grouping of variables is not unexpected.  Low-angle 

accumulation zones tend to accumulate relatively more snow in their upper elevation 

ranges (top heavy hypsometry) than steeper glaciers.  Glaciers with large E values have 

considerable mass available to flow downslope, however, the geometry of the glacier 

tongue would likely depend on the slope and shape of the glacier basin.    
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5.2 Review of key 2005 statistical results 

5.2.1 2005 PCA 

The 2005 PCA results show that the variance in glacier data is described by 

multiple topographic factors including; solar radiation exposure, slope, relative upslope 

area and glacier elevation characteristics.  The component loadings from the 2005 glacier 

data show that positive extremes on PC1 receive a large average amount of direct solar 

radiation.  The negative extremes receive a low amount of direct solar radiation and have 

steep slope angles in the ablation zone  

The component loadings show that PC2 is primarily driven by relative upslope 

area, aspect and E.  The clustering of these three variables indicates that there is likely a 

relationship between them.  Although the strength of a contributing variable differs for 

each glacier the extreme cases show that glaciers with southerly orientations tend to have 

greater relative upslope area ratios, and lower E values than northerly facing glaciers. 

Northerly facing glaciers tend to have average E values which do no contribute greatly to 

their scores. 

Extremely negative scores on PC3 (Taurus 1 and Princess Mary) indicate that 

glaciers with low elevation values for critical altitudes tend to be smaller glaciers.  North 

Star and Marlborough Glaciers are positive extremes representing glaciers with high 

critical elevations.  Glaciers with higher PC3 scores tend to be situated in the Rocky 

Mountain Range due to the tendency for glaciers to be distributed at higher elevations in 

the Rockies than in the Purcell Range (Østrem, 1966; Østrem, 1973). 

5.2.2 2005 FA 

When the results of the 2005 Factor analysis are considered there are four factors 

which collectively describe ~88% of the observed variance in glacier extent.  The first 

factor (F1) is driven primarily by glacier slope and size and describes ~34% of the glacier 

variance.  The positive extremes (Marlborough and PB1) have steeper than average slope 

angle in both zones, receive less than the average direct solar radiation, and are also 

smaller than most glaciers in this study.  This grouping is not unexpected considering that 

prior analysis indicated that there is likely a relationship between glacier slope, 
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hypsometry and flow length.  The negative extremes (North Star and Catamount 

Glaciers) are among the largest in the study and have gentle slope angles, small upslope 

contributing areas, and receive more than the average amount of direct solar radiation. 

The second factor (F2) describes ~27% of the observed glacier variance and is dominated 

by aspect and solar radiation exposure.  Glaciers with positive F2 scores tend to be 

situated on a northerly aspect and receive less direct solar radiation than glaciers with 

negative scores.  The third factor is driven by glacier elevation attributes which describe 

~18% of glacier variance.  Glaciers with large F3 scores are expected to have low critical 

elevations (ELA, terminus elevation and mean elevation of the accumulation zone), 

which would likely make them vulnerable to changes in geometry due to a rise in 

temperature.  The fourth extracted factor indicates that relative vertical relief and 

hypsometry describe ~9% of the observed glacier variance in 2005.  

5.3 Comparison of statistical results at both time periods 

5.3.1 PCA 

The principal component scores for the 16 reconstructed glaciers at the LIA 

maximum and the 15 glaciers in 2005 show general agreement between results.  The four 

components determined in the LIA PCA bear many similarities to the three components 

resulting from the 2005 PCA.  A comparison of PC1 component loadings at both time 

periods (Table 4.3 and Table 4.5) shows that direct solar radiation remains the main 

contributor, but the importance of the slope angle in the ablation zone has increased, 

while the importance of the mean elevation of the accumulation zone and vertical relief 

has decreased.  The large increase in the ‘slope angle of the ablation zone’ loading could 

be explained by a strong correlation with direct solar radiation in 2005.  The decrease in 

contributions from the mean elevation of the accumulation zone could indicate that this 

variable describes variance better on a different component (PC3), or that modern glacier 

changes do not correlate as strongly with the mean accumulation zone altitude.  Given the 

affect of climbing temperatures on post LIA changes in glacier extent, it is not surprising 

that the slope angle of the ablation zone explains more variance.  The area of a glacier 

was found to have a stronger PC1 loading during the LIA, which indicates that glacier 
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size in 2005 contributes less to the component than it did at the reconstructed LIA 

maximum.  PC2 remains dominated by the glacier orientation (aspect deviation from 

south) in both zones; however the relative importance of upslope area (UA), terminus 

elevation and E have changed.  The 2005 PCA results show that UA contributes more to 

the component than the orientation of the ablation and accumulation zones.  This 

indicates that glaciers situated on sunny exposed slopes may persist provided that their 

UA values are sufficiently great.  The nature of the relationship between a glaciers’ UA 

and its orientation warrants further investigation.    

In 2005 the loading strengths of ELA and the mean altitude of the accumulation 

zone increased relative to the LIA PCA data.  This means that there is a stronger 

correlation between the measured glacier changes and rising critical elevations.  During 

the LIA glaciers situated at high altitudes likely received greater precipitation, while 

glaciers at lower elevations received relatively less.  However, conditions were 

favourable for these smaller glaciers to advance regardless of their low altitude.  In 2005 

increasing temperatures have been driving glacier retreat, thus it is expected that glaciers 

at lower altitudes have experienced the greatest reduction in surface area.  Due to the 

uncertainty in the 2005 ELA values and the risk of disequilibrium, this is of limited use.  

Nonetheless, the grouping of ELA, terminus altitude and the mean altitude of the 

accumulation zone on PC3 indicates that elevation exerts a strong control (18%) on 

glacier variability in 2005.  The absence of a fourth component from the 2005 data 

suggests that variables that contributed to PC4 during the LIA are contributing to PC2 in 

2005.  

5.3.2 Factor analyses 

A direct comparison of differences between the results of the LIA FA and 2005 

FA is impossible due to the differences in axes rotation, however, the groupings of 

variables with strong loadings are useful to consider.  The most critical change observed 

between both time periods was that vertical relief described a large proportion of the 

glacier data (in the 13 measured input variables) variance, in conjunction with shape 

factor during the LIA.  The results of the 2005 FA show that vertical relief and shape 
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factor contribute to F4, but they do not explain the variability in glacier systems as well 

as area and slope angle do in 2005.  The strength of the shape factor loading also 

decreases dramatically (-0.88 to -0.57) as it describes less observed glacier variance in 

2005.  Another interesting change between the two factor analyses involves the slope 

angle of the accumulation and ablation zones.  During the LIA the slope angle of both the 

accumulation and ablation zones were major contributors to F3 and F4, but in 2005 they 

were the main contributors to F1.  In 2005 F1 describes ~ 33.5% of the observed glacier 

variance, while F3 and F4 collectively account for ~25% of the LIA variance.  F1 shows 

that largest glaciers in 2005 had a large elevation range, low angle slopes, low terminus 

altitudes and a convoluted perimeter at the LIA maximum.  On the other hand, small 

glaciers in 2005 exhibited steep slope angles with large UA values.  The importance of 

glacier slope angle has increased since the end of the LIA as it can moderate the amount 

of direct solar radiation received.  

The 2005 factor analysis also shows that shape factor decreases its contributions 

to the factor loadings, possibly because of the considerable variability in shape factor 

values.  Many glaciers in the study have declining shape factor values as glacier margins 

become increasingly complex and convoluted, but for some glacier margins have become 

more compact.  As glaciers thin vertically and retreat, the morphology of the underlying 

bedrock has a greater influence on the shape of the glacier.  For example, a glacier 

positioned over subglacial ridges of bedrock may develop a convoluted margin or 

disintegrate into multiple lobes as it retreats.  A glacier positioned within a smooth 

subglacial basin will be more likely to have a compact form, and may tend not to 

fragment as it retreats.  

Not all variables used in the factor analysis exhibited changes in loading strength 

or variable groupings.  The aspect of glacier orientation explains a similar proportion of 

variance at both time periods and has a similar grouping (associated with UA and direct 

radiation).  Glacier area was also identified as an important contributor to F1 during both 

time periods.  This may be due to the fact that small glaciers were more affected by 

changes in glacier length, volume and extent than their larger counterparts.  Other 
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variables that describe a similar amount of variability at both time periods include, ELA, 

the mean elevation of the accumulation zone and E.  

The LIA factor analysis identified that ELA, (mean) elevation of the accumulation 

zone and the slope angle of the ablation zone were key contributors to F3.  This grouping 

indicates that glaciers that had a high accumulation zone altitude would likely have had 

high ELAs and gently sloping ablation zones.  The 2005 data has a similar grouping of 

variables where ELA, mean elevation of the accumulation zone and terminus elevation 

are major contributors to F3.  The signs of the loadings indicate the glaciers with a high 

accumulation zone altitude would tend to have a high ELA and high terminus elevation. 

The last variable which showed little change between the factor analyses at both time 

periods was E.  

5.4 Illustrative case studies 

Certain glaciers received large scores consistently in both statistical analyses and 

had exceptional scores on several extracted components/factors.  The particular reasons 

why Marlborough, North Star and Tiger glaciers were/are exceptional and the potential 

role of these factors on historical fluctuations in extent are discussed.  Glacier sensitivity 

rankings and post LIA glacier change rankings are summarized in Tables 5.1 and 5.2.  

Ordinal ranks were created for post LIA glacier changes, such as percent area loss, 

percent of LIA length remaining, percent vertical relief remaining and average height 

loss. Please refer to Appendix G for additional details.   

 

Table 5.1 LIA glacier sensitivity rank and associated post LIA glacier change rank.  

Glacier Name 
LIA FA 

Sensitivity 
Rank 

LIA PCA 
Sensitivity 

Rank 

Area Loss 
Rank 

Post-
Retreat 
Length 
Rank 

Vertical 
Relief 
Rank 

Average 
Height Loss 

(per m
2
) 

Rank 

Marlborough 9 9 3 4 9 11 

Tiger 8 16 1 1 1 13 

North Star  14 5 16 11 7 2 
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Table 5.2 2005 glacier sensitivity rank and associated post LIA glacier change rank.  

Glacier Name 
2005 FA 

Sensitivity 
Rank 

2005 PCA 
Sensitivity 

Rank 

Area Loss 
Rank 

Post-
Retreat 
Length 
Rank 

Vertical 
Relief 
Rank 

Height 
Loss 
Rank 

Marlborough 15 14 3 4 9 11 

Tiger N/A N/A 1 1 1 13 

North Star  3 8 16 11 7 2 

 

5.4.1 Marlborough Glacier 

The Marlborough Glacier is a small niche glacier situated adjacent to the Pétain 

Basin in the Rocky Mountain Range (shown on Figure 2.6 and Figure 3.6).  At the LIA 

maximum this ~1 km2 glacier featured a steep (26.6°) laterally confined accumulation 

zone which transitioned to a gently sloping (10.5°) ablation zone flowing along the valley 

bottom. Marlborough Glacier was ~1.7 km long and had a terminus altitude of 2368 m 

above sea level.  The reconstructed relative vertical relief was 580 m and the amount of 

direct solar radiation received (6.29 MJ/m2) at the glacier surface was well below the 

regional mean of 7.06 MJ/m2.  Such low exposure to direct solar radiation was beneficial 

for glacier development.  However, other topographic variables increased this glaciers’ 

vulnerability to post LIA warming.  The expected topographic vulnerability ratings 

assigned based on the reconstructed LIA glacier characteristics were somewhat 

conflicting with both high and low vulnerability ratings.  The low vulnerability rating was 

due to its low solar exposure during the LIA.  Marlborough Glacier also received three 

high vulnerability ratings due to the following factors: a relatively low vertical relief 

(~163 m less than the LIA mean), a low-angle ablation zone coupled with bottom-heavy 

hypsometry and a low UA value (0.13).  Figure 5.2 provides a visual example of the LIA 

factor scores and inferred vulnerability.  

 Glacier sensitivity ranks for the Marlborough glacier at the LIA maximum 

indicate that the glacier was not expected to be particularly sensitive or insensitive (see 

Table 5.1).  The statistically significant (p < 0.05) negative correlation between the LIA 



126 

 

PCA glacier sensitivity rank (rank = 9) and area loss rank (rank = 3) indicates that despite 

a moderate sensitivity rank it experienced a fairly high loss of percent area.  Another 

statistically significant negative correlation (p < 0.05) was observed between the LIA FA 

glacier sensitivity rank (rank = 9) and vertical relief rank (rank = 9).  This tells us that, 

although the sensitivity of the Marlborough glacier was moderate, a greater proportion of 

its relative area was lost.  The discrepancy between the sensitivity rankings and measured 

changes could be due hypsometry having an inadequate weight when the sensitivity 

scores were calculated.  The weight of hypsometry during the calculation was determined 

by the proportion of the system variance explained by the factor/component that the 

hypsometry variable was extracted to and these values were determined from a sample of 

16 glaciers or varying sizes and types.  

The 1.2 km retreat from its LIA maximum moraines was considerable, likely due 

in part to its very bottom-heavy hypsometry (see Figure 5.1).  DeBeer and Sharp (2007) 

postulate that glaciers with gently sloping ablation zones may have been initially 

sensitive to post LIA warming until their termini retreated back into a sheltered location.  

A small rise in temperature (or decline in precipitation) would affect a relatively large 

amount of glacier area in the lowest elevation range.  The hypsometric curves in Figures 

5.2 and 5.3 show that a great proportion of the former Marlborough Glacier was 

distributed in the lower elevation ranges, but approximately 30% of its area was 

distributed above 2600 m.   

Warming during the post LIA period has resulted in a considerable reduction in 

area, such that in 2005 its terminus is situated at 2630m.  This trend is reflected in the 

glacier sensitivity rank data summarized in Table 5.2.  Although the Marlborough Glacier 

has a relatively insensitive rank in 2005, statistically significant (p < 0.01) correlations 

were observed with rankings for percent area loss (r = -0.75) and height loss (r = -0.70).  

This correlation indicates that the relatively insensitive Marlborough Glacier (rank = 15) 

has faced greater area loss (rank = 3) but less height loss (rank = 11) than many other 

glaciers.  
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Figure 5.1 Glacier hypsometry during the LIA and associated and area loss. 

Glaciers are ranked according to their hypsometric integral, with bottom heavy 

forms being large positive values and top-heavy forms being large negative values.  

Despite its small size (0.14 km2 in 2005) this glacier could persist in the 

immediate future due to the favourable topographic conditions.  When measured in 2005, 

these conditions included a high terminus elevation (2630 m a.s.l.), modest vertical relief 

(~330 m), low exposure to solar radiation, moderate upslope area (UA = 0.78), steep 

surface slope and near equi-dimensional hypsometry.  This is reflected in the 2005 

sensitivity ranking (Table 5.2) where Marlborough Glacier is the least vulnerable.  
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Figure 5.2 Comparison of LIA hypsometry curves for select glaciers.   
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Figure 5.3 Comparison of 2005 hypsometry curves for select glaciers. 
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5.4.2 North Star Glacier  

The North Star glacier is a large valley glacier situated on the northern side of 

Starbird Ridge roughly one kilometre east of the Purcell Mountain drainage divide 

(shown on Figure 2.5 and Figure 3.5).  At the LIA maximum the glacier was 6.9 km2 in 

size and consisted of a gently sloping broad accumulation zone which flowed ~5.8 km 

downslope into a constrained valley.  When compared to nearby glaciers, the North Star 

has/had a considerably higher ELA (ELAAA=2680 m a.s.l.), mean elevation of the 

accumulation zone (2851 m a.s.l.), and terminus zone altitude (1980 m a.s.l).  This is due 

to the hypsometry of the glacier and its basin which can be described as being very top-

heavy or ‘geologically young’, as previously described by Strahler (1952).  The gentle 

and broad shape of the glacial basin lends to the accumulation of a vast amount of 

precipitation.  A detriment of the terrain openness is that direct solar radiation exposure is 

high and the potential for upslope contributing areas is low. 

The statistical analysis of LIA glacier data shows that the North Star Glacier is an 

extreme case with exceptional scores on several factors and principal components.  These 

extreme scores are a result of having a large surface area exposed to receive high direct 

solar radiation, high vertical relief (1.1 km), top-heavy hypsometry and a high altitude 

ELA and accumulation zone.  The expected topographic vulnerability ratings for the 

reconstructed LIA North Star glacier were ‘low’ for all factors/components associated 

with extreme scores (PC1, F1, F3 and F4). ETVR ratings were consistently low for North 

Star Glacier during the LIA because of its elevation characteristics, such as a high ELA, 

high mean elevation of the accumulation zone, large elevation range and high E value.  

After all factor scores are considered, a low expected topographic vulnerability rating is 

appropriate for the LIA, which is displayed in Figure 5.4. 

Table 5.1 shows glacier sensitivity ranks for the North Star glacier at the LIA 

maximum.  The LIA FA sensitivity rank indicates that the glacier is not expected to be 

particularly sensitive, while the LIA PCA rank indicates that it would have been 

somewhat sensitive. The statistically significant (p < 0.05) negative correlation between 

the LIA PCA glacier sensitivity rank (rank = 5) and area loss rank (rank = 16) indicates 

that, despite a intermediate sensitivity rank, it experienced much less proportional area  
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Figure 5.4 Factor scores for reconstructed LIA glaciers are shown in plots A and B. 

A) 

B) 
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loss (as shown in Figure 5.1), but lost considerable height (40.5 m per m2).  This is due it 

part to the geometry of its basin which allowed for a thick but narrow tongue of the ice 

confined within a U-shaped valley.  Another statistically significant negative correlation 

(p < 0.05) was observed between LIA FA glacier sensitivity rank (rank = 14) and the 

vertical relief rank (rank = 7).  This tells us that although the sensitivity of the North Star 

glacier could be considered relatively insensitive, it lost a moderate amount of its vertical 

relief.  Top-heavy hypsometry and a narrow, gently-plunging terminus may have led to a 

moderate reduction in length and loss of elevation range without losing an equivalent 

proportion of surface area.   

Glaciers with termini at low altitudes would likely start to lose mass before others 

at higher altitudes, due to a longer ablation season.  Although the North Star glacier had a 

low terminus altitude, the majority of its area was distributed at high altitudes. 

Additionally, the steepness of the hypsometric curves shown in Figures 5.2 and 5.3 and 

the position of the ELA (2680 m  a.s.l.) indicate that the North Star glacier would have 

been less sensitive to changes in climate than the other glaciers.  Although the North Star 

glacier remains north facing its gently sloping surface glacier receives a great amount of 

direct solar radiation due to the lack of overhead terrain. 

Table 5.2 summarizes glacier sensitivity ranks for the North Star glacier in 2005. 

The 2005 FA sensitivity rank (3) indicates that the glacier is expected to be sensitive, 

while the 2005 PCA rank (8) indicates less sensitivity.  A statistically significant (p < 

0.01) negative correlation (r = -0.70) between the 2005 FA glacier sensitivity (rank = 3) 

and height loss (rank = 2) indicates that the glacier has experienced a greater amount of 

thinning per m2 than most other glaciers in this study.  The North Star glacier may have 

lost less area than expected due to its top-heavy hypsometry, whereas the large amount of 

vertical thinning may be a symptom of downwasting.  If the glacier has been in a state of 

prolonged disequilibrium, one would expect less change in glacier cover and length, but a 

greater change in height loss.   

Due to the large size of this glacier it should persist into the foreseeable future, 

although its extent will be dramatically reduced.  Visible evidence of recent 

downwasting, a gentle slope angle and low UA indicate an exposed setting. The ETVR 
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values assigned based on the 2005 data are; high (PC1), low (PC2 and PC3) and high 

(F1).  Together these ratings indicate a moderate ETVR due to several characteristics 

which increase vulnerability (low slope angle, high direct solar radiation, low UA) 

tempered by others which reduce vulnerability (top-heavy hypsometry, northerly aspect, 

high terminus and accumulation zone altitude).   

5.4.3 Tiger Glacier  

The Tiger glacier was a small gently sloping (~15°) niche glacier situated in a 

glaciated alpine basin on the lee side of the Septet Mountain Range (shown on Figure 2.5 

and Figure 3.5).  The Upper Dunbar basin and the adjacent Templeton River drainage 

contain five small niche and cirque glaciers.  This subrange of the Purcell Mountains is 

located approximately 12 kilometres east of the Purcell drainage divide and likely 

receives less precipitation than nearby glaciers on Starbird Ridge.  Tiger glacier received 

less direct radiation (6.59 MJ/m2) than the regional mean (7.06 MJ/m2) because of its 

north-northeast orientation.  At the LIA maximum the reconstructed Tiger glacier 

measured ~0.57 km2 in size with a 430 m elevation range and a flow length of 1.5 km. 

The ETVR value of the reconstructed Tiger glacier is ‘high’ for both PC1 and F1. The 

LIA factor analysis scores plotted on Figure 5.4a and 5.4b show that Tiger glacier is one 

of the more vulnerable glaciers in this study.  Overall, the combined ETVR of Tiger 

Glacier could be considered moderate-high. 

Table 5.1 shows glacier sensitivity ranks for the Tiger glacier at the LIA 

maximum.  Although Tiger glacier had two ‘high’ vulnerability ratings, the LIA FA 

sensitivity rank indicates that the glacier is not expected to be particularly sensitive, while 

the LIA PCA rank indicates a low level of sensitivity.  This contradiction is likely a result 

of the manner in which the rankings were calculated. If a glacier has a ‘low’ ETVR rating 

on all other factors/components, these can overwhelm the score contribution from the one 

variable with the ‘high’ ETVR rating.  The statistically significant (p < 0.05) negative 

correlation (r = -0.55) between the LIA PCA glacier sensitivity rank (rank = 16) and 

relative area loss rank (rank = 1) is unexpected.  Additionally, a statistically significant (p 

< 0.05) negative correlation (r = - 0.50) was also observed between the LIA FA glacier 
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sensitivity rank (rank = 8) and the vertical relief rank (rank = 1).  This means that despite 

both low and moderate sensitivity rankings, the Tiger glacier experienced a total loss of 

area and vertical relief.  The LIA glacier sensitivity rankings for the Tiger glacier are 

misleading because they underestimate the true sensitivity of the glacier.  During the 

calculation of the glacier sensitivity scores the percent variance of each contributing 

component/factor acts as a weight applied to each glacier’s score on a given 

component/factor.  If a glacier is especially sensitive on a minor component (e.g PC3 or 

PC4) which describes less overall system variance, its contribution to the overall glacier 

score will be much less due to the weighting applied during the calculation.  This effect 

will be dramatic for glaciers which are exceptional outliers on minor components/factors.    

Due to Tiger Glaciers’ low vertical relief, even a modest amount of retreat would 

result in a large percent of area loss.  The equidimensional hypsometric profile indicates 

that the bulk of Tiger Glacier was distributed approximately equally across its altitudinal 

range (see Figure 5.1).  The slope of the hypsometric curve is gentle due to low vertical 

relief and a gently plunging accumulation zone.  This is illustrated in Figure 5.2 where a 

gentler curve, relative to its counterparts, indicates greater sensitivity to a change in 

glacier extent.  Although low exposure to direct solar radiation is beneficial for glacier 

development, the combination of low vertical relief, low terminus elevation and small 

size made this glacier especially vulnerable to post LIA warming.  Considering this, it is 

not surprising that this glacier vanished prior to 2005, save for some potential remnants 

of ice buried under a layer of rocky debris.  If ice does remain this glacier would now be 

considered a rock glacier, but additional field data (e.g. GPR) would be needed to 

confirm this. 

5.5 Future outlook for glaciers in the region 

If modern climatic conditions favour net ablation (most years), any topographic 

variable which offsets ablation will be key to glacier persistence.  Small glaciers may 

persist if situated at high altitudes where steep slopes may limit direct solar radiation 

exposure and a high UA adds enough mass to offset ablation.  Conversely, large gently 

plunging glaciers may persist if they are situated at high altitudes where ambient air 
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temperatures are cooler, thus shortening the length of the ablation season and increasing 

the likelihood of receiving solid precipitation (Benn and Evans, 1998; López-Moreno et 

al., 2006; Lambrecht and Kuhn, 2007).  Additional traits such as a surface albedo (% 

reflectivity) or a large UA can to respectively reduce and offset ablation rates (Paul et al., 

2004; DeBeer and Sharp, 2009; Jiskoot and Mueller, 2012).  Although this study is 

unable to investigate the cause(s) of detected changes in ice extent, it is plausible that an 

increase in temperature or decrease in precipitation would make glaciers more susceptible 

to solar exposure and altitude related temperature gradients.  If small glaciers are more 

susceptible to climatic changes, this could explain the increased importance of area and 

slope angle as components of F1 in 2005.  

Inferences about which glaciers are the most/least at risk in the immediate future 

can be made based on the changes observed and the trends detected in the glacier data. 

When all of the measured glacier characteristics are considered some glaciers have a 

clear topographic disadvantage.  These estimates of future outlook are based on the 

calculation of glacier sensitivity scores from the 2005 factor analysis data, using factors 

which are a combination of topographic variables.  These sensitivity ranking are 

presented in Table 5.3.  Many of the most vulnerable glaciers are large with the potential 

to contribute a considerable amount of glacial melt water into their respective watersheds.  

Based on the data gathered in this study, glaciers with a low slope, low UA and 

high exposure to direct solar radiation are most at risk for loss of mass.  Glaciers with 

these characteristics are typically large (> 3 km2), have low UA values (< 0.5) and high 

exposure to direct solar radiation.  For glaciers in this category, the high solar exposure 

and low UA is related to the morphology of the basin and lack of unglaciated overhead 

terrain.  These glaciers have an expansive setting which allows for the accumulation of 

much snow. However, under drier and/or warmer conditions, the exposure of these open 

sites becomes less favourable for glacier survival. Glaciers in the study that could be 

lumped in this group include, Catamount Glacier, North Star Glacier and the Pétain 

Glacier.  If the current trend of climate warming continues, these glaciers will continue 

their retreat. They are large enough to withstand retreat in the immediate future, but could 

be considered at risk.  The notion that glaciers are less vulnerable once they have  
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Table 5.3 Glaciers ranked according to their sensitivity scores. Scores are calculated 

using 2005 factor analysis data and equation 8. * = Glaciers  >1 km
2
  

Glacier Name 
Ordinal Rank 

from sensitivity score 

  most vulnerable 

King George Glacier * 1 
Shelly Glacier 2 
Catamount Glacier * 3 
Princess Mary Glacier 4 
North Star Glacier * 5 
Pétain Glacier * 6 
Elk Glacier * 7 
Oscar Glacier 9 
Taurus 2 Glacier 10 
Taurus 1 Glacier * 8 
Centaurus Glacier 11 
Carmarthen Glacier 12 
Templeton Glacier 13 
PB1 Glacier 14 
Marlborough Glacier  15 
  least vulnerable 

 

retreated upslope to higher altitudes, may be erroneous (DeBeer and Sharp, 2007; DeBeer 

and Sharp, 2009).  This idea is contradicted by modern evidence of disequilibrium, 

manifesting as melting/thinning in the highest reaches of the accumulation zones as 

shown in Figure 5.5.  When this occurs, the ELA has surpassed the maximum altitude of 

the glacier elevation and the proportion of the glacier surface where net accumulation 

occurs is equal to zero.  

Similar observations have been reported by DeBeer and Sharp (2009) in the 

Monashees and elsewhere in the Canadian Cordillera.  They conclude that large glaciers 

(>20 km2) are more sensitive to changes in climate than their smaller counterparts.  This 

is due to the tendency for large glaciers to have lower terminus elevations (allowing 

melting to occur for longer durations), gentler slope profiles and open terrain providing 

less shelter from solar radiation.  Furthermore, they found that glaciers which suffered the 

greatest area loss had lower mean altitudes, greater incident solar radiation index (RS), 

and a large UA value associated with a gentle slope in the upslope contributing area 

(DeBeer and Sharp, 2009).  These glaciers suffered a greater reduction in area than their  
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Figure 5.5 Evidence of supraglacial melting in July of 2005 at the North Star 

Glacier, Purcell Range, BC (contours in metres above sea level). Note small patches 

of exposed bedrock near margins and largest supraglacial melt water feature. 

glaciers at higher altitudes with lower RS values and steeper upslope contributing areas. 

These results indicate that UA on its own may not sufficiently increase the accumulation 

of snow and ice, but that steep UA has increased potential to avalanche material onto the 

glacier surface. 

At the opposite end of this susceptibility continuum are the small and sheltered 

niche glaciers.  Many of these glaciers are small (< 1 km2) with steep slope angles, and 

are situated on sheltered north facing slopes with low exposure to direct solar radiation. 

PROJECTION: UTM ZONE 11N, NAD 83 
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Glaciers in this category include, Marlborough, PB1 and Taurus 2.  This is also reflected 

in the glacier sensitivity rankings shown in Table 5.3.  Although small, these glaciers 

may be able to persist longer than others due to their sheltered location.  How long they 

are able to persist depends on the amount of warming and the amount of incoming 

snow/ice mass received.  

The future susceptibility of glaciers to ongoing warming is largely a function of 

the slope angle, glacier hypsometry, UA, vertical relief and elevation.  To a certain extent, 

a large UA can compensate for high solar exposure, but it cannot negate increasing 

atmospheric temperature.  Ultimately, if the mean annual temperature continues to 

increase these glaciers will decline.  Glaciers with a bottom-heavy hypsometry and low 

terminus altitude can be expected to lose a greater proportion of ice mass than glaciers 

without these characteristics.  Glaciers in this category include; Elk, Oscar, Taurus1 and 

Taurus 2 glaciers. 

The persistence of glaciers in the immediate future is uncertain because it relies 

on many contributing topographic variables in addition to precipitation and temperature, 

the latter of which is increasing in both temperature and variability (IPCC, 2007).  The 

distribution of glaciers relative to drainage divides and sources of precipitation will likely 

affect a glacier’s future outlook.  Continental glaciers near a drainage divide should 

receive more precipitation, while glaciers in drier locales would be relatively more 

sensitive to changes in temperature (Kunakhovitch and Sokalskaya, 1997; Ahijevych et 

al., 2004).  This is true for larger mountain glaciers, but small cirque and niche glaciers 

are arguably insensitive to regional climate trends (Brown et al., 2010).  This is because 

their elevation range  is comparable to the inter-annual changes in ELA height (Hoelzle et 

al., 2003). 

5.5.1 Glacier orientation within the regional study area 

A key observation related to the orientation of the glaciers was that none of the 

glaciers in this study were west facing.  This could be due to unintentional bias while 

selecting sites.  However, care was taken to include a variety of glaciers of varying 

orientations within the region for which TRIM2 data was acquired.  Rather than attribute 
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this to a sample selection bias it is likely that either this is due to the poor suitability of 

west facing slopes for glacier development/preservation, or that the regional geologic 

structure precludes the accumulation of sufficient snow to lead to glacier development.  

In the continental climate of Interior and Rocky Mountain Ranges west facing glaciers 

are exposed to direct solar radiation in the afternoon during typical peak daily 

temperatures.  Additionally, they would also be prone to the loss of snow by wind 

transport and ablation from the prevailing south-westerly winds (Environment Canada, 

2000).  Although the orientation of each glacier’s accumulation and ablation zones were 

not west facing (based on the first eigen-vector) the Catamount glacier did have an outlet 

which flowed to the west at the LIA maximum. In 2005, this valley was completely 

devoid of ice and the rocky slope above was covered by a detached lobe of ice that was 

dwindling in size.  This is not to say that the modern climate in the Purcell Range can not 

support west facing glaciers, however, they would likely be more susceptible to climate 

forcing.  On the west side of the Purcell Range, just east of Duncan Lake, The Four 

Squatters is a peak covered by four large glaciers flowing down its sides in all directions. 

This 3072 m tall peak is situated on the leeside of a major water source which may 

provide lake effect precipitation.  This peak is also situated on the windward side of the 

Purcell range which receives more precipitation than the glaciers included in this study, 

which are situated along or just east of the drainage divide within the Purcell rain shadow 

zone.  

5.6 Limitations and assumptions 

Most modelling or reconstruction endeavours are accompanied by assumptions 

made due to uncertainty.  Because of the nature of this study there are many unknown 

variables which were not measured, such as the date that each glacier occupied its 

maximum LIA extent, glacier response times, ice thickness, flow velocity and the 

temporal variability in solar output (Bhatnagar et al., 2002; Barry, 2006; Raper and 

Braithwaite, 2009; Magny et al., 2010).  For the purposes of this study we assumed the 

glaciers commenced retreat from their LIA maximum positions at roughly the same time, 

and that response times were equivalent.  This is a simplified model as realistically, 
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glaciers retreat at different rates.  This is why retreat rates were not calculated, but rather 

the total changes measured between the two periods were recorded.  As we do not know 

response times of the glaciers studied it is conceivable that the larger glaciers have yet to 

adjust to post LIA warming.  

Another assumption made was that glacier flow rates and response times during 

the LIA are equivalent to their 2005 values.  In actuality this is unlikely; glacier flow 

velocities are starting to decrease in many regions (Heid and Kääb, 2012).  This is due to 

the reduction of mass accumulation, which in turn reduces the amount of ice flowing 

downslope (Heid and Kääb, 2012).  A larger assumption was the use of an AAR of 0.6 

for the LIA Area-by-Altitude ELA reconstructions. As described in Chapter 3, there are 

numerous techniques to estimate the AAR, and in the absence of mass balance 

observations it is difficult to assess the accuracy of the estimated AAR.  During the LIA 

conditions were favourable for glacier growth and an AAR of 0.6 has been used by others 

for reconstruction purposes (Porter, 1975; Meierding, 1982; Dahl et al., 2003; Benn et al., 

2005).  The ELAs estimated in 2005 using the AABR method depend on the reliability of 

the balance ratio used (BR = 1.1), which was determined by Rea (2009).    

Due to the simple method used to reconstruct LIA glacier surfaces there are 

potential errors in the spatial accuracies of the modelled surfaces.  As previously 

described in Chapter 3 the reconstructed glacier margins have a horizontal and vertical 

accuracy of ±25 m.  The vertical accuracy of each reconstructed surface has not been 

tested due to the lack of historical glacier elevation data, but the 2005 interpolation  

exercise yielded a maximum RMS value of 32 m.  Additionally, if the glacial moraines 

used to delineate the LIA glacier extents have been severely eroded or deflated, there is 

additional potential for error.  Due to the site selection criteria, and the methods used to 

generate the 2005 and reconstructed digital surface models, these errors have been 

minimized.  Small errors in the reconstructed glacier surfaces would have minor effects 

on the mean elevation values, slope angles and hypsometric profiles used in later 

analysis.  Because the analysis is based on trends apparent in the data, the trends would 

likely remain unchanged, although the strength of the trend might increase/decrease 

slightly.  Additional methodologies such as the creation of numerical flow models could 
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have been used to validate the reconstructed LIA surface elevation and the amount of 

transverse surface curvature, however, these were deemed to be beyond the scope of this 

M.Sc. thesis.  Overall, this long list of assumptions highlights the need for additional 

research, as there are presently many unknowns that could be applied to glacier 

reconstructions if we better understand modern glaciers and glacier dynamics in the past.  

5.7 Recommendations for future work  

The irreconcilable saturation of some pixels in the source data did create some 

problems during DSM extraction.  One recommendation for the future would be to use a 

multispectral image type that contains some near infrared or thermal data (Fox and 

Nuttall, 1997; Paul et al., 2004; Kargel et al., 2005).  These wavelengths are less 

susceptible to saturation and would provide wetness and textural information useful for 

elevation extraction over smooth snow covered features.  As the AT Scans are 8 bit 

images there are limited options to enhance the image when raw histogram peaks are 

truncated at DN 255.  The digital AT Scans provided by the province of British 

Columbia, yielded excellent 1:30000 scale aerial imagery with high spatial precision at a 

low cost, but the camera settings and pre-processing of the imagery is not optimal for 

glacial applications.  Other imagery types were considered, but the AT Scans presented 

the best balance of low cost, high spatial resolution (0.5 m) and coverage in the area of 

interest.  Another potential source of DSM improvement could have been realized had 

other image processing software packages been tested.  

Modern measurements of AARs in the Rocky Mountains show that some glaciers 

in the region are experiencing marked declines in accumulation (Demuth and Keller, 

2006; Hopkinson and Demuth, 2006; Jiskoot et al., 2009).  As some glaciers are presently 

exhibiting signs of downwasting, the possibility of glaciers reaching a state of 

disequilibrium may increase in the future.  Due to the time intensive nature of mass 

balance studies there are few sites with records of AAR available, however, it would be 

insightful to see how the AAR changes over time and over the Columbia Mountains. 

Additional field-based measurements such as glacier-specific metrological data would be 

helpful to quantify how local microclimates vary. 
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Since a limitation of this study was a sample size of 16 glaciers, future analysis 

should include a large enough sample to use more robust statistical techniques.  If such an 

analysis were replicated with a larger sample size it would be possible to exclude 

anomalous sites and reduce the ‘signal noise’ inherent in the data.  Due to the small 

sample size in this research, the two largest and two smaller glaciers were excluded 

during in a sensitivity analysis test, but these were ultimately retained for the full 

analysis.  A larger sample of glaciers that excludes small niche and cirques glaciers (that 

may be insensitive to climate) could improve the quality and interpretability of the 

results.  Lastly, the sensitivity ranking schema proposed in this thesis may tend to 

underestimate the effect of contributions from lesser variables (due to unequal 

weighting).  Despite this deficiency, they provide a starting point from which further 

investigations can proceed.  

5.8 Concluding remarks 

Between the early 1700s and the mid 1800s glaciers in the Purcell and Rocky 

Mountain ranges achieved their largest extents of the Holocene.  A decline in 

temperature, solar radiation and increase in precipitation led to glacier development in 

depressions and basins large enough to entrain snow and ice.  As glaciers retreated from 

their LIA maximum limits, distinct landforms remained as geologic evidence of a former 

climate regime.  This enabled the reconstruction of the extent and surface elevation of 16 

glaciers in the Columbia and Rocky Mountain ranges for this thesis research. 

Topographic statistics were used to understand the variability inherent in the 

regional glacier record and to identify which topographic characteristics were controlling 

factors upon changes in glacier geometry.  The statistical analyses described in Chapter 4 

were carried out to test whether differences in glacier extent at the LIA maximum arose 

due to the influence of local topographic setting.  The data presented show that certain 

topographic variables are important for some glaciers, some more than others.  Overall, 

the results indicate that no one topographic variable consistently acts alone to affect 

glacier extent, but certain combinations of local scale topographic parameters make a site 

more or less suitable for glacier persistence.  The most common controlling variables 
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were found to be glacier aspect and slope angle.  This study found that differing amounts 

of glacier retreat can likely be attributed to differences in various topographic 

characteristics between sites.  A hypothesis of this study was that glaciers which receive a 

large amount of direct solar radiation have experienced the greatest post LIA retreat.  In a 

broad sense this statement is true, but there are exceptions such as King George Glacier, 

for which upslope terrain contributions to additional snow accumulation may help to 

offset ablation. 

There are many combinations of topographic complexities that affect glacier 

health including; vertical relief, orientation, relative upslope area ratio, slope angle, 

critical elevations and the glaciers hypsometry.  The relative importance of each of these 

topographic variables depends on each glaciers local setting.  For instance, if a north-

facing glacier with top-heavy hypsometry and a high altitude accumulation zone it is 

likely that the terminus altitude and slope angle will play an important role in its length 

and/or area change response to climate.  Although similar trends were detected in both 

the statistical analysis of LIA and 2005 glacier data, in 2005 there is a shift toward 

variables which influence accumulation and conservation of ice mass via topographic 

sheltering. In the 2005 data glacier distribution and extent are mainly affected by solar 

exposure potential (slope angle, aspect, relative upslope area) and to a lesser extent by 

critical elevations and glacier morphology (hypsometry and shape factor).  This means 

that the importance of a sheltered setting will increase for small glaciers as they retreat 

(DeBeer and Sharp, 2007; DeBeer and Sharp, 2009).  

Large glaciers situated on expansive open slopes are exposed to much solar 

radiation, thus they will likely continue to lose the most mass.  These glaciers are likely 

to persist in the short term due to the relatively large size of their remaining ice.  Many of 

the large glaciers in this study have little overhead terrain to provide shelter and have few 

upslope areas to contribute additional snow or ice.  Ongoing retreat is likely to occur in 

glaciers situated in exposed settings, assuming that current warming trends persist into 

the foreseeable future.  Should the warming of the earth’s climate stabilize, glaciers will 

continue to retreat for some time, the length of which is dependent on the response time 
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of the glacier.  If precipitation amounts increase, these glaciers may accumulate more 

snow and commence advancing. 

Overall, there were no statistically valid differences detected in the patterns of 

glacier distribution and post LIA retreat between the two regions studied. Anecdotally, 

there is a marked difference in ELAs between the Purcells and the Rockies, as shown in 

Figure 4.5.  Previous studies also indicate that ELAs tend to be higher in the Rocky 

Mountains and lower in the Purcell Mountains due to the regional precipitation gradient 

(Østrem, 1966; Østrem, 1973).  There is also variability in ELA and accumulation zone 

altitude based on a windward or leeside position relative to a drainage divide (Nesje, 

1992; Benn and Lehmkuhl, 2000).  The relative upslope area (UA) varies significantly 

between glaciers, with open terrain having lower contributing potential and imposing 

overhead terrain contributing more.  In both the Purcell and the Rocky Mountain Ranges 

there are glaciers distributed on slopes of many aspects, albeit with west facing glaciers 

becoming increasingly rare.  Glaciers oriented towards the east of southern aspects 

typically have large relative upslope area ratios and steep slope angles, which is 

especially true for the southeast facing glaciers still present in the Rockies today.  

In addition to these topographic parameters, hypsometry can make the difference 

between a healthy glacier and a dwindling one as it affects the sensitivity of a glacier to 

climate induced geometry changes.  The analysis of data at both time intervals indicate 

that hypsometry is just as important today as it was then, and can be a useful tool to better 

predict future glacier persistence.  The profiles of the hypsometric curves changed 

considerably between the LIA and 2005, due to the magnitude of glacier retreat and the 

shape of the glacierized basin.  However, there were no statistically significant 

differences in ‘E’ values because some glaciers had larger E value in 2005, while others 

had smaller E values.  The hypsometry of each glacier changed depending on the post 

LIA retreat distance and the morphology (width, slope angle) of the basin it occupies.  In 

2005 and in the reconstructed LIA scenario, hypsometric curves allow for the visual 

comparison of glacier sensitivities, which hypsometric integrals alone cannot provide. 

The glaciers that lost a considerable proportion of surface area were situated at low 

elevations relative to the regional mean and had bottom-heavy hypsometry, and low 
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vertical relief.  When the hypsometric curves of glaciers in 2005 are considered, it is 

possible to estimate which glaciers are most at risk in the immediate future (Jiskoot et al., 

2009).  This knowledge is helpful to better mange watersheds and to potentially mitigate 

the risk for glacial outburst floods and the rapid erosion or deposition of sediment.  

Glaciers in the region exist under precarious conditions as they continue a period 

of prolonged retreat and show signs of downwasting.  This study measured a 22.2 km2 

reduction in glacierized surface area between the LIA maximum and 2005 at 16 glaciers. 

This corresponds to a 49.4 % reduction in glacier area with an estimated volume loss of 

1.97 ± 0.2 km3 of solid ice.  Some glaciers with ideal topographic conditions will fare 

better as they are less sensitive to climate.  Should climate patterns change towards cool 

and moist conditions, glaciers in the region may yet experience a period of renewed 

growth.  
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Appendix A: Data sources and metadata 

A.1. Summary of vector data sources used in this study  

Vector Data Source 
Date 

Obtained 
URL  

Roads DMTI Geospatial  2009 
obtained from the University  
of Calgary  Library 

 

Populated place 
names 

DMTI Geospatial  2009 
obtained from the University  
of Calgary  Library 

 

Hydrology DMTI Geospatial  2009 
obtained from the University  
of Calgary  Library 

 

Provincial 
boundaries 

DMTI Geospatial  2009 
obtained from the University  
of Calgary  Library 

 

Parks and 
protected areas  

DMTI Geospatial  2009 
obtained from the University  
of Calgary  Library 

 

BC Ecoregions, 
Ecosections and 
Eco Provinces 

GeoBC, Province 
of British 
Columbia  

2008 http://geobc.gov.bc.ca/  

Canadian Water 
Board Glacier 
outlines 

GeoBC, Province 
of British 
Columbia  

2008 http://geobc.gov.bc.ca/  

Canadian Water 
Board Watershed 
Basin 

GeoBC, Province 
of British 
Columbia  

2008 http://geobc.gov.bc.ca/  

Bedrock Geology 

BC Ministry of 
Energy, Mines and 
Petroleum 
Resources 

2008 

http://www.empr.gov.bc.ca/MI
NING/GEOSCIENCE/MAPPL
ACE/GEODATA/Pages/defaul
t.aspx 
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A.2. Summary of raster data sources used in this study 

Raster data Source 
Date 

Obtained 
URL 

SRTM 
DEM 

CGIAR 2009 http://srtm.csi.cgiar.org/ 

TRIM 50K 
DEM 

British Columbia 
Integrated Land 
Management 
Bureau 

2009 
http://openmaps.gov.bc.ca/imfows13/
imf.jsp?site=idt 

1:50,000 
NTS map 
sheets 

CANMATRIX, 
Government of 
Canada, Natural 
Resources Canada, 
Earth Sciences 
Sector 

2009 
http://www.geogratis.gc.ca/geogratis/
en/product/search.do?id=CB864DC7-
25A1-5136-57F4-C095CE1C6A6D 

1:250,000 
NTS map 
sheets 

CANMATRIX, 
Government of 
Canada, Natural 
Resources Canada, 
Earth Sciences 
Sector 

2009 
http://www.geogratis.gc.ca/geogratis/
en/product/search.do?id=CB864DC7-
25A1-5136-57F4-C095CE1C6A6D 

AT SCAN 
Images 

British Columbia 
Integrated Land 
Management 
Bureau 

2005 
http://openmaps.gov.bc.ca/imfows13/
imf.jsp?site=idt 

Landsat 
Global Land Cover 
Facility 

2001 http://www.landcover.org/index.shtml 
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A.3. Summary of aerial photography used in this study 

Film Roll Type 
Photo 

Numbers 

Acquisition 

Date 
Scale Source 

15BCC05078 
AT SCAN, 

Digital 
Imagery 

50-53, 69-72, 
80-83, 87-88, 
95-98, 101-

109 

2005 1:30,000 

British Columbia 
Integrated Land 

Management 
Bureau 

AS 1589 Hard copy  
16-19, 35-37, 

66-69 
1977 1:12,000 

Alberta Energy 
and Natural 
Resources.   

BC7829 Hard copy  7-9 1975 1:30,000 

British Columbia. 
Forest Service. 

Inventory 
Division. 

BC7818 Hard copy  
216-223, 
268-270 

1975 1:30,000 

British Columbia. 
Forest Service. 

Inventory 
Division. 

AS 1534 Hard copy  97-104, 106 1976 1:20,000 
Alberta Energy 

and Natural 
Resources 

BC7423 Hard copy  52-60, 74-79 1972 1:12,000 
Alberta Energy 

and Natural 
Resources.   

BC5385 Hard copy  22-24, 32-35 1970 1:50,000 

British Columbia. 
Forest Service. 

Inventory 
Division. 

BC7537 Hard copy  
148-167, 
232-240, 
257-63 

1973 1:20,000 

British Columbia. 
Forest Service. 

Inventory 
Division. 

BC7557 Hard copy  17-20,  1973 1:20,000 

British Columbia. 
Forest Service. 

Inventory 
Division. 

BC7552 Hard copy  
162-167, 
233-237 

1973 1:20,000 

British Columbia. 
Forest Service. 

Inventory 
Division. 
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A.4. Summary of aerial photography showing glacier downwasting  

Note: Digital AT scans are marked with a * symbol; all other images are printed aerial 

photographs. Photos showing evidence of thinning (surface melt water features and/or 

marginal recession in the accumulation zone) are marked in bold.   

Film Roll # 
Photo 

number 
Year Region Scale Source 

AS 1589 
16-19, 35-
37, 66-69 

1977 Elk Lakes 1:12,000 
Alberta Energy and 
Natural Resources.   

BC7829 7, 8, 9 1975 
Height of the 

Rockies 
1:30,000 

British Columbia. 
Forest Service. 

Inventory Division. 

BC7818 
216-223, 
268-270 

1975 
Height of the 

Rockies 
1:30,000 

British Columbia. 
Forest Service. 

Inventory Division. 

AS 1534 97-104, 106 1976 Elk Lakes 1:20,000 
Alberta Energy and 
Natural Resources 

BC7423 
52-60, 74-

79 
1972 Elk Lakes 1:12,000 

Alberta Energy and 
Natural Resources.   

BC5385 
22-24, 32-

35 
1970 Purcell Range 1:50,000 

British Columbia. 
Forest Service. 

Inventory Division. 

BC7537 
148-167, 
232-240, 
257-63 

1973 Purcell Range 1:20,000 
British Columbia. 

Forest Service. 
Inventory Division. 

BC7557 17-20,  1973 Purcell Range 1:20,000 
British Columbia. 

Forest Service. 
Inventory Division. 

BC7552 
162-167, 
233-237 

1973 Purcell Range 1:20,000 
British Columbia. 

Forest Service. 
Inventory Division. 

15BCC05078* 95-98 2005 Purcell Range 1:30,000 
Province of British 

Columbia  

15BCC05019* 
69-72, 101-

106 
2005 Purcell Range 1:30,000 

Province of British 
Columbia  

15BCC05018* 
50-53, 87-

88 
2005 

Height of the 
Rockies 

1:30,000 
Province of British 

Columbia  

15BCC05018* 
80-83, 106-

109  
2005 Elk Lakes 1:30,000 

Province of British 
Columbia  
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Appendix B: Glacier characteristics 

B.1. Summary of LIA glacier characteristics 

Glacier 

Name 

Area 

km2 

Length 

(m) 

Minimum 

elevation 

(m) 

Mean 

elevation of 

accumulation 
zone (m) 

UA 

Vertical 

Relief 

(m) 

ELAAA  

(m)  
E 

Shape 

Factor 

Aspect 

(°) 

Slope  

(°) 

Mean 

Direct 

Radiation 
(MJ per 

pixel) 

Marlborough 0.82 1778 2368 2638 0.13 589 2475 0.30 0.60 16 19 456 

Princess 
Mary 

0.93 2722 2232 2804 0.94 1080 2600 0.38 0.52 148 21 572 

Centaurus  1.89 3393 2192 2644 0.14 838 2495 0.39 0.50 43 15 533 

PB1 0.4 1074 2550 2759 0.36 421 2650 0.41 0.49 51 21 486 

Pétain 6.02 5437 2274 2805 0.24 946 2595 0.42 0.58 41 11 559 

Oscar  0.52 1485 2232 2663 0.46 605 2518 0.51 0.72 95 23 529 

Taurus 2 0.38 1497 2097 2573 0.53 684 2425 0.52 0.64 20 23 479 

Carmarthen 0.7 1396 2367 2627 0.14 423 2538 0.46 0.60 48 21 522 

King George 2.77 3985 2151 2710 0.71 914 2510 0.47 0.55 154 13 565 

Taurus 1 2.36 1996 1987 2471 0.23 845 2320 0.46 0.49 355 23 486 

Templeton 1.85 2196 2124 2585 0.20 689 2455 0.51 0.59 40 27 486 

Tiger 0.6 1473 2205 2495 0.40 432 2420 0.50 0.72 25 15 456 

Catamount  13.39 6560 1875 2713 0.31 1228 2517 0.54 0.44 23 12 552 

Shelly 1.79 2368 2269 2607 0.24 456 2505 0.56 0.76 95 12 557 

Elk  3.52 3069 2210 2762 0.22 760 2600 0.56 0.63 74 17 567 

North Star  6.94 5780 1980 2851 0.14 1128 2680 0.63 0.47 21 11 566 
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B.2. Summary of 2005 glacier characteristics 

Glacier 
Name 

Area 
km

2
 

Length 
(m) 

Minimum 
elevation 

(m) 

Mean 
elevation of 

accumulation 
zone (m) 

UA 
Vertical 
Relief 

(m) 

ELAAABR 
(m)  

E  
Shape 
Factor 

Aspect 
(°) 

Slope 
(°) 

Mean 
Direct 

Radiation 
(MJ per 

pixel) 

Marlborough 0.1 553 2630 2840 0.78 327 2767 0.47 0.71 16 36 456 

Princess 
Mary 

0.5 1390 2489 2874 1.76 826 2736 0.31 0.55 148 27 572 

Centaurus 0.3 1010 2608 2794 0.92 421 2724 0.34 0.61 43 28 533 

PB1 0.1 728 2583 2814 1.10 388 2748 0.47 0.72 51 32 486 

Pétain 3.7 3659 2458 2847 0.38 669 2738 0.41 0.54 41 15 559 

Oscar 0.2 805 2509 2707 1.09 319 2650 0.47 0.72 95 32 529 

Taurus 2 0.2 996 2307 2620 1.10 468 2529 0.53 0.53 20 30 479 

Carmarthen 0.1 546 2556 2714 0.80 210 2673 0.54 0.85 48 29 522 

King George 1.5 2656 2347 2757 1.30 633 2651 0.47 0.46 154 21 565 

Taurus 1 1.2 1108 2184 2553 0.48 529 2448 0.44 0.38 355 30 486 

Templeton 0.5 544 2628 2674 0.73 197 2613 0.54 0.47 40 27 486 

Catamount 7.2 4349 2360 2716 0.56 523 2615 0.48 0.31 23 16 552 

Shelly 0.8 1274 2391 2623 0.55 334 2562 0.49 0.83 95 19 557 

Elk 1.6 1460 2566 2819 0.50 386 2740 0.47 0.46 74 22 567 

North Star 4.7 3739 2467 2888 0.21 585 2777 0.57 0.42 21 12 566 
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B.3. Summary of post LIA changes observed at glaciers 

Glacier 
Name 

Area loss  
Retreat 

distance (m) 

Terminus 
elevation 

increase (m) 

Perimeter 
remaining 

Average 
height Loss 
(m per m

2
) 

Number of 
parts if 

fragmented 

Net Volume 
Loss (km

3
) 

Marlborough 83.1% 1224 262 34.5% 28.2  0.019 

Princess 
Mary 

46.4% 1332 265 69.4% 47.5 2 0.021 

Centaurus  84.3% 2383 417 32.8% 14.9   0.024 

PB1 67.4% 347 33 38.9% 18.5   0.005 

Pétain 38.2% 1778 184 84.9% 117.9   0.271 

Oscar  58.1% 680 277 64.9% 62.1   0.019 

Taurus 2 52.1% 501 210 83.8% 27.1   0.005 

Carmarthen 82.5% 851 189 29.7% 23.5   0.013 

King George 46.5% 1329 196 88.9% 68.0 2 0.088 

Taurus 1 50.9% 888 197 89.9% 58.3 3 0.070 

Templeton 72.4% 1652 504 65.4% 48.2   0.064 

Tiger 100.0% 1473 410 0.0% 26.9 - 0.015 

Catamount  46.5% 2211 485 103.9% 135.8 3 0.846 

Shelly 56.0% 1094 122 61.3% 88.0   0.089 

Elk  55.7% 1609 353 91.5% 70.6 2 0.139 

North Star  32.6% 2040 488 91.8% 124.3 3 0.282 
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Appendix C: Volume Change 

C.1. Summary of Volumetric changes measured from the LIA TIN reconstruction 

and the 2005 glacier DEM. 

Glacier Name 
Net Volume 

Loss (m
3
) 

Volume Loss 

(m
3
) 

Volume 

Gain (m
3
) 

Gain as % 

of volume 

loss 

Marlborough 19,213,690 19,160,895 52,795 0.28% 

Princess Mary 20,823,825 21,363,074 539,249 2.52% 

Centaurus  23,699,265 31,621,849 7,922,584 25.05% 

PB1 5,644,611 5,267,471 377,140 7.16% 

Pétain 270,831,559 271,514,337 682,778 0.25% 

Oscar  18,592,308 18,858,679 266,370 1.41% 

Taurus 2 5,330,533 5,422,205 91,672 1.69% 

Carmarthen 13,274,091 13,818,372 544,281 3.94% 

King George 87,588,175 89,209,425 1,621,250 1.82% 

Taurus 1 69,861,954 72,526,301 2,664,347 3.67% 

Templeton 64,485,082 72,343,465 7,858,383 10.86% 

Tiger 15,241,950 15,571,391 329,440 2.12% 

Catamount  846,196,582 849,362,489 3,165,907 0.37% 

Shelly 89,345,362 89,401,475 56,113 0.06% 

Elk  138,549,142 139,714,335 1,165,193 0.83% 

North Star  289,124,462 285,428,861 3,695,601 1.29% 
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Appendix D: Solar radiation maps  

D.1. Solar radiation map for Starbird Ridge, Purcell Mountains, BC. 
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D.2. Solar radiation map for Frances Creek, Purcell Mountains, BC. 
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D.3. Solar radiation map for the Septet Range, Purcell Mountains, BC. 
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D.4. Solar radiation map for Elk Lakes Provincial Park, BC. 
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D.5. Solar radiation map for Height of the Rockies Provincial Park, BC. 
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Appendix E: Results of principal component analyses 

E.1. Glacier factor scores based on correlations from the principal component 

analysis of LIA glacier data 

 PC 1 PC 2 PC 3 PC 4 

Shelly Glacier -0.01 -0.63 0.46 -2.30 

Elk Glacier 0.65 -0.23 0.02 -1.04 

Tiger Glacier -1.22 0.32 0.34 -1.02 

North Star Glacier 1.73 1.16 -0.59 -0.57 

Oscar Glacier -0.35 -0.88 1.09 -0.53 

Carmarthen Glacier -0.73 -0.29 -0.57 -0.45 

Pétain Glacier 0.90 0.09 -1.26 -0.32 

Taurus 2 Glacier -0.92 0.49 1.30 0.12 

King George Glacier 0.95 -1.21 0.85 0.36 

Centaurus Glacier 0.04 0.31 -0.59 0.44 

Templeton Glacier -0.88 0.50 0.74 0.45 

PB1 Glacier -0.50 -0.90 -1.90 0.51 

Catamount Glacier 1.56 1.86 0.37 0.54 

Marlborough Glacier -1.18 -0.02 -1.75 0.65 

Taurus 1 Glacier -1.02 1.41 0.75 1.31 

Princess Mary Glacier 1.00 -1.98 0.75 1.85 
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E.2. Glacier component loadings based on correlations from the principal 

component analysis of LIA glacier data (4 sites excluded). 

LIA Topographic Variable PC1 PC2 PC3 PC4 

Ablation zone aspect                          
(deviation from south) 

-0.81 -0.14 0.49 0.05 

Accumulation zone aspect                    
(deviation from south) 

-0.80 0.03 0.55 -0.15 

Area (m2) 0.42 -0.06 0.64 -0.57 

Average direct radiation (MJ) 0.90 0.11 -0.06 -0.24 

ELAAA (m a.s.l.) 0.85 0.15 0.23 0.28 

Elevation relief ratio (E) -0.04 0.50 -0.46 -0.68 

Mean altitude of accumulation zone (m a.s.l.) 0.91 -0.01 0.21 0.19 

Slope angle of ablation zone -0.38 -0.30 -0.59 -0.09 

Slope angle of accumulation zone -0.45 -0.57 -0.34 0.45 

Shape factor -0.13 0.90 -0.28 0.01 

Terminus elevation (m a.s.l.) 0.19 0.56 0.25 0.74 

Upslope area 0.63 -0.26 -0.55 0.11 

Vertical relief (m) 0.63 -0.72 0.15 -0.19 

 

E.3. Glacier factor scores based on correlations from the principal component 

analysis of LIA glacier data (4 sites excluded). 

 PC 1 PC 2 PC 3 PC 4 

Shelly Glacier 0.17 1.93 -0.39 -0.61 

Elk Glacier 0.68 0.57 0.25 -0.90 

Tiger Glacier -1.21 0.92 -0.34 -0.15 

Oscar Glacier 0.01 0.52 -1.44 0.33 

Carmarthen Glacier -0.50 0.60 -0.04 1.06 

Pétain Glacier 1.02 0.14 2.15 -0.59 

King George Glacier 1.31 -0.33 -0.45 -0.58 

Centaurus Glacier -0.04 -0.57 0.87 -0.10 

Templeton Glacier -0.93 -0.71 -0.69 -0.44 

Marlborough Glacier -0.80 -0.10 1.17 2.13 

Taurus 1 Glacier -1.35 -1.70 0.00 -1.32 

Princess Mary Glacier 1.65 -1.27 -1.08 1.17 
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E.4. Glacier factor scores based on correlations from the principal component 

analysis of 2005 glacier data 

 PC1 PC2 PC3 

Marlborough Glacier -1.24 0.78 1.20 

Princess Mary Glacier 1.52 1.95 -1.25 

Centaurus Glacier 0.16 1.01 0.14 

PB1 Glacier -0.86 0.71 0.78 

Pétain Glacier 1.13 -0.58 0.70 

Oscar Glacier -0.49 0.86 -0.34 

Taurus 2 Glacier -1.15 -0.67 -1.11 

Carmarthen Glacier -0.95 0.29 0.69 

King George 1.05 0.32 -1.15 

Taurus 1 Glacier -0.92 -1.38 -1.85 

Templeton Glacier -0.96 -0.28 0.48 

Catamount Glacier 0.84 -1.71 -0.02 

Shelly Glacier -0.06 -0.30 -0.50 

Elk Glacier 0.65 0.16 0.69 

North Star Glacier 1.29 -1.17 1.53 
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E.5. Glacier component loadings based on correlations from the principal 

component analysis of 2005 glacier data (4 sites excluded). 

2005 Topographic Variable PC1 PC2 PC3 PC4 

Ablation zone aspect                          
(deviation from south) 

-0.84 -0.27 0.21 0.33 

Accumulation zone aspect                    
(deviation from south) 

-0.82 -0.25 0.28 0.34 

Area (m2) 0.41 -0.77 0.38 0.21 

Average direct radiation (MJ) 0.89 -0.25 -0.01 -0.32 

ELAAABR (m a.s.l.) 0.54 0.32 0.72 0.17 

Elevation relief ratio (E) -0.68 -0.19 0.22 -0.43 

Mean altitude of accumulation zone (m a.s.l.) 0.73 0.36 0.41 0.36 

Slope angle of ablation zone -0.67 0.55 -0.06 0.02 

Slope angle of accumulation zone -0.36 0.71 -0.34 0.42 

Shape factor -0.01 0.46 0.28 -0.58 

Terminus elevation (m a.s.l.) 0.2 0.65 0.65 0.08 

Upslope area 0.41 0.53 -0.64 -0.01 

Vertical relief (m) 0.67 -0.29 -0.47 0.38 

 

E.6. Glacier factor scores based on correlations from the principal component 

analysis of 2005 glacier data (4 sites excluded). 

  PC 1 PC 2 PC 3 PC 4 

Shelly Glacier -0.09 -0.54 0.20 -2.32 

Elk Glacier 0.59 -0.31 1.11 -0.12 

Tiger Glacier -1.21 0.92 -0.34 -0.15 

Oscar Glacier -0.19 1.04 -0.13 -1.09 

Pétain Glacier 0.89 -1.65 1.39 0.87 

Taurus 2 Glacier -1.24 -0.23 -0.86 -0.03 

King George Glacier 0.95 -0.53 -0.78 -0.37 

Centaurus Glacier 0.40 0.87 0.19 0.71 

Templeton Glacier -0.94 0.18 0.56 -0.01 

Marlborough Glacier -0.86 1.52 1.09 0.84 

Taurus 1 Glacier -1.25 -1.25 -1.34 1.02 

Princess Mary Glacier 1.74 0.92 -1.44 0.51 
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Appendix F: Results of factor analyses  

F.1. Glacier factor scores from the factor analysis of LIA glacier data 

  Factor 1 Factor 2 Factor 3 Factor 4 

Marlborough 
Glacier 

-0.279 -1.215 0.416 -1.779 

Taurus 1 Glacier 1.014 -0.777 -1.859 -0.473 

North Star Glacier 1.045 -0.709 1.220 1.392 

Tiger Glacier -1.234 -0.647 -0.818 0.346 

Catamount Glacier 2.080 -0.585 -0.032 1.279 

Pétain Glacier 0.258 -0.492 1.475 0.118 

Centaurus Glacier 0.442 -0.458 0.251 -0.408 

PB1 Glacier -0.400 -0.428 1.215 -1.761 

Carmarthen Glacier -0.876 -0.418 0.170 -0.423 

Templeton Glacier 0.083 -0.202 -1.303 -0.203 

Taurus 2 Glacier -0.151 0.046 -1.645 0.240 

Elk Glacier -0.476 0.227 0.676 0.909 

Shelly Glacier -1.890 0.318 0.383 1.449 

Oscar Glacier -0.911 1.036 -0.598 0.315 

King George 
Glacier 

0.285 1.751 0.227 0.144 

Princess Mary 
Glacier 

1.011 2.552 0.223 -1.146 
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F.2. Glacier factor loadings based on correlations from the factor analysis of LIA 

glacier data (4 sites excluded). 

LIA Topographic Variable F1 F2 F3 F4 

Ablation zone aspect                           
(deviation from south) 

-0.93 0.15 0.13 0.01 

Accumulation zone aspect                    
(deviation from south) 

-0.98 -0.01 -0.07 -0.07 

Area (m2) -0.03 0.28 -0.90 -0.13 

Average direct radiation (MJ) 0.77 0.02 -0.54 0.03 

ELAAA (m a.s.l.) 0.62 -0.01 -0.39 0.55 

Elevation relief ratio (E) 0.17 -0.75 -0.21 -0.55 

Mean altitude of accumulation zone (m a.s.l.) 0.66 0.29 -0.44 0.44 

Slope angle of ablation zone 0.02 -0.07 0.58 -0.50 

Slope angle of accumulation zone -0.14 0.35 0.83 -0.09 

Shape factor 0.01 -0.93 0.00 0.19 

Terminus elevation (m a.s.l.) 0.05 -0.25 0.03 0.95 

Upslope area 0.84 0.19 0.19 -0.09 

Vertical relief (m) 0.46 0.79 -0.30 -0.22 

 

F.3. Glacier factor scores based on correlations from the factor analysis of LIA 

glacier data (4 sites excluded). 

 F1 F2 F3 F4 

Shelly Glacier 0.24 -1.89 -0.7 0.09 

Elk Glacier 0.39 -0.48 -1.13 -0.24 

Tiger Glacier -0.87 -1.17 0.42 -0.16 

Oscar Glacier 0.8 -0.98 0.96 -0.13 

Carmarthen Glacier -0.33 -0.51 0.7 0.97 

Pétain Glacier -0.36 0.78 -2.19 0.65 

King George Glacier 1.28 0.35 -0.55 -0.53 

Centaurus Glacier -0.47 0.83 -0.45 0.12 

Templeton Glacier -0.37 0.05 0.81 -1.09 

Marlborough Glacier -1.23 0.75 0.87 1.92 

Taurus 1 Glacier -1.16 1.03 0.34 -2.05 

Princess Mary Glacier 2.08 1.25 0.92 0.44 
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F.4. Glacier factor scores from the factor analysis of 2005 glacier data 

 Factor 1 Factor 2 Factor 3 Factor 4 

Marlborough Glacier 1.29 1.24 1.31 -0.11 

Princess Mary Glacier 0.77 -2.02 0.54 1.80 

Centaurus Glacier 0.67 -0.29 0.81 0.53 

PB1 Glacier 1.04 0.80 0.98 0.04 

Pétain Glacier -1.16 0.33 0.75 0.77 

Oscar Glacier 0.75 -0.86 -0.24 -0.89 

Taurus 2 Glacier 0.69 0.77 -1.41 0.21 

Carmarthen Glacier 0.37 0.00 0.13 -1.67 

King George -0.31 -1.43 -0.62 0.52 

Taurus 1 Glacier 0.42 1.11 -2.11 1.15 

Templeton Glacier 0.26 0.71 -0.08 -0.86 

Catamount Glacier -1.54 0.83 -0.47 0.87 

Shelly Glacier -0.57 -1.15 -1.17 -1.70 

Elk Glacier -0.63 -0.47 0.65 -0.45 

North Star Glacier -2.07 0.45 0.94 -0.19 
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F.5. Glacier factor loadings based on correlations from the factor analysis of 2005 

glacier data (4 sites excluded). 

2005 Topographic Variable F1 F2 F3 F4 

Ablation zone aspect                        
(deviation from south) 

-0.92 0.15 -0.22 0.03 

Accumulation zone aspect                    
(deviation from south) 

-0.95 0.13 -0.15 0.00 

Area (m2) -0.18 -0.86 0.15 0.38 

Average direct radiation (MJ) 0.71 -0.65 0.15 0.08 

ELAAABR (m a.s.l.) 0.1 -0.21 0.94 -0.07 

Elevation relief ratio (E) -0.51 -0.05 -0.37 -0.58 

Mean altitude of accumulation zone (m a.s.l.) 0.32 -0.09 0.89 0.24 

Slope angle of ablation zone -0.31 0.74 -0.07 -0.33 

Slope angle of accumulation zone -0.05 0.94 0.09 0.15 

Shape factor 0.22 0.1 0.21 -0.72 

Terminus elevation (m a.s.l.) 0.01 0.19 0.87 -0.32 

Upslope area 0.77 0.48 -0.03 0.2 

Vertical relief (m) 0.49 -0.23 -0.05 0.77 

 

F.6. Glacier factor scores based on correlations from the factor analysis of 2005 

glacier data (4 sites excluded). 

 F1 F2 F3 F4 

Shelly Glacier 0.54 -1.07 -0.95 -1.85 

Elk Glacier -0.13 -0.95 0.84 -0.26 

Tiger Glacier -1.21 0.92 -0.34 -0.15 

Oscar Glacier 0.63 0.65 -0.07 -1.22 

Pétain Glacier -0.8 -1.97 0.89 0.96 

Taurus 2 Glacier -0.58 0.67 -1.24 0.01 

King George Glacier 1.05 -0.61 -0.51 0.43 

Centaurus Glacier 0.21 0.62 0.94 0.36 

Templeton Glacier -0.91 0.32 0.07 -0.56 

Marlborough Glacier -1.00 1.34 1.39 -0.44 

Taurus 1 Glacier -1.06 0.34 -1.69 1.36 

Princess Mary Glacier 2.05 0.67 0.32 1.21 
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F.7. Factor analysis of LIA glacier data: Rocky Mountain glacier factor scores 

 Factor 1 Factor 2 Factor 3 Factor 4 

Marlborough Glacier 0.84 0.74 -1.5 -0.47 

Princess Mary Glacier -1.45 0.62 0.47 0.28 

PB1 Glacier 0.73 1.19 1.19 -0.08 

Pétain Glacier 0.49 -1.38 0.74 -1.07 

King George Glacier -1.09 -0.4 -0.73 -0.48 

Elk Glacier 0.48 -0.77 -0.17 1.82 

 

 

F.8. Factor analysis of  LIA glacier data: Purcell Mountain glacier factor scores 

 Factor 1 Factor 2 Factor 3 Factor 4 

Centaurus Glacier -0.06 -0.03 -1.71 0.33 

Oscar Glacier -1.03 -1.08 0.88 -1.23 

Taurus 2 Glacier 0.74 0.17 1.47 -0.76 

Carmarthen Glacier -0.18 -0.76 -1.35 -0.34 

Taurus 1 Glacier 1.39 0.93 -0.62 -0.45 

Templeton Glacier -0.02 0.14 -0.28 -1.49 

Tiger Glacier 1.63 -0.52 0.56 1.18 

Catamount Glacier -0.54 1.61 0.63 0.66 

Shelly Glacier -0.43 -1.53 0.36 1.36 

North Star Glacier -1.52 1.06 0.05 0.75 
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F.9. Factor analysis of 2005 glacier data: Rocky Mountain glacier factor scores 

 Factor 1 Factor 2 Factor 3 

Marlborough Glacier 0.78 1.19 0.01 

Princess Mary Glacier -1.44 0.29 1.40 

PB1 Glacier 0.44 0.98 -0.29 

Pétain Glacier 0.87 -1.40 0.77 

King George Glacier -1.09 -0.49 -1.49 

Elk Glacier 0.44 -0.58 -0.38 

 

 

F.10. Factor analysis of 2005 glacier data: Purcell Mountain glacier factor scores 

 Factor 1 Factor 2 Factor 3 Factor 4 

Centaurus Glacier 0.33 1.13 -2.15 0.14 

Oscar Glacier 0.75 0.15 -0.26 1.18 

Taurus 2 Glacier 0.75 -0.85 0.42 -0.80 

Carmarthen Glacier 0.87 0.55 0.99 0.28 

Taurus 1 Glacier -0.02 -1.66 -0.62 -1.02 

Templeton Glacier 0.97 0.75 0.83 -0.82 

Catamount Glacier -1.39 -0.10 -0.42 -0.66 

Shelly Glacier -0.57 -1.07 0.34 1.92 

North Star Glacier -1.68 1.10 0.88 -0.22 
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Appendix G: Glacier sensitivity score and rank 

G.1. Glacier sensitivity scores and associated ordinal rankings. Negative scores or low rankings indicate a greater sensitivity. 

Glacier Name 

LIA PCA 

Glacier 
sensitivity 

Score  

LIA PCA 

Sensitivity 
Rank  

LIA FA 

Glacier 
sensitivity 

Score  

LIA FA 

Sensitivity 
Rank  

2005 PCA 

Glacier 
sensitivity 

score 

2005 PCA 

Sensitivity 
Rank  

2005 FA 

Glacier 
sensitivity 

Score  

2005 FA 

Sensitivity 
Rank  

Marlborough Glacier 0.07  9 -0.06 9 0.41  14  0.99  15  

Princess Mary Glacier -0.95  1 -0.46  2 -1.27  1  -0.05  8 

Centaurus Glacier -0.07  8 0.18  11 -0.31  3  0.33  13  

PB1 Glacier -0.39  4 -0.41  4 0.23  10  0.75  14  

Pétain Glacier -0.43  3 0.01  10 -0.10  6  -0.10  7  

Oscar Glacier 0.12  10 -0.45  3 -0.13  5  -0.11  6  

Taurus 2 Glacier 0.61  14 0.20  12 0.39  13  0.23  12  

Carmarthen Glacier 0.15  11 -0.27  6 0.36  12  0.00 9  

King George Glacier -0.55  2 -0.36  5 -0.64  2  -0.56  2  

Taurus 1 Glacier 0.66  15 0.76  15 0.38  11  0.19  10  

Templeton Glacier 0.48  13 0.24  13 0.48  15  0.20  11  

Tiger Glacier 0.67  16 -0.10  8 N/A N/A N/A N/A 

Catamount Glacier -0.08  7 1.02  16 0.19  9  -0.29  4 

Shelly Glacier 0.18  12 -0.62  1 0.02  7  -0.87  1  

Elk Glacier -0.16  6 -0.21  7 -0.15  4  -0.28  5  

North Star Glacier -0.32  5 0.52  14 0.15  8  -0.43  3  
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G.2. LIA glacier sensitivity rankings and corresponding post LIA glacier changes 

Glacier 

Name 

LIA FA 

Sensit-

ivity 
Rank 

LIA 

PCA 

Sensit-
ivity 

Rank 

2005 FA 

Sensit-

ivity 
Rank 

2005 

PCA 

Sensit-
ivity 

Rank 

Area 

Loss  

Area 

Loss 

Rank 

Post-

Retreat 

Length 
Remain

-ing 

Post-

Retreat 

Length 
Rank 

Relative 

Elevation 

Range 

Relative 

Elevation 

Range 
Rank 

Average 

Height 

Loss    
(m/m2) 

Height 

Loss 

Rank 

Marlborough  9 9 15 14 83.1% 3 31.1% 4 55.5% 9 28.2 11 

Princess 
Mary 

2 1 8 1 46.4% 14 51.1% 7 76.5% 15 47.5 10 

Centaurus  11 8 13 3 84.3% 2 29.8% 3 50.3% 5 14.9 16 

PB1 4 4 14 10 67.4% 6 67.8% 16 92.2% 16 18.5 15 

Pétain 10 3 7 6 38.2% 15 67.3% 15 70.7% 13 117.9 3 

Oscar  3 10 6 5 58.1% 7 54.2% 9 52.8% 8 62.1 7 

Taurus 2 12 14 12 13 52.1% 10 66.5% 13 68.4% 11 27.1 12 

Carmarthen  6 11 9 12 82.5% 4 39.1% 5 49.7% 4 23.5 14 

King George 5 2 2 2 46.5% 13 66.9% 14 69.3% 12 68 6 

Taurus 1 15 15 10 11 50.9% 11 55.5% 10 62.6% 10 58.3 8 

Templeton 13 13 11 15 72.4% 5 24.8% 2 28.7% 2 48.2 9 

Tiger 8 16     100.0% 1 0.0% 1 0.0% 1 26.9 13 

Catamount  16 7 4 9 46.5% 12 66.3% 12 42.6% 3 135.8 1 

Shelly 1 12 1 7 56.0% 8 53.8% 8 73.3% 14 88 4 

Elk  7 6 5 4 55.7% 9 47.6% 6 50.8% 6 70.6 5 

North Star  14 5 3 8 32.6% 16 64.7% 11 51.9% 7 124.3 2 

NOTE: A low ranking indicates a sensitive glacier or one with dramatic post LIA changes 
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G.3. Spearman’s rank: correlation of LIA glacier sensitivity rankings with post LIA changes. 

Marked correlations (red)   
are significant at p <.0500 

LIA FA 
Sensitivity 

Rank 

LIA PCA 
Sensitivity 

Rank 

Area loss 
(%) 

Post-retreat 
Length 

Remaining (%) 

Relative 
Elevation 
Range (%) 

Average 
height Loss 

(m /m2) 

LIA FA Sensitivity Rank 1.000 0.274 -0.147 0.012 -0.500 0.200 

LIA PCA Sensitivity Rank  1.000 0.559 -0.476 -0.479 -0.276 

Area loss (%)   1.000 -0.691 -0.456 -0.724 

Post-retreat Length 
Remaining (%) 

   1.000 0.647 0.379 

Relative Elevation Range (%)     1.000 0.053 

Average height Loss (m /m2)           1.000 
 

Marked correlations (red)   
are significant at p <.0100 

LIA FA 
Sensitivity 

Rank 

LIA PCA 
Sensitivity 

Rank 

Area loss 
(%) 

Post-retreat 
Length 

Remaining (%) 

Relative 
Elevation 
Range (%) 

Average 
height Loss 

(m /m2) 

LIA FA Sensitivity Rank 1.000 0.274 -0.147 0.012 -0.500 0.200 

LIA PCA Sensitivity Rank  1.000 0.559 -0.476 -0.479 -0.276 

Area loss (%)   1.000 -0.691 -0.456 -0.724 

Post-retreat Length 
Remaining (%) 

   1.000 0.647 0.379 

Relative Elevation Range (%)     1.000 0.053 

Average height Loss (m /m2)           1.000 
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G.4. Spearman’s rank: correlation of 2005 glacier sensitivity rankings with post LIA changes 

Marked correlations (red) are 
significant at p <.0500 

2005 FA 
Sensitivity 

Rank 

2005 PCA 
Sensitivity 

Rank 

Area loss 
(%) 

Post-retreat 
Length 

Remaining 
(%) 

Relative 
Elevation 
Range (%) 

Average 
height Loss 

(m /m2) 

2005 FA Sensitivity Rank 1.000 0.496 0.607 -0.257 -0.021 -0.821 

2005 PCA Sensitivity Rank  1.000 0.375 -0.143 -0.307 -0.221 

Area loss (%)   1.000 -0.691 -0.456 -0.724 

Post-retreat Length 
Remaining (%) 

   1.000 0.647 0.379 

Relative Elevation Range (%)     1.000 0.053 

Average height Loss (m /m2)           1.000 
 

Marked correlations (red) are 
significant at p <.0100 

2005 FA 
Sensitivity 

Rank 

2005 PCA 
Sensitivity 

Rank 

Area loss 
(%) 

Post-retreat 
Length 

Remaining 
(%) 

Relative 
Elevation 
Range (%) 

Average 
height Loss 

(m /m2) 

2005 FA Sensitivity Rank 1.000 0.496 0.607 -0.257 -0.021 -0.821 

2005 PCA Sensitivity Rank  1.000 0.375 -0.143 -0.307 -0.221 

Area loss (%)   1.000 -0.691 -0.456 -0.724 

Post-retreat Length 
Remaining (%) 

   1.000 0.647 0.379 

Relative Elevation Range (%)     1.000 0.053 

Average height Loss (m /m2)           1.000 

 


