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Abstract 

 

The potential impact that subaqueous mass loss may have on glacier mass balance and 

volume reduction is unclear, primarily due to a lack of quantitative data. Therefore, in 

order to fully understand the potential contribution subaqueous calving and melting may 

make to glacier mass loss, it is important to understand how submerged extensions of 

glacier fronts (“ice ramps”) are created and maintained. This study improves the 

understanding of the controls on subaqueous ice ramp development and evolution at 

debris-covered, lake-calving margins by investigating the temporal evolution and 

subaqueous morphology of the termini of lake-calving glaciers in Aoraki/Mount Cook 

National Park, New Zealand. These glaciers are in close proximity to each other, yet 

each represents different stages on the glacier retreat-proglacial lake development 

continuum. Through a combination of field-based data collection and remote sensing, 

the calving margins of Mueller, Hooker, Tasman, Murchison, Classen, Grey, Maud and 

Godley glaciers were examined over a variety of time scales (days to years). This 

research indicates that the evolution of subaqueous ice ramps is intrinsically linked to 

subaerial retreat and that temporal changes in subaqueous morphologies are driven by 

subaerial calving, subsequent subaqueous calving, and sedimentation. The study 

highlighted that it is vital to understand the subaqueous morphologies of glaciers, how 

these evolve over time and what controls this evolution. In addition, when predicting 

glacier retreat it is important to consider subaqueous morphologies, through the 

incorporation of quantitative data and waterline melt rates, in order to more accurately 

predict retreat and hence mass loss from a glacier. Glacier retreat and concurrent 

proglacial lake expansion were also found to vary significantly within a single mountain 

belt. The identification of subaqueous ice ramps extending from lake-calving debris-

covered glaciers, along with the examination of controls on ice ramp development and 

evolution, contributes significantly to the understanding of subaqueous morphologies 

and potential mass loss from these sections of the glacier. These results also lead to a 

better understanding of how subaqueous sections influence overall glacier retreat.  
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Chapter 1: Introduction 
 

1.1 Background 
The recession of freshwater-terminating glaciers due to calving has become a 

widespread phenomenon in mountain glacier systems in recent decades, affecting 

glaciers in Patagonia (Warren, 1999; Warren & Aniya, 1999; Warren et al., 2001; 

Haresign, 2004), the Himalaya (Benn et al., 2001; Watanabe et al., 2009; Thompson et 

al., 2012), the European Alps (Diolaiuti et al., 2005; Diolaiuti et al., 2006) and New 

Zealand (Kirkbride, 1993; Kirkbride & Warren, 1997; Warren & Kirkbride, 2003; Röhl, 

2005; Dykes et al., 2011). Calving can also permit much larger volumes of ice to be lost 

from the glacier than would be possible from surface ablation alone (van der Veen, 

2002; O'Neel et al., 2007). Debate has focused on which mechanisms are causing 

observed increases in the rates of mass loss from calving termini, along with how these 

may influence future calving prognoses. A complicating factor however is that calving 

glaciers can become partially decoupled from climate, which results in factors other 

than equilibrium line altitudes (ELAs) controlling spatial extents (Mercer, 1961; Mann, 

1986; Meier & Post, 1987; Alley, 1991; Powell, 1991; Warren, 1991; Fischer & Powell, 

1998; Vieli et al., 2001; Elsberg et al., 2003; Nick & Oerlemans, 2006; Benn et al., 

2007b; Nick et al., 2007).  

 

Subaqueous calving and melting have been identified as important processes at water-

terminating margins and have the potential to make large contributions to glacier mass 

loss (Eijpen et al., 2003; Motyka et al., 2003a; Haresign & Warren, 2005). Unlike 

subaerial calving, which can be a readily observed process, understanding the 

contribution of subaqueous calving and melting to glacier mass loss, and interactions 

between calving terminus dynamics and lake effects, remains severely limited due to a 

lack of quantitative data (Benn et al., 2007b). Quantifying these contributions is also 

difficult due to factors including a hazardous working environment and spatially 

variable supraglacial debris covers, which may reduce melting, and therefore limit 

buoyant forces acting on ice (Hunter & Powell, 1998; Purdie & Fitzharris, 1999). 



Chapter 1: Introduction 

2 

Hence, the potential impact of subaqueous calving and melting on glacier mass balance 

and volume reduction is particularly uncertain.  

 

In order to fully understand the potential contribution subaqueous calving and melting 

may make to freshwater glacier mass loss, it is important to understand how submerged 

extensions of glacier fronts (“ice ramps”) are created and maintained. Quincey and 

Glasser (2009 p. 193) noted, in relation to Tasman Glacier (New Zealand), that 

“establishing the presence or absence of a projecting ramp at the terminus of the glacier, 

the degree to which this affects subaerial ablation processes, and whether this 

contributes to mass loss by subaqueous calving would still be a significant step towards 

making a quantitative mechanics-based prediction of future lake expansion and is a 

clear area for further research”. Understanding subaqueous margin morphology and the 

processes that control lake-calving glacier margins is important because of the recent 

and continuing rapid retreat of such mountain glaciers globally. 

 

The presence or absence of ice ramps extending from calving margin termini have been 

mentioned in literature since 1919 when Nansen observed that “far away from [the 

glacier], out at sea, huge masses of ice may suddenly dart up from the depths and 

annihilate both boat and crew” (Nansen, 1919, as described by Benn et al., 2007b). 

Since this observation, a number of authors have discussed, albeit briefly, the possibility 

of an ice ramp extending from glaciers (e.g. Howarth & Price, 1969; Purdie, 1996; 

Kirkbride & Warren, 1997; Motyka, 1997; Hochstein et al., 1998; Hunter & Powell, 

1998; Warren & Kirkbride, 1998; Röhl, 2005; Benn et al., 2007b; Dykes et al., 2011). 

Although no studies have specifically examined ice ramps, the importance of such 

features for glacier mass loss and retreat has been highlighted (Quincey & Glasser, 

2009).  
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1.2 Aim, scope and objectives  
The primary aim of the study is to improve the understanding of the controls on 

subaqueous ice ramp development and evolution at debris-covered, lake-calving 

margins. In order to do this, the study investigates the temporal evolution and 

subaqueous morphology of the termini of lake-calving glaciers in Aoraki/Mount Cook 

National Park, New Zealand. Mueller, Hooker, Tasman, Murchison, Classen, Grey, 

Maud and Godley glaciers and their proglacial lakes are investigated, with a particular 

focus on Mueller, Hooker and Tasman glaciers, where fieldwork was carried out. All of 

the Aoraki/Mount Cook National Park glaciers are in close proximity to each other, yet 

each represent different stages on the glacier retreat-proglacial lake development 

continuum. For example, calving began at Classen Glacier between 1930 and 1961, 

after which the glacier retreated 1.43 km, at an average rate of 57 m a-1 (Kirkbride, 

1993). In comparison, Tasman Glacier began calving in 1991 (Hochstein et al., 1995), 

and then entered a period of rapid retreat between 2006 and 2008, with the surface area 

of the proglacial lake expanding by 86% between 2000 and 2008 (Dykes et al., 2010). 

Hence, examining and surveying such calving margins over a variety of time scales 

(days to years) allows an evaluation of the processes controlling terminus evolution, 

with a specific focus on subaqueous morphology.  

 

Aoraki/Mount Cook glaciers and their adjacent proglacial lakes have been the focus of a 

broad variety of previous glacier research (e.g. Hicks et al., 1990; Kirkbride, 1993; 

Hochstein et al., 1995; Watson, 1995; Hochstein et al., 1998; Warren & Kirkbride, 

1998; Kirkbride & Warren, 1999; Purdie & Fitzharris, 1999; Warren & Kirkbride, 2003; 

Röhl, 2006; Quincey & Glasser, 2009; Dykes & Brook, 2010). Although these studies 

enable a comparison to be made between contemporary processes and published data, 

such studies have typically focused on retreat rates, calving rates and lake evolution on 

a single glacier. The last study that reviewed data from across several calving glaciers 

was published almost a decade ago (Warren & Kirkbride, 2003), and was based on data 

collected between 1994 and 1997. Subsequent studies have generally looked at these 

glaciers in isolation or with reference to a neighbouring glacier (Röhl, 2006; e.g. Dykes 

et al., 2011). In addition, no studies have specifically examined the subaqueous calving 

margin morphologies, the evolution of such morphologies or subaqueous calving at the 

termini of glaciers in Aoraki/Mount Cook National Park. Given the dramatic changes 
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recorded at individual glaciers in Aoraki/Mt Cook National Park over the last decade 

(e.g. Röhl, 2006; Quincey & Glasser, 2009), quantification and a systematic analysis of 

calving retreat (both subaqueous and subaerial) and coeval proglacial lake development 

across the calving glaciers in the region is propitious. Subaqueous morphology and thus 

subaqueous calving are intrinsically linked to calving retreat and therefore must be 

analysed alongside subaerial calving retreat.  

 

In order to achieve the primary aim of the study, four specific objectives are addressed. 

These are to: 

1. Compare absolute rates of terminus retreat and proglacial lake development, and 

identify the processes responsible for this retreat, at lake-calving termini in 

Aoraki/Mount Cook National Park (chapter 3); 

2. Map the subaqueous termini of Mueller, Hooker and Tasman glaciers to identify 

key characteristics of each calving margin (chapter 4);  

3. Determine what processes control the development and evolution of subaqueous 

termini (chapter 4); 

4. Examine the temporal evolution of the terminus (subaerial and subaqueous 

sections) of Mueller Glacier and identify the key controls for observed changes 

(chapter 5); 

5. Predict future retreat scenarios for Hooker Glacier (chapter 6). 

 

These objectives are addressed through a combination of field measurements and 

observations, remote sensing, and comparison with published data. Field-based 

investigations were carried out at Mueller, Hooker and Tasman glaciers and proglacial 

lakes between April 2008 and February 2011. These field surveys collected data on 

glacier, lake and climatic variables. Glacier variables included topographical data and 

horizontal and vertical displacements. Lake variables included bathymetric and sub-

bottom profile data, water temperature, and lake level. Mueller Glacier was the focus of 

a more detailed study over a 16 month period. This investigation was necessary in order 

to better understand the controls of subaqueous morphology and its relationship to 

glacier retreat. Mueller Glacier was chosen due to the apparent rapidity of changes 
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occurring at the margin at the time of the study, the range of active processes, along 

with ease of access.  

 

The study attempts to address some of the outstanding issues surrounding lake-calving 

subaqueous terminal morphology, while emphasising how the interaction of a variety of 

components at different margins, over different timescales, can produce varying forms 

of subaqueous termini. Thus, the study aims to extend the understanding of processes 

which operate to control the development and evolution of the subaqueous morphology 

of debris-covered, lake-calving glaciers and the timescales over which these processes 

operate. 

 

 

1.3 Thesis structure 
This thesis consists primarily of ‘in press’ or submitted manuscripts; hence, there is 

some degree of repetition between chapters, particularly the introductory, methodology 

and study area sections. Following this introduction, a review of lake-calving glacier 

literature is presented in Chapter 2. The chapter reviews previous research on lake-

calving glaciers, with a particular focus on calving processes and subaqueous margin 

morphology. Following a discussion of the significance of calving glaciers, the 

development of the proglacial water body and the influence it has on the adjacent 

glacier is examined. Calving processes and glacier dynamics are reviewed, followed by 

an examination of calving laws. 

 

Chapter 3 focuses on lake-calving glaciers in Aoraki/Mount Cook National Park. The 

chapter is in review as a journal article in Geomorphology. In order to gain a better 

understanding of the lake-calving glaciers in Aoraki/Mount cook National Park and how 

subaqueous ice ramps might affect glacial retreat, the chapter examines the retreat and 

formation of proglacial lakes at Mueller, Hooker, Murchison, Classen, Grey, Maud and 

Godley glaciers. The terminus positions of these glaciers from 1965 to 2011 are 

mapped, glacier retreat rates are calculated, and lake surface areas are estimated. 
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Patterns in glacier retreat and lake expansion are discussed, in conjunction with the 

possible reasons for these trends.  

 

Chapter 4 examines and contrasts the subaqueous calving margin morphology of 

Mueller, Hooker and Tasman glaciers. The chapter has been published in Journal of 

Glaciology. In the chapter, a combination of sub-bottom sonar profiling and echo-

sounding is used to identify ice on the lake floor and to delineate the subaqueous 

terminal morphology of each glacier. This includes mapping of lake bathymetry and the 

subaqueous portions of the calving margins. Key characteristics of the subaqueous 

margins are thus identified, and the processes which control subaqueous morphological 

development at the three glaciers are discussed. 

 

Chapter 5 presents a detailed study on the temporal evolution of the calving margin of 

Mueller Glacier. The chapter is in review as a journal article in Geografiska Annaler. In 

order to increase the understanding of how subaqueous ice ramps fit into the wider 

picture of glacial retreat and proglacial lake expansion, the chapter examines recent 

(2009-2011) changes in the subaqueous and subaerial terminus morphology of Mueller 

Glacier. The temporal evolution of the terminus is constrained from a sequence of four 

field surveys over 2 years. The effect water temperature has on calving and the presence 

of a subaqueous ice ramp is discussed and the factors that control terminus buoyancy 

are identified.  

 

Chapter 6 presents future retreat scenarios for Hooker Glacier. The chapter has been 

accepted for publication in New Zealand Geographer. The chapter predicts potential 

retreat scenarios and proglacial lake enlargement based on retreat rate and proglacial 

lake growth calculations from chapter 3, and subaqueous terminal morphology data 

from 2009 presented in chapter 4, and assesses the limitations of these retreat scenarios. 

Other factors that may affect the future retreat of the calving margin are also identified.  

A synthesis of the work is presented in Chapter 7, along with a discussion of avenues 

that warrant further, focused research, followed by concluding remarks.  
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Chapter 2: Lake-calving glaciers 
 

2.1 Introduction 
The termini of lake-calving glaciers are complex systems affected by glacier dynamics, 

the geographic and climatic environment, calving processes, properties of the water-

body into which the glacier calves, and in some cases, debris cover. This chapter 

reviews previous research on lake-calving glaciers, with a particular focus on calving 

processes and subaqueous margin morphology. Calving from tidewater glaciers is also 

considered in places to provide context. The review is subdivided into five sections. The 

first section (2.2) discusses the significance of calving glaciers. The influence the 

proglacial water body has on the glacier through processes such as waterline melt, 

subaqueous melt, thermal regime, circulation and convection and lake level are 

discussed in section 2.3. Calving processes, the role of crevasses and key calving 

triggers are examined along with the main types of calving in section 2.4. Section 2.5 

reviews the relationship between glacier dynamics and calving processes and a key 

debate as to whether calving losses are the cause or consequence of flow acceleration 

(the ‘slave or master’ hypothesis). Section 2.6 discusses glacier velocity and its role in 

calving. Section 2.7 reviews calving laws, how they have evolved and the way in which 

calving is represented in glacier models. The chapter concludes by summarising the 

main findings of the literature review.  

 

 

2.2 The significance of calving glaciers 
Calving is a significant ablation process for the mass balance of many glacier systems, 

at times allowing rapid mass transfer from the cryosphere to lakes and oceans (Figure 

2.1). Calving can permit much larger volumes of ice to be lost from the glacier than 

would be possible from surface ablation alone (van der Veen, 2002; O'Neel et al., 

2007).  In particular, large proportions of mass may be lost via calving from many 

major glacier systems, including the Greenland Ice Sheet (Hagen et al., 2003; Rignot & 

Kanagaratnam, 2006; Straneo et al., 2011), with the majority of mass loss from the 
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Antarctic Ice Sheet being via this process (Jacobs et al., 1992). Calving is likely to have 

had a strong control on the growth and retreat of large ice sheets which terminated into 

the sea or lakes during the Pleistocene, including the Laurentide, Fennoscandian, 

British-Irish and Patagonian ice sheets (Cutler et al., 2001; Hughes, 2002; Hulton et al., 

2002; Zweck & Huybrechts, 2003; Mangerud et al., 2004; Siegert & Dowdeswell, 

2004; Stokes & Clark, 2004). As Clarke et al. (1999) highlighted, a better understanding 

of calving processes is required in order to unravel the complex interactions between 

climatic, oceanographic and glaciological causes and effects of major calving episodes 

such as ‘Heinrich Events’ in the North Atlantic.  

 

 

 

Figure 2.1: Icebergs produced from multiple calving events, grounded near the outlet of Tasman 
Lake, the proglacial lake adjacent to Tasman Glacier (source: C. Robertson, 2 April 2008). 
Englacial and some supraglacial debris has remained on the icebergs during calving and been 
transported down the lake. Calving permits much larger volumes of ice to be lost from the 
glacier than melting alone. 

 

 

Mass loss via calving from glaciers and ice caps has contributed significantly to present-

day global mean sea level rise (SLR), although the magnitude is not fully constrained 

(Glasser et al., 2011). Calving glaciers can respond quickly to initial climate signals via 

rapid retreat (Post, 1975; Meier, 1997) and therefore have the potential to contribute 

disproportionally to sea level rise (Meier & Post, 1987; Rignot et al., 2003). However, 
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calving glaciers can also become partially decoupled from climate-forcing, which 

results in factors other than equilibrium line altitudes (ELAs) controlling spatial extents 

(Alley, 1991; Benn et al., 2007b). Hence, it is important to understand calving 

processes, as glaciers and ice sheets are expected to continue making a significant 

contribution to SLR in the twenty-first century (Jenkins, 2011). The magnitude of such 

contributions has been the focus of many studies (e.g. Glasser et al., 2011; Paul, 2011; 

Radić & Hock, 2011; Scherler & Strecker, 2011; Jacob et al., 2012), with debate 

focusing on the forcing behind the rapid increase in mass loss from calving termini, and 

whether the mass loss will continue in the near future and, if so, at what rate. The effect 

calving may have on oceanographic systems is also important, as variations in iceberg 

fluxes and routing may influence the wider climate system (Kenneally & Hughes, 

2006). 

 

Calving rates of freshwater glaciers are typically an order of magnitude lower than 

calving rates at tidewater glaciers (Bindschadler, 1980; Funk & Röthlisberger, 1989). 

Tidewater-freshwater calving rate differences have been attributed to variations in water 

density, upwelling rates and associated turbulent heat transfer, subaqueous melt rates, 

along with frontal oversteepening and longitudinal strain rates (Funk & Röthlisberger, 

1989; Warren et al., 1995b; van der Veen, 2002). Hence, it is important to understand 

the processes that control these widely differing calving rates, as this may assist in 

understanding contemporary glacier settings, palaeoglaciological records (Benn et al., 

2007b), and in predicting future global mean sea level rise (Shepherd et al., 2010).  

 

Calving glaciers and the water bodies into which they calve may also present a 

significant hazard to users of that environment (e.g. Tinti et al., 1999). Glacier lake 

outburst floods (GLOFs) may be caused when a lake-damming moraine or ice ‘dam’ is 

breached, and can present a significant hazard to people and infrastructure when lake 

water then flows down-valley (e.g. Vuichard & Zimmermann, 1987; Yamada & 

Sharma, 1993; Richardson & Reynolds, 2000; Vincent et al., 2010). Where proglacial 

lakes are used for, or contribute to hydro-electric power storage (e.g. Norway 

(Theakstone & Knudsen, 1986; Kennett et al., 1997), Switzerland (Haeberli, 1977; 

Bindschadler, 1983b; Funk & Röthlisberger, 1989) and New Zealand (Purdie & 
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Fitzharris, 1999)), GLOFs can cause considerable damage. Avalanches of both ice 

and/or sediment into proglacial lakes also pose a hazard if the avalanche is large enough 

to generate waves and/or displace large quantities of water (Kershaw et al., 2005; 

Harrison et al., 2006; McKillop & Clague, 2006; Canassy et al., 2011). Avalanche 

material may be sourced from surrounding mountain ranges, valley walls or lateral 

moraines (Quincey et al., 2005). Rock avalanches onto glaciers and their effect on 

glacier behaviour has been described in a number of locations (e.g. Huggel et al., 2004; 

Hubbard et al., 2005; Shulmeister et al., 2009) including Aoraki/Mount Cook National 

Park, New Zealand (Figure 2.2) (e.g. McSaveney, 2002; Cox et al., 2008; Allen et al., 

2009; Cox & Allen, 2009; Reznichenko et al., 2011). Furthermore, lateral moraine 

collapse and degradation has long been an issue at glaciers in Aoraki/Mount Cook 

National Park, due to rapid glacier downwasting and retreat since the end of the Little 

Ice Age (Blair, 1994).  
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Figure 2.2: The rock avalanche from Aoraki/Mount Cook on 14 December 1991 (Photo: 
CN21503/11: D. L. Homer in Cox & Barrell, 2007). The avalanche descended 2720 m down the 
eastern side of Aoraki/Mount Cook and was deposited onto Tasman Glacier. The deposit 
formed closely spaced arcuate debris ridges on the glacier at the confluence of Tasman Glacier 
and the Hochstetter icefall (seen in the centre of the photo) which have elongated since 
deposition (Quincey & Glasser, 2009). The deposit caused the development of a 25 m high, 
debris-covered, ice ridge on the up-glacial edge of the deposit (Reznichenko et al., 2011). 

 

 

2.3 Influence of the proglacial water body 
Any proglacial water body adjacent to a calving glacier has a significant influence on 

glacier behaviour and how glacier retreat may proceed (e.g. Hart et al., 2011; Tsutaki et 

al., 2012). A water body can affect glacier dynamics by altering the stress regime 

operating on the glacier and influencing calving processes at the terminus (Kirkbride, 

1993; Chinn, 1996). Glaciers that calve into water typically flow faster than those that 

terminate on land (Sugiyama et al., 2011). This is a result of enhanced basal ice motion 

where basal water pressure is high. Tsutaki et al. (2011) found that glacier velocity 

nearly tripled as a result of proglacial lake formation and development on 

Rhonegletscher, Switzerland. Significant components operating at the water 
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body/glacier terminus boundary include: waterline melt, subaqueous melt, thermal 

regime, circulation patterns, and lake level fluctuations.   

 

2.3.1 Development of proglacial lakes 

Glacier thinning and recession since the Little Ice Age has resulted in an increasing 

number of proglacial lakes and an expansion of existing proglacial lakes globally. 

Proglacial lakes have been studied at glacier termini in Patagonia (Warren et al., 1995a; 

Warren & Aniya, 1999; Skvarca et al., 2002), Alaska (Reid & Callender, 1965; 

Gustavson, 1975a; Boyce et al., 2007), the Himalayas (Sakai et al., 2001; Salerno et al., 

2012; Thompson et al., 2012), New Zealand (Kirkbride, 1993; Hochstein et al., 1995; 

Chinn, 1996; Hochstein et al., 1998; Warren & Kirkbride, 1998; Chinn, 1999; Dykes et 

al., 2010; Gjermundsen et al., 2011), Antarctica (Chinn & Woods, 1984; Bronge, 1999), 

Greenland (Warren, 1991), Norway (Duck & McManus, 1985; Theakstone & Knudsen, 

1986; Laumann & Wold, 1992), Iceland (Derbyshire, 1974; Duck & McManus, 1985), 

Switzerland (Haeberli & Roethlisberger, 1976) and the Italian Alps (Diolaiuti et al., 

2005; Diolaiuti et al., 2006; Diolaiuti et al., 2009).  

 

Proglacial lakes develop from a range of processes including: retreat of a glacier 

through an overdeepened trough (Warren & Aniya, 1999); glacial retreat up-valley from 

a terminal moraine (McKillop & Clague, 2007) or outwash head (Kirkbride, 1993) 

(Figure 2.3); and, downwasting. On debris-covered glaciers, Quincey et al. (2007) 

found that proglacial lakes form on glaciers with low long-profile surface gradients (of 

less than 2˚) and surface velocities of <10 m a-1. The first stage of lake formation on 

debris-covered glaciers involves the removal or perforation of the supraglacial debris on 

the lower reaches of the glacier, commonly caused by the collapse of englacial conduit 

tunnels as a result of glacier thinning (Kirkbride, 1993). On low-gradient glaciers, 

disintegration is more likely to occur up-glacier of the terminus where internal drainage 

conduits are common, compared to steeper-gradient glaciers where disintegration is 

likely to occur closer to the margin due to thinner ice (Kirkbride, 1993). The disruption 

of the supraglacial debris cover increases melting of exposed ice surfaces due to 

removal of debris insulation and direct radiation exposure, and may lead to the 

development of supraglacial ponds or sinkholes. Expansion of these ponds is 
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predominantly by melting which may be enhanced by warmer pond water (Sakai et al., 

2000). Perched lakes show limited growth due to intermittent pond drainage (Benn et 

al., 2001), while ponds connected to the englacial water system grow progressively 

(Röhl, 2008). The removal of supraglacial debris and subsequent exposure of bare ice 

cliffs marks the transition from melting and thinning under debris, to rapid melting and 

the development of proglacial lakes (Kirkbride, 1993), potentially through the 

coalescence of supraglacial ponds. Kirkbride (1993) proposes the second stage of 

proglacial lake evolution on debris-covered glaciers involves the development of a 

relatively straight terminal ice cliff (when observed in plan view), and rapid glacier 

retreat as a result of subaerial and subaqueous calving.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3: Sequence of retreat and subsequent proglacial lake development on a low-
gradient glacier bound by the reverse slope of an outwash head (Figure 9 Kirkbride, 
1993): 1) slow melting under a mantle of supraglacial debris; 2) collapse of conduits 
perforates the debris layer which allows rapid melting of exposed ice walls; 3) growth 
and coalescence of supraglacial ponds into a lake which may have an ice-cored floor. 
Subaqueous icebergs may calve from this floor; 4) disintegration of the ice-cored floor 
increases water depth and initiates rapid calving retreat. 
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2.3.2 Waterline melt 

Melting of ice at the waterline (‘thermo-erosional notching’) is considered a significant 

influencing factor on calving rates at freshwater-terminating glaciers. If ice is in contact 

with water for a sufficient period of time, thermal erosion will occur at the waterline 

(Figure 2.4) as a result of energy transfer via warm surface water and water movement. 

Notches will form in the ice at the waterline as the melt proceeds faster than subaerial or 

subaqueous melting (Josberger, 1978). Thermal erosion and undercutting of ice cliffs 

have long been recognised as potentially important contributing factors at lake-calving 

glaciers (Tarr, 1909; Goldthwait et al., 1963; Reid & Callender, 1965; Haeberli & 

Roethlisberger, 1976; Theakstone & Knudsen, 1986; Watson, 1995). Early studies 

looking at notch formation on icebergs in the Southern Ocean found notches up to 7-10 

m deep and highlighted the importance of wave action in their formation (Martin et al., 

1978; Robe, 1978). Observations of thermo-erosional notches in proglacial lakes 

estimated a notch depth of up to 10 m at Tasman Glacier (Purdie & Fitzharris, 1999) 

and formation rates of 3-4 m over a few days at Maud Glacier (Kirkbride & Warren, 

1997). Waterline melt in supraglacial ponds has also been found to be ~0.5 m d-1 at 

Ngozumpa Glacier, Khumbu Himal, Nepal (Benn et al., 2001) and 0.8 m d-1 at Glacier 

Leόn, Chilean Patagonia (Haresign & Warren, 2005). Although it is difficult to directly 

compare these observations, as some studies do not include water temperature 

measurements and others are based on short observation periods, it is clear that 

waterline melt and thermo-erosional notches are significant controls on calving rates at 

some lake-calving glacier margins (Kirkbride & Warren, 1997; Röhl, 2006; Diolaiuti et 

al., 2009).  

 

In particular, Röhl (2006) identified that the calving rate at Tasman Glacier is directly 

controlled by the rate of thermal undercutting of the subaerial portion of the ice cliff. 

The study highlighted the importance of separating ice melt at the waterline from notch 

formation, which eventually leads to calving. Ice melt at the waterline occurs when 

water is in contact with the ice and proceeds at higher rates than subaerial or 

subaqueous melting (Josberger, 1978). Notch formation is defined as the actual speed at 

which an ice cliff is undercut, or the change in notch depth, and proceeds more slowly 

than waterline melt (Röhl, 2006). Notch formation in turn is controlled by water 

temperature, circulation, cliff geometry, debris supply and lake-level fluctuations. To 
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separate waterline melt and notch formation, Röhl (2006) introduced an effective melt 

rate which incorporates changes in lake level and distinguishes the speed of waterline 

melt. Water temperatures within the lake could not be used to estimate notch formation 

due to the complex interaction of all influencing components. Although thermal 

undercutting was identified as a controlling factor at Tasman Glacier, the influence of 

this process at other lake-calving glacier margins may vary depending on glaciological 

factors such as ice velocity and surface gradient, together with limnological factors such 

as water temperature and water movement (Röhl, 2006).  

 

 

 

 

 

 

 

 

 

Figure 2.4: A thermo-erosional notch (shown by the black arrow), formed at the waterline, at 
the terminal ice cliff of Mueller Glacier, New Zealand (source: C. Robertson, 20 November 
2009). The rate of thermo-erosional notch development may directly control subaerial calving at 
some freshwater terminating glaciers, such as Tasman Glacier (Röhl, 2006). 

 

 

2.3.3 Subaqueous melt 

Historically, subaqueous ice melt at a calving terminus has been inferred or indirectly 

calculated, and as a result has generally been considered as negligible (Theakstone & 

Knudsen, 1986; Laumann & Wold, 1992; Hochstein et al., 1998; e.g. Fitzharris et al., 

1999). Melt has often been incorporated into the calving rate of a glacier. However, 

where calving rates are low, subaqueous ice melt may make a significant contribution to 
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ice loss. This is in contrast to glaciers with high calving rates, where ice loss via 

subaqueous melt may be one or two magnitudes lower than losses via calving (Syvitski, 

1989). The uncertainties surrounding calculated rates of subaqueous ice melt have also 

been high, making it difficult to justify their use (Warren et al., 1995b; Haresign & 

Warren, 2005). More recently, a number of studies have suggested that subaqueous melt 

rates at tidewater termini are higher than first suspected (Warren et al., 1995a; e.g. 

Haresign & Warren, 2005), with 57% of the estimated total ice loss at LeConte Glacier, 

Alaska, attributed to subaqueous melt alone (Motyka et al., 2003a).  

 

A number of studies have gone some way to quantifying subaqueous melt rates at 

tidewater glaciers in Greenland (e.g. Rignot et al., 2010; Xu et al., 2011; 2012) yet 

subaqueous melt rates in proglacial lakes remain poorly defined, although a number of 

recent studies estimated rates via calculations based on glacier and lake variables, or 

laboratory studies. Hochstein et al. (1998) calculated an ‘apparent specific downmelting 

rate’ for Hooker Lake of 9 m a-1 for the period 1986-1996 and 8 m a-1 for Tasman Lake 

from 1982-1993 (Hochstein et al., 1995). The specific ice melting rate described “the 

removal of a given volume of ice by melting associated with a representative melt 

contact area for a given period” (Hochstein et al. 1998, p. 214). The calculations were 

based on 40 x 106 m3 of ice being removed by melting between 1982 and 1993, mainly 

from a melt area of approximately 0.4-0.5 km2. Although equation 2.1 was designed for 

application to saline water, Hochstein et al. (1998) found that it provided realistic melt 

rates at freshwater margins. Subsequently, Röhl (2008) calculated subaqueous melt 

rates for supraglacial ponds on Tasman Glacier, New Zealand using Russell-Head’s 

(1980) equation:  

 2.1 

where  is the melt rate in m d-1 and  is the water temperature. The calculation gave 

a melt rate of 4.7 m a-1 for an annual average water temperature of 0.8˚C or a volume 

ice loss of ~35,000 m3 a-1. These values were considered to be a minimum estimate as 

ice melt by convection was expected to be higher.  
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Alternative equations for calculating melt rates have also been applied. Neshyba and 

Josberger (1980) use water temperature as a single variable: 

 2.2 

Flow velocity is included in Weeks and Campbell’s (1973) equation for melt rates at the 

sea water/glacier ice interface for icebergs:  

 2.3 

where  is the melt rate,  the water current velocity,  the temperature difference 

between ice and water, and the length of the side of the iceberg. Results from this 

equation are substantially higher than those derived from equation 2.1.  

 

Eijpen et al. (2003) used laboratory investigations to study the effect that water 

temperature and salinity has on subaqueous melt rates. Melt rates of between 43 and 64 

mm d-1 at the base of an ice block, and between 29 and 50 mm d-1 in the middle of a 

block were recorded when a block of ice was submerged in water between 2 and 4˚C. 

The study also found that thermo-erosional notches form more quickly in water 

temperatures >4˚C. Although the study was carried out in a temperature-controlled 

laboratory (1-10˚C), frozen distilled water was used instead of glacier ice which has 

different ice density and debris content properties. Circulation within the experimental 

tanks was also minimised so convection patterns produced by ice melt could be 

observed (Figure 2.5). In reality, however, circulation and convection in a proglacial 

lake is driven by a combination of glacial and non-glacial inflows and climatic 

parameters. Thus, the circulation and convection patterns observed in the laboratory 

study may be markedly different from what occurs in a proglacial lake.  
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Figure 2.5: Convection cell circulation patterns from laboratory experiments of ice melt in 
freshwater (after Figure 3 Eijpen et al., 2003). Different subaqueous melt rates and hence 
geometries are created in different freshwater temperatures. Circulation within the experimental 
tanks was minimised, however, in reality, circulation and convection in a proglacial lake is 
driven by a combination of glacial and non-glacial inflows and climatic parameters. Thus, 
circulation and convection patterns observed in this study may be markedly different from what 
occurs in a proglacial lake. 

 

 

2.3.4 Thermal regime  

The thermal regime of a proglacial lake is influenced by both climatic and glacial 

variables. Lake temperature is predominantly the product of solar warming (Ashley, 

1995), yet can fluctuate with variations in incoming shortwave radiation, wind and 

rainfall. The absorption of incoming solar radiation in summer by a lake increases 

surface temperatures, while a large amount of solar radiation is reflected in winter if the 

lake freezes over (Björnsson et al., 2001; Schomacker, 2010). Wind can force mixing of 

lake waters and as a result, alter the thermal stratification of a lake (Harris, 1976). 

Glacial variables, and particularly input of meltwater or supraglacial streams, are 

important components in determining the thermal regime of a proglacial lake. The 

location where the meltwater enters the lake is particularly important in terms of 

thermal stratification and circulation, and is discussed further in section 2.3.5. Calving 

also influences lake temperature as icebergs have a cooling effect on the surrounding 

water due to latent and sensible heat exchange (Kenneally & Hughes, 2006; Benn et al., 
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2007b). Also, icebergs may contribute cool water to the lake via melt, and can promote 

a more uniform temperature distribution in the lake (Churski, 1973).  

 

Consistent with the above observations and variability, actual temperature 

measurements from proglacial lakes show a wide range of thermal conditions which 

vary both temporally and spatially. Indeed, the large range of thermal regimes in 

proglacial lakes are the result of variations in latitude, altitude, climate, glacial 

influence, fluvial and sediment input (Warren & Kirkbride, 1998). In particular, 

temperatures have been found to be as low as –0.3˚C (Fleisher et al., 1993) and as high 

as 11˚C on the surface (Röhl, 2005), with some lakes having a wide range in 

temperature (e.g. Gilbert & Desloges, 1987; Röhl, 1999). In contrast, others show little 

variation with depth or distance from the ice margin (e.g. Hicks et al., 1990; Fleisher et 

al., 1993; Warren, 1999). Some lakes have also been found to have thermoclines or are 

classified as being isothermal (Gilbert, 1971; Liverman, 1987; Fleisher et al., 1993; 

Hochstein et al., 1998). Although common patterns of temperature can be identified, 

direct comparison of lake temperatures can be difficult due to differences in data 

collection methods. For example, measurements taken in a lake in the early morning are 

likely to be different from measurements in the same lake taken in mid-afternoon, due 

to the warming effect of solar radiation. Similarly, temperatures collected in summer 

will be higher than those taken in winter. The location of repeat measurements can also 

hinder direct comparison as temperatures on the surface one metre from an ice cliff 

cannot be directly compared with temperatures taken at a depth of 20 m 10 m from the 

ice cliff.  

 

Water temperature is an important control on thermo-erosional notch development, 

although the relationship between temperature and notching is not straightforward 

(Röhl, 2006). Nevertheless, such a relationship may explain the positive correlation 

between water temperature and calving rate found by Warren and Kirkbride (2003). 

Röhl (2006) also found that correlations between water temperature and notch 

formation can differ between survey locations and times. Questions also arise as to the 

most appropriate depth to take measurements: surface temperatures would appear to be 

the most relevant for waterline melt as the majority of heat transfer via waves occurs 
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here (Martin et al., 1978), yet high surface temperatures are generally associated with 

warm, calm weather conditions with minimal wave movement, which reduces heat 

transfer to the ice cliff (Röhl, 2006). Temporal variation in calving rates at Tasman 

Glacier is thought to be largely affected by water temperature within thermo-erosional 

notches (Röhl, 2006). This is due to water movement towards, and within the notch, 

being a major control on waterline melt, notch formation and therefore calving rates.  

 

2.3.5 Circulation and convection  

Circulation and convection of water within a proglacial lake is driven by the thermal 

regime, water inflows, suspended sediment concentration, along with wind and solar 

radiation (Figure 2.6). Circulation patterns vary throughout the year with changes in 

driving factors, and can be used to classify lakes in terms of their mixing. Lakes that 

completely mix in spring and autumn are isothermal, glacier-fed lakes commonly turn 

over twice a year and are termed dimictic, while water bodies that completely mix once 

a year are monomictic (Ashley, 1995). The majority of lakes in contact with ice are 

thought to be polymictic near the ice margin, having no thermal stratification, which 

allows free circulation and convection (Reid & Callender, 1965; Churski, 1973; Harris, 

1976; Ashley, 1995; Wetzel, 2001). However, monomictic, dimictic and isothermal 

conditions have been found in a number of different proglacial lakes and within the 

same lake at different times (e.g. Campbell, 1973; Gilbert & Desloges, 1987; Hochstein 

et al., 1995; Hochstein et al., 1998).  
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Figure 2.6: Factors that influence circulation and convection within a proglacial lake; water 
inflows, suspended sediment concentration, thermal regime, wind and solar radiation. The upper 
layers of a water body are mixed predominantly by waves and surface currents generated by 
wind. Mixing within the lake is influenced by the density of water entering the lake from 
precipitation, streams, meltwater streams from the glacier and meltwater delivered via englacial 
and subglacial conduits. Icebergs calving into the lake and melting will cool surrounding water.  

 

 

The upper layers of a water body are mixed predominantly by waves and surface 

currents generated by wind, barometric pressure variations, and calving (Gustavson, 

1975b; Martin et al., 1978; Gilbert & Shaw, 1981). The degree to which waves mix 

surface waters depends on the lake orientation, wind direction and strength, shoreline 

orientation and fetch, with persistent katabatic winds enhancing the efficiency of mixing 

(Drewry, 1986). Water density and inflows have a strong influence on the mixing of 

deeper water. The density, and thus buoyancy of the water, will determine whether it 

sinks, rises, or spreads out where it enters the lake (Figure 2.6) and encourages mixing 

(Ashley, 1995). Water can enter the lake via sub- or englacial conduits, from 

supraglacial meltwater, streams and rainfall. If the inflowing water is a lower density 

than the lake water it will rise and spread out. This is known as an overflow and can 

occur where streams or supraglacial meltwater flow into a lake at lake level. An 

underflow occurs where the water flowing into the lake is a higher density and it sinks 

to the bottom of the lake. Where the inflowing water and lake are of a similar density, 

inflowing water will spread out at intermediate depths as an interflow or plume. Streams 

or meltwater entering a lake can also significantly influence the water body by 
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establishing thermal stratification close to the ice margin which may not exist otherwise 

(e.g. Gustavson, 1975a; 1975b). Circulation and convection are also influenced by 

icebergs melting in the lake and cooling surrounding water (Churski, 1973). Direct 

measurement of inflows from subaqueous sources is often difficult. However, flow 

conditions of these inflows is generally inferred by variables such as temperature 

distribution, suspended sediment concentration or transmissivity (e.g. Gustavson, 

1975b; Hochstein et al., 1995; Chikita et al., 1999; Röhl, 1999).   

 

2.3.6 Lake level 

Lake level fluctuations are common in proglacial lakes (Röhl, 2006), and fluctuations 

can be very large, generally in response to changes in water inflow or outflow of the 

lake. Rises of up to 2 m have been recorded in Hooker Lake following heavy rainfall 

(Hochstein et al., 1998), a 1.43 m rise in 33 hours was recorded in Tasman Lake (Röhl, 

1999) and a 1.4 m rise was recorded in Tasman Lake over 8 days following 683 mm of 

rain (Kirkbride & Warren, 1997). Fluctuations in lake levels of 1.5-2.0 m have also 

been recorded at Mendenhall Glacier (Alaska) with small, rapidly occuring fluctuations 

triggering large calving events (Boyce et al., 2007). Decreases in lake level can occur 

when there is a progressive or rapid emptying of a lake. For example, a marginal ice-

contact lake at Miage Glacier in the Italian Alps is infrequently emptied. This is due to 

changes in the local subglacial drainage network routing water away from the ice cliff 

bounding the lake instead of towards it and into the lake, along with reversals in the ice-

marginal equipotential surface (Diolaiuti et al., 2005). Rapid emptying of a proglacial 

lake may also occur during a GLOF. Several lakes in the Nepal Himalaya have been 

identified as a high risk for GLOFs including Tsho Rolpa in Rolwaling and the Imja in 

the Khumbu Himal (Yamada, 1998; Reynolds, 1999; Richardson & Reynolds, 2000).   

 

Lake level fluctuations are an important component in the formation of thermo-

erosional notches, terminus buoyancy and glacier velocity. For example, variations in 

lake level influence the effectiveness of waterline melting (Röhl, 2006). If lake levels 

stay relatively constant, undercutting of the terminal ice cliff will be more effective as 

energy transfer, and thus melting, will be concentrated on a thin section of ice at the 

waterline, rather than spread over a wide area. Boyce et al. (2007) found that after the 
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terminus of Mendenhall Glacier became buoyant, minor but rapid perturbations in lake 

level (some resulting from rainfall events) were enough to trigger calving and the break-

up of the terminus. Similar effects of rapid lake level changes were also noted at 

Austerdalsisen, Norway (Theakstone & Knudsen, 1986; Theakstone, 1989). Laumann 

and Wold (1992) also found that a rise in lake level resulted in increased glacier 

velocity due to increased sliding within 500 m of the terminus of Austdalsvatn, Norway.  

 

 

2.4 Calving processes 
Calving occurs from both subaerial and subaqueous sections of a glacier. Calving from 

the subaerial section can cause subaqueous calving as the overburden pressure on the 

subaqueous section is rapidly reduced and buoyant forces are increased (O'Neel et al., 

2007). Calving can materialise in different ways depending on pre-existing conditions. 

 

2.4.1 The role of crevasses 

Calving is a multifarious set of processes which result in the mechanical loss of ice from 

a glacier. It occurs in a variety of settings from tidewater to freshwater terminating 

glaciers to dry calving on land and from arid polar to sub-tropical regions (Smiraglia et 

al., 2004; Benn et al., 2007b). Calving is the result of fractures opening in response to 

stresses which propagate to isolate blocks of ice from the glacier (e.g. Figure 2.7). This 

propagation has been recorded at seismometers at Bench Glacier, Alaska (Mikesell et 

al., 2012) as seismic waves are produced during the process (discussed further in 

section 2.4.4). Thus, the location, timing and magnitude of calving is determined by 

pre-existing weaknesses in the ice (Benn et al., 2007b). Four key factors influence the 

degree to which any particular fracture will result in calving, including: 1) the ability of 

the fracture to enlarge, 2) the rate it enlarges, 3) how deep the fracture will propagate 

into the ice, and, 4) the orientation of the fracture. 
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Figure 2.7: Crevasses in the terminal ice cliff at Mueller Glacier (source: C. Robertson, 17 
November 2009. The location, timing and magnitude of calving is determined by the location of 
crevasses which open in response to stresses and propagate to isolate blocks of ice from the 
glacier.  

 

 

The ability of a fracture to enlarge depends on failure criteria being met. These criteria 

have been identified from both observational field-based studies and laboratory studies, 

however results are often incompatible as they are presented in different terms by 

different workers. Field-based results are commonly expressed in terms of the threshold 

strain rate required for crevasse initiation (Meier, 1958; Hambrey & Muller, 1978) and 

do not allow for all stresses to be fully incorporated into calculations (Benn et al., 

2007b). In contrast, laboratory studies typically report results in applied stress at the 

point of failure, or fracture toughness (Nixon & Schulson, 1987; Rist & Murrell, 1994; 

Fischer et al., 1995; Rist et al., 1996; Weber & Nixon, 1996; Rist et al., 1999). Results 



Chapter 2: Lake-calving glaciers 

25 

from laboratory studies can be converted into threshold strain rates which field-based 

studies are presented in, and vice-versa, by inverting Glen’s flow law for ice: 

 2.4 

to yield: 

 2.5 

where  and are strain rates and stress components,  and  are the effective strain 

rate and effective stress, and  and  are the flow law parameters. The use of this law in 

practice is difficult however, due to its reliance on assumed values of  and , which 

can vary widely between damaged and undamaged ice.  

 

Threshold strain rates for crevasse initiation from observed field-based studies cover a 

wide range. In Greenland, threshold strain rates of ~0.01 a-1 were found (Meier, 1958) 

while on White Glacier (Canada), crevasses were noted in areas of strain rates as low as 

0.004 a-1, but no crevasses were present in areas with a strain rate of 0.163 a-1 (Hambrey 

& Muller, 1978). From analysing observed threshold strain rates, Vaughan (1993) was 

able to calculate yield stresses for crevasse initiation of between 90 kPa and 320 kPa, 

which may reflect differences in ice rheology, crevasse spacing and the degree to which 

stress histories influence the regime. Tensile strength calculated from laboratory studies 

have also shown a moderate range of between 80 and 140 kPa at 0˚C, and between 100 

and 130 kPa at –50˚C (Petrovic, 2003). Factors such as impurities in the ice may reduce 

the tensile strength of ice further. In addition, the loading rate as opposed to temperature 

may be more important in determining the level that stress failure will occur at, and 

therefore when crevasse propagation will be initiated (Nixon & Schulson, 1987; Rist & 

Murrell, 1994; Fischer et al., 1995; Rist et al., 1996; Weber & Nixon, 1996; Rist et al., 

1999). The application of these calculated thresholds to real glaciers and ice sheets is 

questionable however, as many of the laboratory studies have not used glacier ice (Benn 

et al., 2007b).  
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Three types of fracturing have been identified by Benn et al. (2007b). These are shown 

in Figure 2.8 and include tensile cracking, sliding and tearing. Tensile cracking involves 

the wall of the fracture moving apart, and the fracture developing normal to the axis of 

maximum extension. Sliding occurs when the walls of the fracture slide past each other 

while staying in contact, and a fracture develops parallel to the shear plane. Tearing 

results in the fracture developing parallel to the shear plane but propagating at right 

angles to the direction of shearing. Mixed mode fracture can occur when more than one 

mode of fracturing acts to propagate a crevasse.  

 

 

 

Figure 2.8: Three basic modes of ice fracture (Figure 3 Benn et al., 2007b). Mode I describes 
tensile cracking where the walls of a fracture separate. Mode II occurs when fracture walls 
remain in contact but slide past each other. Mode III occurs when the fracture propagates at 
right angles to the direction of shear. If more than one mode of fracturing occurs it is termed 
mixed mode fracture.  
 

 

Once fractures have developed in the glacier, the rate at which they propagate will 

depend on the stresses applied to them. The rate of crevasse propagation in some 

settings can control the rate of calving (c.f. Iken, 1977; Kenneally & Hughes, 2002; 
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Pralong & Funk, 2005). Fracture propagation rates can be calculated from a formula 

based on a creep fracture theory (Evans, 1984; Kenneally & Hughes, 2002):  

 2.6 

where  is crack depth, is the threshold fracture strain rate,  is a constant related to 

ice ductility,  is ice thickness, and  is the net tensile stress normal to the plane of the 

crack. It has been used in combination with assumed crack spacing to calculate calving 

rates for specific glacier geometries. To consider fracture propagation in heavily broken 

areas of hanging alpine glaciers, Pralong et al. (2003) and Pralong and Funk (2005) 

developed an alternative approach based on continuum damage mechanics. Application 

of this approach was successful, with it predicting geometric evolution and block 

acceleration prior to failure.  

 

The depth to which a fracture penetrates into the ice is a significant control on whether 

that fracture will result in calving and where the calving margin will be located. Benn et 

al. (2007a) have developed an alternative model to calculate theoretical crevasse depths 

for given stress conditions and to predict the position of calving margins. The model is 

based on the idea that a crevasse will penetrate into the ice until the forces acting to 

enlarge it are balanced exactly by forces opposing its penetration. Water is particularly 

important for maximum penetration of a crevasse (Weertman, 1973; Robin, 1974; van 

der Veen, 1998b; Alley et al., 2005; Hart et al., 2011). Water opposes cryostatic 

pressure and as a result allows a crevasse to penetrate deeper, potentially to the bed of 

the glacier if enough water is present. Water can enter crevasses via surface meltwater 

channels or where there is a connection to the glacier’s proglacial water body. Scambos 

et al. (2000) found that surface meltwater ponds were a prerequisite for crevasse 

penetration and that crevasse propagation by meltwater was the primary mechanism for 

ice shelf weakening and subsequent retreat on the Antarctic Peninsula. Van der Veen 

(1998a) has identified that water is also important for the growth of basal crevasses.  
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Crevasses determine the geometry of the calving margin. Therefore, their orientation is 

an important factor to consider when examining calving margins. A number of 

equations have been defined to determine the relationship between crevasse orientation 

and stress fields on a glacier (Nye, 1952; Benn et al., 2007b). Some equations only 

incorporate deformation by pure shear stress which results in transverse crevasses 

forming under longitudinal extension. Others include deformation via simple shear 

where crevasses will be orientating at 45˚ to the direction of shear. Where deformation 

is via a combination of pure and simple shear, intermediate orientations occur (Nye, 

1952). However, most field-based studies have found that crevasses do not align 

perfectly with the principal stress axes, most probably due to the role of mixed mode 

fracture (as discussed above) (Kehle, 1964; Whillans et al., 1993; van der Veen, 1999b; 

1999a).  

 

2.4.2 Hierarchy of mechanisms that trigger calving 

As discussed above, calving is the result of crevasse propagation through ice in 

response to stresses. Benn et al. (2007b) have identified four situations where stresses 

are likely to be high enough to initiate crevasse propagation and result in calving and 

are therefore likely controls on calving processes. These include: 1) stretching in 

response to large-scale velocity gradients; 2) force imbalances at unsupported ice cliffs; 

3) undercutting by subaqueous melting; and, 4) torque arising from buoyant forces. 

Coseismic events may also trigger calving once certain preconditions have been met 

(Dykes et al., 2012). 

 

2.4.2.1 Stretching in response to large-scale velocity gradients 

Glaciers respond to velocity gradients by stretching which results in crevasse formation. 

These crevasses are a key first-order control on calving and terminus geometry as they 

form a preferential line of weakness along which calving can occur (Powell, 1983). On 

a glacier where surface velocity gradients are the primary control on crevasse 

propagation, calving will occur where the gradients are high enough to allow crevasses 

to penetrate the full depth of the glacier (discussed further in section 2.6). As discussed 

in section 2.4.1, meltwater on the surface of the glacier is a key control on calving 

processes, with water-filled crevasses growing downward without limitation. Thus, the 
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location of these crevasses will mark the calving margin. As mentioned by Benn et al. 

(2007b, p. 161), “the margin position will therefore be determined by the velocity 

distribution at the glacier surface (which controls crevasse depth), and the ice height 

above the waterline (which determines whether a crevasse of a given depth will reach 

the waterline)”. Where a glacier stretches in response to large-scale velocity gradients, 

the key controls on calving are ice thickness, ice velocity and the components that 

influence these controls (Benn et al., 2007b).  

 

Longitudinal stretching associated with velocity gradients is considered a first-order 

control on calving in the hierarchy of calving controls. Velocity gradients determine the 

maximum depth of crevasses and therefore whether they will reach the waterline and 

result in calving. As discussed further in section 2.6, crevasses are more likely to reach 

the waterline if high velocity gradients are present, compared to low velocity gradients 

which encourage buoyancy and floating sections of ice (Benn et al., 2007b). The 

position of the calving margin and, consequently, the maximum extent of the glacier, 

are also governed by velocity gradients.  

 

2.4.2.2 Force imbalances at unsupported ice cliffs 

Force imbalances at unsupported ice cliffs create a cyclic calving pattern. Unbalanced 

stresses at the terminus cause geometric changes in the ice cliff resulting in calving 

which reinstates the imbalance in stresses at the new calving margin (Reeh, 1968; 

Hughes, 1998; Hughes, 2002). Fracture propagation rates, the rate of terminus geometry 

evolution, and feedbacks between geometric changes and fracturing will determine the 

frequency of these calving events, while changes in the position of the terminus will be 

controlled by the magnitude of calving events and the length of the calving cycle (Benn 

et al., 2007b). As outlined by Benn et al. (2007b, p. 161), “where fractures are 

generated and propagated entirely in response to unbalanced stresses at subaerial and/or 

subaqueous ice cliffs, calving is controlled by glacier margin geometry and ice 

rheology”. Force imbalances at an ice cliff is a second-order control on calving, as it is 

superimposed on longitudinal stretching and operates within the boundaries established 

by glacier dynamics (Benn et al., 2007b). Second-order processes like force imbalances 
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are particularly important and may be the key control of calving losses where 

longitudinal stretching is minimal.  

 

2.4.2.3 Undercutting by subaqueous melting  

Melting at the waterline destabilises the subaerial section of the terminal ice face and 

encourages calving. Melting is dependent on water level fluctuations, water 

stratification, circulation patterns and water temperature and for it to be effective needs 

to be concentrated on a narrow band of ice rather than spread over a wide range (Röhl, 

2006). Where calving is driven by melting at or below the waterline, the rate at which 

the subaerial ice cliff is undermined by subaqueous melting is equal to that of the long-

term calving rate (Benn et al., 2007b). Subaqueous melting is a second-order control on 

calving losses as it has the ability to further erode the calving margin even after 

longitudinal stretching has determined its maximum extent (Benn et al., 2007b). 

 

2.4.2.4 Torque arising from buoyant forces 

Buoyant forces may trigger crevasse propagation and calving when: 1) subaerial calving 

losses are greater than subaqueous losses, resulting in a subaqueous ice ramp which 

may break-up; and, 2) when surface lowering of a grounded glacier causes the ice to be 

below flotation thickness, resulting in the glacier becoming buoyant and calving (Benn 

et al., 2007b). As a glacier is thinned by melting and becomes buoyant, it will attempt to 

maintain a constant ratio between surface and basal gradients. If this ratio is not 

achieved, the terminus will rotate in order to regain equilibrium either by slow ice creep 

or rapid crevasse propagation and calving (Howarth & Price, 1969; Holdsworth, 1973; 

Warren et al., 2001). Subaqueous calving presents a significant hazard to users of 

proglacial lakes or fjords adjacent to the glacier, as was first documented in 1890 by 

Nansen (1919). Subaqueous calving events are generally larger in magnitude but less 

frequent than subaerial calving events (Warren et al., 1995a; Motyka, 1997; O'Neel et 

al., 2007). Subaqueous calving rates are connected to the rate of ice ramp development 

which is paced by subaerial cliff retreat and waterline melting. Pre-existing weaknesses 

in the subaqueous sections of the ice ramp are also thought to play an important role in 

the growth of basal crevasses and, therefore, the location and timing of subaqueous 

calving events (van der Veen, 1998b). Detachment of buoyant termini is classified as a 
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second-order process, while buoyant calving of a subaqueous ice ramp is considered a 

third-order process as it operates within and is paced by first- and second-order 

processes (Benn et al., 2007b). 

 

2.4.2.5 Coseismic triggers 

Coseismic events or earthquakes may also be a potential trigger for calving through the 

generation of tsunami. Data from Antarctica show that the Honshu (Japan) tsunami 

(triggered by the Honshu Japan earthquake on 11 March 2011) triggered the detachment 

of a large iceberg from the Sulzberger Ice Shelf (Brunt et al., 2011). However, Brunt et 

al. (2011) highlighted that the calving event was not purely a consequence of the 

strength of the earthquake but that additional ‘enabling’ conditions were met before the 

arrival of the tsunami. These conditions included a lack of fast and pack ice from the 

region north of the ice shelf. Coseismic triggers can also have an effect on closely 

proximal calving glaciers. Dykes et al. (2012) described the response of Tasman Glacier 

(New Zealand), to the Mw 6.3, 5.7 and 4.5 Christchurch 22 February 2011 earthquakes 

and the subsequent calving event. The large calving event that occurred on 22 February 

2011 was in direct response to a resonance effect caused by shear (S-) waves oscillating 

the glacier terminus at the ice-water interface. However, Dykes et al. (2012) proposed 

that the magnitude of the calving event was amplified as prior to the earthquake, 

Tasman Glacier had reached a critical threshold for buoyancy-induced calving in 

relation to perturbations in lake level. This was evident prior to the event, as small to 

intermediate magnitude calving (and coeval terminus retreat) had been dominated by 

thermo-erosional notching at the waterline, destabilising the subaerial ice cliff above 

(Dykes et al., 2012). Hence, in tectonically-active areas, coseismic-initiated calving can 

have an episodic, but major control on retreat, potentially destabilising a glacier system 

and leading to subsequent accelerated recession.  

 

2.4.3 Calving types  

Three key types of calving dominate: buoyant calving, waterline melt-driven calving 

and stretching of the glacier front activating crevasses. These are discussed, in turn, 

below. 
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2.4.3.1 Buoyant calving 

Warren et al. (2001) found that buoyancy-driven calving was an important process at 

Glaciar Nef (Chilean Patagonia), caused by surface ice loss near the terminus resulting 

in large areas reaching flotation and bending upwards. Three stages were recognised 

when a glacier accommodates buoyancy-driven torque. First, ice at the terminus is 

slightly less than the ice thickness required for flotation, so the buoyant zone is confined 

to a small area at the terminus of the glacier. The buoyant terminus is held below 

hydrostatic equilibrium by non-buoyant ice upstream, as ice creep is minimal due to low 

torque and basal tensile stresses. Thermo-erosional notches form at the terminus. 

Second, surface melting thins the glacier causing the buoyant zone to migrate up-

glacier. Increase torque causes the terminus to upwarp. Third, catastrophic failure 

occurs either at the up-glacier limit of the buoyant zone or where bottom topography 

introduced a local stress concentration. The section down-glacier of this point then 

moves away from the terminus as one or more icebergs. Boyce et al. (2007) also found 

evidence for buoyancy-driven calving at Mendenhall Glacier, southeast Alaska with 

uplift of the terminus resulting from ice thinning and lake level rise. 

 

2.4.3.2 Waterline melt-driven calving  

As discussed in section 2.3.2, waterline melt is an important process in the development 

of thermo-erosional notches. Thermal undercutting of the ice cliff and resultant notches 

destabilise the subaerial section of the ice cliff by removing ice at the waterline. This 

removal creates shear and tensile stresses in the overlying subaerial ice which is likely 

to lead to failure via calving (Röhl, 2006). Thermo-erosional notches have been 

identified as a rate-controlling mechanism during subaerial calving at a number of 

glaciers (Kirkbride & Warren, 1997; Benn et al., 2001; Warren & Kirkbride, 2003; 

Diolaiuti et al., 2005; Röhl, 2006; Benn et al., 2007b). At Tasman Glacier, subaerial 

calving is directly controlled by, and is the result of, thermal undercutting. However, the 

form, frequency and magnitude of calving events is determined by pre-existing 

weaknesses in the ice (Röhl, 2006). Spatial variation in calving along the terminus at 

Tasman Glacier was the result of exposure to currents and waves while temporal 

variation was likely to be the result of water temperature (Röhl, 2006). Sakai et al. 

(2009) also found that thermal undercutting initiated calving on supraglacial lakes on 

debris-covered glaciers of the Nepal Himalaya.  
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2.4.3.3 Exploitation of crevasses created as a result of stretching of the front  

Stretching of the glacier in response to velocity gradients can result in the formation of 

crevasses. These crevasses provide pre-existing weaknesses near terminal ice cliffs 

which can be exploited by calving. Benn et al. (2001) found that closely-spaced 

longitudinal crevasse traces near exposed ice cliffs allowed for the rapid expansion of 

supraglacial ponds on Ngozumpa Glacier, Khumbu Himal, Nepal. The study found that 

calving rates were controlled by the location, orientation and spacing of weaknesses in 

the ice such as crevasses and debris bands (e.g. Figure 2.9). Where pre-existing 

weaknesses were not present, waterline melting had a strong influence on calving rates. 

Near-terminus stretching was identified as a key component in a feedback cycle where 

stretching during rapid retreat drove thinning and bottom crevasse formation, which in 

turn caused rapid retreat (Venteris, 1999). Venteris (1999, p. 137) also argued that 

“more rapidly-flowing glaciers have larger stretching rates near the terminus, which 

increase calving/terminus retreat by thinning and fracturing”.  

 

 

 

Figure 2.9: Debris bands in the terminal ice cliff of Hooker Glacier, New Zealand (source: C. 
Robertson, 23 November 2009). Along with crevasses, the location, orientation and spacing of 
such weaknesses can control calving rates. 

 

 

2.4.4 Seismicity of calving 

Recently, work has been completed on detecting seismic signals that are produced 

during crevasse propagation and calving (e.g. Chen et al., 2011; Veitch & Nettles, 2011; 

Dalban Canassy et al., 2012; Kohler et al., 2012; Mikesell et al., 2012; Walter et al., 

2012). The area of research is still relatively new and a lot of work is needed to refine 

the methods used to track the location of these signals and discriminate between results 
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of crevasse propagation and icefalls (e.g. Dalban Canassy et al., 2012). A number of 

studies have gone some way to refining these techniques including Mikesell et al. 

(2012), who analysed continuous seismic recordings from a series of seismometers 

placed on Bench Glacier, Alaska. They recorded and identified the propagation of a 

crevasse which propagated more than 200 metres in three hours and established that 

these events were likely the result of diurnal fluctuations in surface run-off and 

subglacial water pressure. Walder et al. (2012) also investigated seismic signals created 

during a large iceberg calving from Jakobshavn Isbræ, Greenland. These investigations 

found that seismic signals created during calving events (termed ‘glacial earthquakes’) 

may be more common with full-glacier thickness calving events from grounded termini 

than first reported.  

 

 

2.5 Glacier dynamics and calving 
Debate surrounding the relationship between glacier dynamics and calving losses has 

been fuelled by the abundant observations of glacier thinning, acceleration and rapid 

retreat worldwide. Discussions focus on whether calving losses are the cause or the 

consequence of flow acceleration, the so-called ‘master versus slave debate’. One side 

of the debate sees calving as the ‘master’ with ice loss at the terminus triggering flow 

acceleration up-glacier (Hughes, 1986; Meier & Post, 1987; Meier, 1994; Hughes, 

1996; Meier, 1997; Howat et al., 2005). The opposing view theorises calving as the 

‘slave’ to glacier dynamics, with ice loss the passive response to changes in the glacier 

system (van der Veen, 1996; Venteris, 1997; van der Veen, 2002). Both sides of the 

debate are based on the same comprehensive dataset from Columbia Glacier and have 

empirical support (Theakstone, 1989; Fischer & Powell, 1998; Kirkbride & Warren, 

1999; Motyka et al., 2003a; Joughin et al., 2004). Statistical analysis of both the 

‘master’ and ‘slave’ relationships explain a similar percentage of observational data, 

which emphasises the complex nature of this problem (Benn et al., 2007b). 
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2.5.1 Calving as the ‘master’ 

According to the ‘calving as the master’ side of the debate ‘calving is the local driving 

process, and the ice dynamics changes in response to this driving’ (Meier, 1997, p. 113). 

Calving losses cause a response in ice dynamics including accelerating flow up-glacier 

of the terminus. Increased flow is a direct response to the retreat of the calving-front due 

to increased effective stress which causes thinning of the glacier surface (Howat et al., 

2005). As thinning progresses up-glacier, the glacier surface steepens, which delays 

acceleration of the glacier trunk. Glacier thinning is also attributed to longitudinal 

stretching caused by increased calving rates (Meier, 1994). As the glacier thins it causes 

decreased effective basal pressure which increases flow and produces a negative 

feedback on retreat rates.  

 

2.5.2 Calving as the ‘slave’ 

In contrast, the ‘calving as the slave’ debate argues that flow acceleration and thinning 

control calving activity and thus calving is a more or less passive response to changes in 

other parts of the glacier system (van der Veen, 1996; Venteris, 1997; van der Veen, 

2002). Geometric and dynamical changes in the system result in increased calving 

fluxes by causing the calving front to retreat, in turn, increasing the delivery of ice to 

that point (Benn et al., 2007b). As glacier flow is intrinsically connected with basal 

sliding, which itself is controlled by effective pressure at the bed (Bindschadler, 1983a), 

any change in basal conditions or subglacial drainage will influence ice velocities. Van 

der Veen (1996) noted that increased calving rates at Columbia Glacier were associated 

with higher ice velocities, while Kirkbride and Warren (1999) also found that flow 

acceleration preceded increased calving rates at Tasman Glacier. More recent work on 

Tasman Glacier by Quincey and Glasser (2009) however, found that contemporary 

glacier dynamics data show a reduction in glacier velocity with widespread surface 

lowering and rapid retreat between 2002 and 2007, pointing to calving as the local 

driver. However, when data from after 2006 are examined, velocity appears to have 

increased (Quincey & Glasser, 2009). Thus, determining if calving is the master or 

slave of ice dynamics at any particular glacier is difficult. 
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2.6 Velocity 
Glacier velocity is an essential control on calving rates with variations in space and time 

determining the behaviour of calving glaciers (Benn et al., 2007b). A good correlation 

between calving rates and glacier speed should be expected as ice velocities at the 

terminus are usually larger than the rate of change of terminus position, except in 

periods of rapid retreat (van der Veen, 1996). Longitudinal and transverse velocity 

gradients determine both the depth of surface crevasses and rates of dynamic thickness 

variation. Velocity gradients and the tensile stresses associated with them are generally 

high enough to initiate the propagation of crevasses on glaciers and ice shelves. 

Crevasses create a point of weakness in the glacier where calving is more likely to 

occur. Thus, the location of crevasses exert a strong influence on the position and shape 

of the calving front, with arcuate crevasse patterns typically mirrored in the geometry of 

embayments in the terminus (Powell, 1983). Velocity gradients also play a crucial role 

in determining whether surface crevasses reach water level and where subaerial calving 

will occur. High velocity gradients result in crevasses being more likely to reach water 

level, compared to low gradients which promote buoyancy near the grounding line, and 

may support a floating ice tongue or ramp (Benn et al., 2007b). High velocities and 

longitudinal strain rates are driven by basal motion; hence, factors that control motion 

are key components in the glacier dynamics/calving relationship. 

 

Glacier velocity is driven by the balance of forces resisting ice flow such as basal drag, 

lateral drag and resistance from longitudinal stress gradients (van der Veen & Whillans, 

1989), the magnitude of driving stresses, and variations in these forces in time and 

space. As long-term fluctuations in velocity require changes in resistance or driving 

stresses which result from large changes in glacier geometry, short-term temporal 

fluctuations often reflect variations in resisting stresses (e.g. Iken & Truffer, 1997). 

Basal drag resists ice flow by increasing friction between the glacier and its bed. It is a 

complex process which results from interactions of ice temperature, pressure, volume 

and distribution of subglacial water (e.g. Bartholomew et al., 2012) and debris content 

(Benn et al., 2007b). Where subglacial water is present the ice will move. However, 

where the glacier is above the pressure melting point and no water is present, movement 

will be negligible. Basal drag can be reduced by increasing the basal water pressure 

which decouples the ice from the bed and reduces friction (Iken, 1981; Iken & 
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Bindschadler, 1986; Schweizer & Iken, 1992; Cohen et al., 2005; Willis et al., 2012). 

When basal drag is decreased, ice flow accelerates (e.g. Pritchard & Vaughan, 2007). 

Where this occurs in conjunction with high stretching rates near the terminus, deeper 

crevasses are produced and calving is encouraged.  

 

Lateral drag is similar to basal drag in that it opposes driving stresses, yet the proportion 

to which it resists flow varies in space and time. For example, lateral drag provides the 

majority of resistance to ice flow on the Whillans Ice Stream, West Antarctic (Whillans 

& van der Veen, 1997). In addition, lateral drag in combination with basal drag oppose 

flow to a similar degree along most of the Pine Island Glacier, West Antarctic (Payne et 

al., 2004). In contrast, O’Neel et al. (2005) found that lateral drag was generally less 

than basal drag at Columbia Glacier (Alaska) but that lateral drag becomes increasingly 

significant at times of rapid retreat. Speeding-up of Jakobshavn Isbræ (Greenland) is 

attributed, in part, to a reduction in resistance at the lateral margins bounding the fast-

moving ice stream (van der Veen et al., 2011).  

 

Where lateral drag has a significant effect on ice flow, sliding laws that are pressure-

dependant, such as that introduced by Budd et al. (1979), fail to accurately predict ice 

velocity (Benn et al., 2007b). Therefore, where these sliding laws are incorporated into 

calving laws and glacier models, ice velocity and its impact on calving and mass losses 

will be inaccurately modelled. Modelling of the effects of lateral drag on ice flow (e.g. 

Raymond, 1996; van der Veen, 1999a; 1999b) however, has shown that ice flow is 

strongly dependent on glacier channel width and is independent of ice thickness. Thus, 

small increases in channel width will cause large increases in velocity, and decreases in 

width will reduce velocity and encourage terminus stability (Benn et al., 2007b). As a 

result, glacier termini tend to be located at widenings in embayments or fjords and 

where longitudinal strain rates are high. High longitudinal strain rates at these locations 

encourage crevasses to penetrate to the waterline making it more likely that the crevasse 

depth criterion will be met (discussed in section 2.7.2) (Benn et al., 2007a). In contrast 

to ice flow modelling by Raymond (1996) and van der Veen (1999a; 1999b) that found 

ice velocity is independent of ice thickness, Hindmarsh (2012) proposes a simple 

boundary layer theory for ice shelf calving which relates ice velocity at the calving front 
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to ice thickness, shelf width and strain rate. The theory explains empirical relationships 

between ice shelf calving rates and glaciological parameters (Alley et al., 2008) and 

although it is not designed to explain these relationships at lacustrine-calving glaciers, it 

provides insights into the stability of laterally resisted ice streams. 

 

Longitudinal stress gradients are a function of spatial variation in basal drag, lateral 

drag, longitudinal stress and result from a glacier trying to achieve equilibrium via 

viscous stretching. At a vertical terminus, the drive to regain balance in these stress 

gradients is the consequence of outward-directed cryostatic pressure being greater than 

backward-directed hydrostatic pressure (Benn et al., 2007b). Similar imbalances are 

present at the point between a grounded glacier and its floating, unconfined ice tongue 

or shelf. Where forces such as lateral drag resist flow, however, the imbalance may be 

offset which results in additional backward pressure (van der Veen, 1997). O’Neel et al. 

(2005) found that on Columbia Glacier, particularly up-glacier of trough narrowings, 

longitudinal stresses played an important role in resisting driving forces locally, and that 

when a glacier retreats from key attachment points such as terminal moraines and 

topographic ‘pinning points’ (e.g. Warren & Hulton, 1990), flow acceleration is likely. 

As longitudinal stresses carry the effects of lateral drag up-glacier, the removal of these 

constraints will result in flow acceleration (Benn et al., 2007b).   

 

 

2.7 Calving laws and glacier models  

2.7.1 Evolution of calving laws 

The first theoretical analysis of calving was based on floating polar glaciers where 

calving was the result of a stress imbalance induced by unbalanced hydrostatic forces at 

the terminus (Reeh, 1968). The stress imbalance causes bending with stresses peaking at 

a distance up-glacier corresponding to the ice thickness. Fastook and Schmidt (1982) 

expanded the theory by considering enhanced calving along water-filled crevasses. Iken 

(1977) considered slab calving from a grounded ice wall and concluded that the 

thickness of slabs calved off from the undercut cliff were equal to cliff height. The 

downward propagation of a crack behind the cliff after reaching a critical tensile stress 
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and subsequent development of an overhang prior to calving were important 

components. Hughes (1992) developed a bending creep mechanism concept where 

deformation at polar glaciers resulted in calving of slabs along shear bands which were 

caused by a bending moment at the base of the ice cliff. The calving mechanism is 

controlled by bending creep that causes an overhang of the ice cliff. The concept was 

further expanded by Hughes and Nakagawa (1989) who stated that the expanded 

version could be applied to all types of calving at all glaciers. Subsequent work by 

Hughes (2002) on subaerial calving and consequential calving from ice ledges resulted 

in the theory that slabs one-tenth the thickness of the subaerial height of the ice cliff 

calve along surface crevasses. The rate of subaerial calving controls the rate of block 

calving from the ice ledge, which occurs along bottom crevasses when the ledge is one-

half the ice thickness below water. The forward-bending mechanism has been applied at 

a number of calving margins with observations being made of overhangs before major 

calving events (Theakstone & Knudsen, 1986). However, Kirkbride and Warren (1997) 

questioned the applicability of the mechanism to temperate, lake-calving glaciers, such 

as those in Aoraki/Mt Cook National Park. They reported that the full height of the ice 

cliff at Maud Glacier calved too frequently to allow bending creep to create shear bands 

and an overhang. Instead, overhangs were created by small-scale calving of the thermo-

erosional notch roof in response to waterline melting.  

 

Current methods for incorporated calving losses into glacier models involve a calving 

rate. Calving rate is defined as the difference between ice velocity at the glacier 

terminus and glacier length change over time: 

 2.7 

where  is the vertically-averaged glacier velocity,  is the glacier length and  is time 

(Benn et al., 2007b). Motyka et al. (2003a) has expressed this equation in terms of mass 

fluxes per unit width which includes losses by melting: 

 2.8 

where  is calving flux and  is the melt rate at the terminal ice cliff.  
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Two approaches have been used to solve equation 2.7. The first involves estimating a 

calving rate from independent variables (e.g. water depth, ice velocity, stretching rate) 

and then combining that rate with ice velocity to predict changes in terminus position 

(e.g. Sikonia, 1982; Bindschadler & Rasmussen, 1983; Siegert & Dowdeswell, 2004). 

Using this technique, a relationship between calving rates and water depth was 

identified at tidewater margins (Brown et al., 1982), and defined by Pelto and Warren 

(1991) as: 

 2.9 

 

Additional studies at freshwater margins showed that these calving rates were an order 

of magnitude lower than those at tidewater margins (Funk & Röthlisberger, 1989). The 

relationship between calving rates and water depth, however, is not straightforward. It 

can vary between regions (e.g. Figure 2.10, Haresign, 2004) and temporally for a single 

glacier (van der Veen, 1996; 2002). Variations of equation 2.9 have been developed 

(e.g. Sikonia, 1982), although the model must be altered to fit different glacier margins, 

thus limiting its applicability as a general calving rate predictor. Other disadvantages to 

the water-depth model include: (1) its application only to annual-averaged calving rates 

(Brown et al., 1982); (2) its inability to explain seasonal fluctuations in calving rates 

(van der Veen, 2002); and (3) its invalidity during times of rapid retreat on grounded 

glaciers as the terminus approaches flotation (Meier & Post, 1987). Van der Veen 

(2002) argues that a calving rate – ice velocity relationship may be more appropriate as 

it can explain seasonal fluctuations and can be applied to tidewater and freshwater 

calving margins.  
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Figure 2.10: The relationship between calving rate and water depth for glaciers in different 
regions around the world (after Haresign, 2004). Calving rates for tidewater glaciers are larger 
than those at lake-calving termini. Data sources: New Zealand lakes: Warren & Kirkbride 
(2003), Tasman Glacier: Dykes & Brook (2010), Patagonian lakes: Rivera et al. (1997), Rott et 
al. (1998), Skvarca et al. (1995), Warren (1999), Warren et al. (1995b), Warren et al. (2001), 
Breiðamerkurjökull: Björnsson et al. (2001), Mendenhall: Motyka et al. (2003c), European Alps 
(lakes): Funk & Röthlisberger (1989), Alaska (tidewater): Brown et al. (1982), Meier et al. 
(1985), Pelto & Warren (1991), West Greenland (tidewater): Carbonell & Bauer (1968), 
Svalbard (tidewater): Jania (1986), Pillewizer (1965), Wilhelm (1963). 

 

 

The second approach to solving equation 2.7 inverts the equation and uses ice velocity 

and terminus position changes to determine calving losses (e.g. van der Veen, 1996; 

Vieli et al., 2001; van der Veen, 2002; Vieli et al., 2002). Using the data set from 

Columbia Glacier, van der Veen (1996) argued that the calving front will retreat to a 

point where the height-above-buoyancy criterion is met (~50 m for Columbia Glacier). 

A modified version of the height-above-buoyancy model was used by Vieli et al.(2000; 

2001; 2002) and was successful in modelling observed retreat of Hansbreen Glacier, 

Svalbard. The model works well at glaciers where the margin position is controlled by 

stretching and fracture growth as the glacier approaches floatation. Although there are 

also a number of disadvantages to this model: (1) it does not allow for the formation of 

ice shelves, (2) it does not explain how some glaciers can thin past flotation thickness 
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and develop ice shelves without calving, and (3), it cannot explain calving at glacier 

margins which are not floating (Benn et al., 2007b).  

 

Calving laws currently lack quantitative subaqueous data (Benn et al., 2007b). Reasons 

for this include the inaccessibility of the environment in which data need to be 

collected, coupled with the hazardous nature of calving margins. However, as discussed 

in sections 2.2 and 2.3.3, subaqueous sections of a glacier have the potential to 

contribute large proportions of mass loss to the total glacier system. Therefore, to ensure 

that calving laws and models are accurate, subaqueous data must be included. Calving 

laws also tend to simplify nature in order to make models manageable. In doing so, key 

variables and relationships may be excluded and, therefore, the accurate prediction of 

what occurs in nature is lowered. Although van der Veen (2002) notes that it is illusory 

to expect a universally applicable calving law to exist, it has been highlighted that there 

is a need for a versatile and robust calving law that can be applied to a wide variety of 

glacier settings (Bassis, 2011). 

 

2.7.2 The crevasse-depth calving criterion 

A crevasse-depth calving criterion has been proposed by Benn et al. (2007a) as a simple 

way of parameterising first-order calving processes in ice sheet models. It is based on 

the theory that the down-glacier velocity gradient and ice elevation above the waterline 

are the main controls on glacier terminus position. The criterion explains both the water 

depth and buoyancy relationships and shows why they can be applied in some locations 

and not others. The criterion proposed that the position of the calving margin can be 

defined as the point where the depth of the surface crevasses, , equals the glacier 

‘freeboard’ above sea level, ;  

 2.10 

where  is the horizontal co-ordinate parallel to glacier flow, positive downstream. It is 

recommended that crevasse depths for time-evolving ice sheet models are calculated 

using the Nye (1957) formulation (shown in equations 2.10 and 2.11 in Benn et al., 
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2007b) as it is not dependant on crevasse spacing (c.f. van der Veen, 1998b), it is 

computationally cheap, and it works just as well as more complex functions (Benn et 

al., 2007b). 

 

Although the criterion is more versatile than the water depth and height-above-

buoyancy models, there are a number of drawbacks (Benn et al., 2007b). First, where 

surface melt is negligible and no connection exists between crevasses and a proglacial 

water body, water may not enter surface crevasses but the crevasses may still propagate 

to, or below lake/sea water level. The crevasse will not penetrate the full thickness of 

the glacier or cause calving but if surface melting is increased, then calving could be 

‘switched on’ (e.g. Scambos et al., 2000). Secondly, the criterion does not incorporate 

crevasses in the transverse (y) direction. Thirdly, where second-order processes control 

calving, the crevasse-depth criterion may overestimate glacier length.  

 

2.7.3 Calving law derived from fracture-scale physics 

In the search for a universal calving law, Bassis (2011) has developed a method for 

deriving calving laws from an underlying mesoscopic theory of fracture. Bassis (2011) 

proposes that since iceberg calving is intrinsically linked to the fracturing of ice, calving 

laws should not be entirely independent of fracture physics. To this end, he has 

modified a differential master equation, which describes the rate of change of 

probability, to produce a macroscopic equation that describes how the terminus position 

of a glacier varies over large spatial and long temporal scales. The derived calving law 

is valid for any glaciological regime as it can reproduce different calving styles such as 

irregular detachment of large tabular icebergs from ice shelves and more frequent, lower 

magnitude calving from tidewater and outlet glaciers. The model may however fail to 

produce comprehensive calving laws for large ice shelves, such as those in Antarctica, 

due to their complex geometry and the inability of the model to consider these. Further 

testing of this model against calving datasets and comparison with calving rates 

calculated by remote sensing is needed.  
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2.7.4 Representation of calving in glacier models 

Currently, calving rates incorporated into ice sheet models are based on poorly-tested 

empirical functions with little or no physical basis (Benn et al., 2007b). Accurate 

quantification of mass loss from glaciers at marine and lacustrine settings is vital for the 

successful prediction of the way ice masses will respond to climate change. However, 

the sensitivity of ice sheet models is strongly influenced by the calving law that is 

incorporated into the model (Siegert & Dowdeswell, 1995) and at present there is not a 

satisfactory mathematical or physical model of calving processes (Bassis, 2011). Very 

few studies have applied and tested outputs from these models against real observations 

(e.g. Vieli et al., 2002; Nick, 2006; Nick & Oerlemans, 2006).  

 

 

2.8 Conclusions 
To summarise the main points of this review: 

• Understanding calving glaciers is important in accurate comprehension of the 

response of glaciers and ice caps to climate change and the resultant eustatic sea-

level rise (SLR). 

• Accurately quantifying mass loss from glaciers at tidewater and lacustrine settings 

is vital for the successful prediction of the way ice masses will respond to climate 

change. 

• Calving glaciers and the water bodies into which they calve present a significant 

hazard to users of that environment, as well as causing distal downstream effects 

from GLOFs, which may also be caused by water displacement from avalanches or 

landslides into the proglacial water body.  

• Three key calving types are: buoyancy-driven; melt at the waterline; and, stretching 

at the front activating crevasses. 

• Although glacier dynamics and calving appear to be inextricable linked, the 

direction and strength of these linkages is highly debated. 

• Proglacial water body fluctuations can affect glacier dynamics by altering the stress 

regime operating on the glacier and influencing calving processes at the terminus. 
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• Waterline melt and thermo-erosional notches are significant controls on calving 

rates at some lake-calving glacier margins with water temperature and circulation 

within the notch and lake level having a strong influence on ice melt. 

• Subaqueous melt rates, in particular, remain poorly defined in lacustrine and 

tidewater environments. 

• Four situations where stresses are likely to be high enough to initiate crevasse 

propagation and result in calving, and are therefore likely controls on calving 

processes, are: 1) stretching in response to large-scale velocity gradients: 2) force 

imbalances at unsupported ice cliffs: 3) undercutting by subaqueous melting: and, 

4) torque arising from buoyant forces.  

• Pre-existing weaknesses in ice such as crevasses and debris bands are vital to the 

location and rate of calving. 

• Although it is illusory to expect a universally applicable calving law to exist, such 

laws have evolved from theories of bending creep and forward-bending 

mechanisms to water depth and height-above-buoyancy models. The final suite of 

calving models include those based around a crevasse-depth calving criterion, 

which explains both the water depth and buoyancy relationships, and shows why 

they are applicable at some locations and not others, and laws derived from 

fracture-scale physics. 

• A particularly significant issue with calving laws is that they lack quantitative 

subaqueous data due to the hazardous nature and inaccessibility of the environment, 

and so such laws tend to simplify nature in order to make models manageable. 

 

As this review has highlighted, there are still many gaps in calving theory and thus 

calving laws and models. One significant issue is the lack of quantitative subaqueous 

data. Thus, this study focuses on subaqueous margins at lake-calving glaciers in order to 

improve understanding of the controls on subaqueous ice ramp development and 

evolution. As was highlighted by Quincey and Glasser (2009) and discussed in Chapter 

1, identifying subaqueous ice ramps and understanding how they affect glacier retreat 

and mass loss is a clear area for further research. Improving the understanding of 

subaqueous margin morphology and the processes which drive their evolution may also 

assist in defining subaqueous melt rates and how a glacier responds to altered stress 
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regimes as a result of proglacial water body fluctuations. Improving the knowledge of 

subaqueous margins will also improve hazard and risk assessment near calving glacier 

margins. 
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Chapter 3: Glacier retreat and proglacial lake 

expansion in Aoraki/Mt Cook National Park, New 

Zealand 
 

3.1 Introduction 
Chapter 2 reviewed previous research on lake-calving glaciers, with a particular focus 

on calving processes and subaqueous processes. Following a discussion of the 

significance of lake-calving glaciers, the way in which proglacial lakes form was 

examined, along with how these water bodies influence the adjacent glacier. The 

chapter examined processes of mass loss at the termini of lake-calving glaciers and 

introduced key laws and models on calving processes. The chapter highlighted that 

accurately quantifying mass loss from lake-calving glaciers is important in order to 

successfully predict the way ice masses will respond to climate change and thus to 

accurately predict resultant eustatic sea-level rise (SLR). The focus of this chapter is to 

examine and quantify glacier retreat and concurrent proglacial lake expansion in the 

central Southern Alps, New Zealand. Mueller, Hooker, Murchison, Classen, Grey, 

Maud and Godley glaciers within Aoraki/Mount Cook National Park provide an 

excellent example to examine variations in glacial retreat and lake expansion within a 

single mountain belt.  

 

This chapter is contained within the manuscript: Robertson, C.M., Brook, M.S., Fuller, 

I.C., Holt, K.A. and Benn, D.I., Glacier retreat and proglacial lake expansion in 

Aoraki/Mount Cook National Park, New Zealand, which is in review in the journal 

Geomorphology. This manuscript examines glacier retreat and coeval proglacial lake 

expansion at seven glaciers in Aoraki/Mount Cook National Park. These glaciers have 

been the focus of previous studies, however the studies typically focused on a single 

glacier with few considerations of multiple glaciers. Firstly, glacier retreat data 

previously published for these glaciers is reviewed (section 3.4.2). Secondly, glacier 

retreat at each glacier between 1965 and 2011 is quantified along with proglacial lake 

expansion rates (section 3.6). Trends in retreat rates and lake growth rates are discussed 
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in relation to each other and with other proglacial lakes (sections 3.7.1 and 3.7.2). 

Lastly, a 4-stage model is proposed that explains the temporal and spatial evolution of 

glacial retreat and lake growth (section 3.7.3). This examination illustrates that there can 

be considerable temporal and spatial variations in retreat and lake expansion rates 

within the same mountain belt, and therefore that trends in glacier retreat within a small 

geographical area cannot be solely attributed to climate forcing. Therefore, in order to 

understand patterns of mass loss and thus improve predictions of sea level rise, data 

from multiple glaciers within a single mountain belt must be used. 

 

 

3.2 Abstract 
New Zealand glaciers, along with temperate glaciers worldwide, have undergone 

substantial changes during the twentieth and twenty-first centuries. Yet glacier retreat 

and associated processes of proglacial lake expansion remain relatively poorly 

understood at debris-covered, lake-calving glaciers. We present a systematic analysis of 

the retreat of debris-covered glaciers and formation of proglacial lakes at Mueller, 

Hooker, Murchison, Classen, Grey, Maud and Godley glaciers in Aoraki/Mount Cook 

National Park, New Zealand. Decades of downwasting and recession at these glaciers, 

since the Little Ice Age (LIA), has resulted in the formation of proglacial lakes during 

the latter half of the 20th century. Proglacial lakes had already formed at Classen, Grey 

and Maud glaciers by 1965, with proglacial lakes developing at Godley, Hooker and 

Murchison glaciers by 1986. A proglacial lake formed at Mueller Glacier in the early 

1990s. Godley lake was the largest proglacial lake at 1.99 km2 in 2011. The rates of 

calving retreat (ranging between –3 m a-1 and 157 m a-1), in conjunction with proglacial 

lake development, are not consistent across time and space and can be divided into a 

four-staged model ranging from the appearance of supraglacial lakes through to the 

slowing of retreat caused by shoaling as retreat proceeds. All six glaciers examined in 

this study are currently in stage 3, although there is evidence that the glaciers in the 

Godley Valley may be approaching stage 4. The study highlights that trends observed at 

one glacier cannot be transferred to another glacier and that mass loss via glacier retreat 

at multiple glaciers within a single mountain belt (as opposed to a single glacier) must 

be incorporated into predictions of sea level rise and water availability.  
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Key words: glacier retreat, proglacial lake, calving glacier, New Zealand 

 

3.3 Introduction 
Understanding glacier response to climate change is a core focus of contemporary 

glaciological research. Fluctuations in glacier size and length on decadal to centennial 

scales, and relating these to climate, forms the basis of models aimed at understanding 

glacier response to climate change both in the past and future. According to simple 

modelling (Oerlemans, 2005), the change in length and timescale of a glacier's response 

to climate change are inversely proportional to the glacier’s surface slope, and also 

dependent upon local climate and glacier size. However, this model cannot be applied to 

all glaciers worldwide. In particular, these variables alone do not adequately explain the 

variable recession rates observed across many debris-covered, lake calving glacier 

systems. Further to this, there is often a highly variable glaciological response to climate 

change even between glaciers within the same mountain belt, for example the Himalaya 

(e.g. Scherler & Strecker, 2011), and the New Zealand Southern Alps (e.g. Chinn et al., 

2005).  

 

Debris cover and the presence of a proglacial lake are interpreted to exert a significant 

influence on mass loss of glaciers which possess them. Notable examples are located 

within the Himalaya (Watanabe et al., 1995; Benn et al., 2000; Benn et al., 2001; 

Watanabe et al., 2009; Thompson et al., 2011), the European Alps (Haeberli et al., 

2001; Huggel et al., 2002; Diolaiuti et al., 2005; Diolaiuti et al., 2006), and New 

Zealand (Kirkbride, 1993; Chinn, 1996; Warren & Kirkbride, 2003; Röhl, 2005; 

Quincey & Glasser, 2009; Dykes et al., 2011). Glacier fluctuations in these areas occur 

in response to both changes in local and regional scale temperature and precipitation 

(Barry, 2006; Calmanti et al., 2007), but also in response to the complicating effects of 

proglacial lake expansion and insulating debris cover. Such glaciers store a significant 

proportion of the world’s freshwater (80-90%; van der Veen, 2002), and therefore 

understanding dynamics of mass loss at these glaciers is crucial for developing 

predictions of aspects of global importance, such as future water availability (Popovnin 

& Rozova, 2002) and global sea level rise (Raper & Braithwaite, 2005). Yet glacier 

retreat and associated processes of proglacial lake expansion remain relatively poorly 
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understood at debris-covered, lake-calving glaciers, and have thus been largely 

neglected in previous predictions relating to water availability and sea level rise.  

 

New Zealand glaciers, along with most temperate glaciers worldwide, have undergone 

substantial retreat during the twentieth and twenty-first centuries. For New Zealand 

glaciers in particular, this recession has been spectacular. Although for some glaciers 

(e.g. Franz Josef Glacier), this general trend of long-term retreat has been punctuated by 

advances on decadal timescales (Chinn et al., 2005), highlighting the importance of 

understanding glacier retreat at individual glaciers even within the same mountain belt. 

In this study we examine glacier retreat and concurrent proglacial lake formation at 

Mueller, Hooker, Murchison, Classen, Grey, Maud and Godley glaciers in 

Aoraki/Mount Cook National Park, New Zealand, in an effort to understand the 

temporal and spatial patterns of mass loss at the termini (via melting and calving) of 

debris-covered, lake-calving glaciers. These glaciers have undergone significant 

downwasting and recession during the last two centuries and provide an excellent 

example to examine variations in glacier retreat and lake expansion within a single 

mountain belt. Through mapping the terminus positions of these glaciers from 1965 to 

2011, quantifying retreat rates and measuring lake surface areas during this time, we 

aim to identify temporal and spatial patterns in the retreat of debris-covered glaciers and 

proglacial lake expansion in Aoraki/Mount Cook National Park. The resulting data will 

shed light on how glaciers within a relatively small geographical area can respond 

differently to the same climatic signals and how proglacial lakes influence glacier 

retreat and mass lost at the terminus.  

 

Previous studies of these glaciers (e.g. Hicks et al., 1990; Kirkbride, 1993; Hochstein et 

al., 1995; Watson, 1995; Hochstein et al., 1998; Warren & Kirkbride, 1998; Kirkbride 

& Warren, 1999; Purdie & Fitzharris, 1999; Warren & Kirkbride, 2003; Röhl, 2006; 

Quincey & Glasser, 2009; Dykes & Brook, 2010) have typically focused on retreat 

rates, calving rates and lake evolution on a single glacier, with few considerations of 

multiple glaciers. The most recent study to review data across several calving glaciers 

was published almost a decade ago (Warren & Kirkbride, 2003), and was based on 

calving rates, water depths near the terminus and temperature data collected between 
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1994 and 1997. Subsequent studies have generally looked at these glaciers in isolation 

or with reference to a neighbouring glacier (Röhl, 2006; e.g. Tasman Glacier; Dykes et 

al., 2011). Given the dramatic changes recorded at individual glaciers in Aoraki/Mt 

Cook National Park over the last decade (primarily Tasman Glacier, e.g. Röhl, 2006; 

Quincey & Glasser, 2009), quantification and a systematic analysis of calving retreat 

and coeval proglacial lake development across the calving glaciers in the region is 

propitious.  

 

 

3.4 Study area 

3.4.1 Physical setting 

Mueller, Hooker, Murchison, Classen, Grey, Maud, and Godley glaciers are located in 

Aoraki/Mount Cook National Park on the eastern side of the central Southern Alps, 

New Zealand (Figures 3.1, 3.2 and 3.3). Climate of the area is dominated by westerly 

airflow which brings in moisture from the Tasman Sea. This, in conjunction with the 

topographic barrier of the Southern Alps, generates abundant precipitation to the west of 

the Alps, decreasing towards the east (Griffiths & McSaveney, 1983). Precipitation at 

Aoraki/Mount Cook Village ranges from 3000 to 5000 mm a-1 rising to 7000 mm a-1 at 

higher elevations in the Park (Anderton, 1975). South to southwest winds dominate 

(Hay & Fitzharris, 1988). All eight glaciers have been downwasting (thinning due to 

mass loss) since the late 19th century and all currently terminate into proglacial lakes 

which developed during the 20th century (Kirkbride, 1993; Chinn, 1996). Table 3.1 

gives summary information on glacier length, area and terminal elevation and proglacial 

lake surface area, depth and volume, gleaned from a combination of previous work and 

the present study.  
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Figure 3.1: Map showing the location of Mueller, Hooker, Murchison, Classen, Grey, Maud and 
Godley glaciers and their proglacial lakes.  
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Figure 3.2: Lower terminus and proglacial lakes in Aoraki/Mount Cook National Park: A) 
Mueller Glacier (source: C. Robertson, 28 January 2011). Mueller Glacier is on the left of the 
photo and Hooker River enters the lake in the top right-hand corner; B) Murchison Glacier 
(source: T. Chinn, 2011); C) Hooker Glacier (source: C. Robertson, 26 January 2011). 

 

 

 



Chapter 3: Glacier retreat in Aoraki/Mount Cook National Park 

54 

 

Figure 3.3: Lower terminus and proglacial lakes in Aoraki/Mount Cook National Park: A) 
Classen Glacier (source: T Chinn, 2011); B) Godley Glacier (far left of the photo) (source: S. 
Winkler, 2008). An enlarged image of the area in the red box is shown in C. C) Godley Lake is 
on the left with Godley Glacier retreating towards the right of the photo (source: T. Chinn). 
2011); D) Grey (centre top of the photo) and Maud Glacier (on the right of the photo) entering 
Grey/Maud lake (source: T. Chinn, 2011). 
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Table 3.1: Characteristics of glaciers and their proglacial lakes in Aoraki/Mount Cook National 
Park. Debris cover (%) gives the percentage of the glacier subaerial surface covered with debris. 

 

 Mueller Hooker Murchison Classen Grey & 
Maud 

Godley 

Length 
(km) 

13.9 12.3 16.8 8.25 Grey ~6.8 
Maud ~5 

8.6 

Area (km2) 22.5 17 36.6 10.8 10.9 26.7 
Debris 
cover (%) 

37.2 25 30.5 28.9 20.9 30.3 

Lake 
surface 
area (km2) 

0.97 1.28 1.85 1.76 1.40 1.99 

Lake outlet  
(m a.s.l.) 

765 876 1005 1005 ~1020 1130 

Maximum 
lake depth 
(m) 

83 135 unknown unknown 97 99 

Lake 
formation 

1993-1994 1982 Late 1980s 
to early 
1990s 

1920s-
1930s or 
1950s 

Mid 
1950s 

Late 
1960s 

Last lake 
survey 

2011 2009 1978 unknown 1995 1995 

Sources (This 
study; 
Chapter 4; 
Kirkbride, 
1993; 
Watson, 
1995; 
Winkler, 
2004; 
Röhl, 
2005) 

(This 
study; 
Chapter 4; 
Hochstein 
et al., 
1998; 
Warren & 
Kirkbride, 
1998) 

(This study; 
Gellatly, 
1985; 
Kirkbride, 
1993; 
Chinn, 
1996) 

(This 
study; 
Kirkbride, 
1993; 
Chinn, 
1996) 

(This 
study; 
Kirkbride, 
1993; 
Hochstein 
et al., 
1998; 
Warren & 
Kirkbride, 
1998) 

(This 
study; 
Kirkbride, 
1993; 
Warren & 
Kirkbride, 
1998) 
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3.4.2 Existing data on historical glacier fluctuations 

Mueller Glacier has been downwasting since the early 1900s at a rate of ~ 0.5 m a-1 in 

the terminal zone between 1879 and 1994 (Watson, 1995). By the end of the 1980s, 

Kirkbride (1993) noted that the glacier had retreated approximately 600 m from the 

1890 terminal moraine. A series of melt ponds began forming on the terminus in the 

early 1980s and gradually grew in size and coalesced to form Mueller lake in the early 

1990s (Watson, 1995). Subaerial calving from the terminal ice cliffs began prior to 1994 

(Watson, 1995). Retreat rates estimated by Röhl (2005) are given in Table 3.2.  

 

Downwasting of Hooker Glacier began in the late 20th century and ranged between 0.3 

and 1 m a-1 along the centre flow line between 1915 and 1986 (Hochstein et al., 1998). 

Between 1986 and 1996 downwasting decreased to approximately 0.3 m a-1 on the 

lower 3 km as a result of increased basal sliding due to melting (Hochstein et al., 1998). 

Hooker Lake began forming in 1982, following rapid melting of the glacier behind the 

proximal ice-contact slope, formed of outwash ‘head’ (Kirkbride, 1993). Melting 

encouraged blocks of ice along the glacier margins to become buoyant which further 

enhanced melting and resulted in large melt channels (Kirkbride, 1993). These channels 

coalesced to form a proglacial lake which effectively ‘drowned’ the terminus 

(Kirkbride, 1993). By 1994, subaerial calving had commenced and downwasting rates 

had decreased (Hochstein et al., 1998; Warren & Kirkbride, 1998). Retreat rates are 

given in Table 3.2. A minor glacier advance punctuated the progressive lake 

enlargement between 1983 and 1997 (Kirkbride & Warren, 1997; Chinn et al., 2005).  
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Table 3.2: Retreat rates calculated in other studies for Mueller, Hooker, Classen, Grey, Maud, 
Godley and Tasman Glaciers. No additional retreat rate data for Murchison Glaciers have been 
published. Data for Grey Glacier are separated into Grey east and Grey west following 
Kirkbride (1993). While it is unclear in Kirkbrides (1993) study exactly what part of the glacier 
Grey east and Grey west refer to, it is assumed that rates for Grey east refer to the eastern 
boundary of Grey/Maud Glacier (when they were confluent) and Grey west rates refer to the 
western boundary of Grey/Maud Glacier (when they were confluent). Retreat rates for Tasman 
Glacier are incorporated for comparison purposes. 

 

Glacier Study Time period Retreat rate (m a-1) 

Mueller (Kirkbride, 1993) 1890-1980 retreat of 600 m  

 (Röhl, 2005) 2000-2003 retreat of 0-210 m  

Hooker (Warren & Kirkbride, 1998) Late 1970s 70  

 (Hochstein et al., 1998) 1982-1996 30 
 (Warren & Kirkbride, 2003) 1995-1997 4 

 (Hochstein et al., 1998) 1998 30 

Classen (Kirkbride, 1993) 1920-1965 27.3 

 (Kirkbride, 1993) 1965-1986 54.4 

Grey east (Kirkbride, 1993) 1920-1965 18.9 

 (Kirkbride, 1993) 1965-1986 51.4 

Grey west (Kirkbride, 1993) 1920-1965 13.0 

 (Kirkbride, 1993) 1965-1986 49.5 

Grey (Warren & Kirkbride, 2003) 1994-1995 13 

Maud (Warren & Kirkbride, 2003) 1994-1995 45 (advance) 
 (Chinn, 1996) 1878-1978 66 

Godley (Kirkbride, 1993) 1965-1986 84.8 
 (Kirkbride, 1993) 1974-1986 133 
 (Warren & Kirkbride, 2003) 1994-1995 60 
 (Röhl, 2005) 1994-2003 80 

Tasman (Dykes et al., 2011) 2000-2006 54 

 (Dykes et al., 2011) 2002-2005 33 

 (Dykes et al., 2011) 2006-2008 144 
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Downwasting, retreat and proglacial lake formation at Murchison Glacier is poorly 

documented. Gellatly (1985) observed that the glacier surface lowered by 

approximately 60 m between 1900 and 1982 and that a proglacial lake formed at some 

stage during this period. The down-valley extent of this proglacial lake is constrained by 

terminal moraines and an outwash head (Kirkbride, 1993), with the lake estimated to 

have enlarged at ~0.14 km2 a-1 between April 2000 and February 2003 (Röhl, 2005). 

Retreat of Classen Glacier prior to the 1950s (rates given in Table 3.2) led to the 

formation of a proglacial lake, with estimates for the inception of the lake ranging from 

the 1920s or 1930s (Kirkbride, 1993) to the 1950s (Chinn, 1996). The proglacial lake at 

the termini of the Grey and Maud glaciers began to form in the late 1950s when the 

glaciers were still confluent (Kirkbride, 1993; Warren & Kirkbride, 1998). Grey and 

Maud glaciers ceased to be confluent from 1990 onwards, and both now terminate into 

the lake via separate calving fronts (Chinn, 1996; Warren & Kirkbride, 1998). At 

Godley Glacier, a proglacial lake developed in the 1960s after the glacier (which was 

once also confluent with Grey and Maud glaciers) retreated up a narrow valley (Chinn, 

1996). Retreat rates for the Godley Glacier are shown in Table 3.2.  

 

 

3.5 Methods 
Terminus positions and lake extent data for the glaciers described above were acquired 

from field-based surveys, along with aerial photographs and satellite image 

digitalisation. Field-based surveys were undertaken at Mueller lake in November 2009, 

April 2010, January 2011 and Hooker Lake in November 2009 using handheld GPS 

with an accuracy of ± 5 m (Garmin Ltd, 2007). All other terminus positions for Mueller, 

Hooker, Murchison, Classen, Grey, Maud and Godley glaciers were acquired from 14 

aerial photographs covering 1965 to 1986 and 12 multispectral satellite images covering 

2001 to 2011. The satellite images were sourced from 2 satellite sources, the Advanced 

Spaceborne Thermal Emission and Reflection Radiometer (ASTER) and Landsat. The 

images were geo-referenced using ground control points (stable, recognisable features 

present in all images) to register the selected images against topographic data from Land 

Information New Zealand Topo50-BX15, BX16, BX17, BY15, BY16 maps (New 

Zealand Transverse Mercator 2000). The images were registered using the rotation, 
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sampling and translation warping (RST) method, resulting in the root mean square error 

for each image being smaller than a single pixel (Jensen, 1997). Terminus positions and 

lake areas were generated from these geo-referenced images by manual digitisation in 

ESRI ArcMap software.  

 

Rates of retreat between the terminus positions were calculated by measuring the 

distance between terminus profiles parallel to the flow axis (as shown in Figure 3.4, 3.5 

and 3.6) at multiple locations along the terminus front; for example, the distance 

between the 2009 and 2010 terminus position. These measurements were averaged to 

give the mean rate of change between each terminus position. Distances were measured 

parallel to the flow axis to distinguish glacier retreat from local retreat (which would be 

measured perpendicular to the local ice margin). Convoluted ice margins have high 

local ice-wall retreat rates. As an ice cliff straightens, local ice-wall retreat rates are 

effectively converted to glacier retreat. Retreat rates were calculated for the periods 

between which data were available for each glacier (for example, 1986-2004, 2004-

2006, 2006-2008, 2008-2009, 2009-2010, and 2010-2011 for Mueller Glacier; Figure 

3.7). 

 

 

3.6 Results: Glacier retreat and proglacial lake development 
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Figure 3.4: Terminus positions of Mueller Glacier, 1986-2011 and Hooker Glacier, 1965-2011.  
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Figure 3.5: Terminus positions of Murchison Glacier, 1965-2010 and Classen Glacier, 1965-
2008. 
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Figure 3.6: Terminus positions of Grey and Maud glaciers, 1965-2008 and Godley Glacier, 
1965-2008. 



Chapter 3: Glacier retreat in Aoraki/Mount Cook National Park 

63 

 



Chapter 3: Glacier retreat in Aoraki/Mount Cook National Park 

64 

Figure 3.7 (previous page): Retreat rate (ur, m a-1) and proglacial lake surface area (km2) for A) 
Mueller Glacier, 1986-2011, B) Hooker Glacier, 1979-2011, C) Murchison Glacier, 1965-2010, 
D) Classen Glacier, 1965-2008, E) Grey and Maud glaciers, 1965-2008, and F) Godley Glacier, 
1965-2008. Black diamonds on the lake surface area graphs represent values calculated in this 
study. Grey diamonds represent data from other studies: Mueller lake (Watson, 1995; Röhl, 
2005), Hooker Lake (Warren & Kirkbride, 1998), Grey/Maud lake (Warren & Kirkbride, 1998) 
and Godley lake (Warren & Kirkbride, 1998). 

 

 

3.6.1 Mueller Glacier 

Terminus positions of Mueller Glacier between 1986 and 2011 are shown in Figure 3.4. 

In 1986, ponds had developed adjacent to the terminus along the south-western margin 

and between the Hooker River inflow and outflow. Figure 3.7A shows the retreat rate of 

Mueller Glacier from this period to 2011 and the resultant increase in lake surface area. 

Röhl’s (2005) estimated 2004 lake surface area is not consistent with surface areas 

calculated in this study. This difference is attributed to Röhl (2005) having included 

gravel islands within the lake whereas the areas calculated in this study do not include 

these subaerial features. As the glacier retreated between 1986 and 2004 a peninsula 

developed in the centre of the terminus which extended into the lake. The glacier has 

maintained this peninsula as retreat has proceeded. Retreat rates increased rapidly from 

15-38 m a-1 between 1986 and early 2008 to 157 m a-1 between May 2008 and 

November 2009 and 123 m a-1 between November 2009 and April 2010, leading to a 

lake surface area of 0.97 km2 in February 2011 (Table 3.3).  

 

3.6.2 Hooker Glacier 

Glacier terminus positions for the period between 1965 and 2011 are shown in Figure 

3.4, with retreat rates and proglacial lake area expansion between 1965 and 2011 

reported in Figure 3.7B. Supraglacial ponds and meltwater channels were first evident 

on the terminus in 1965 and fluctuated in size during the 1970s. By 1986 these ponds 

and meltwater channels had increased in size to create a lake of approximately 0.45 m2 

(Table 3.3). The lake continued to increase due to glacier retreat (at rates of between 29 

and 62 m a-1) until rates of lake expansion slowed between 2004 and 2008. This slowing 

coincided with an advance of the terminus between May 2006 and May 2008, which 

was most pronounced in the centre of the terminus, where the glacier was advancing at a 
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rate of 3 m a-1. Subsequently, the glacier retreated between 2009 and 2010 at a rate of 

152 m a-1 before recession slowed to 55 m a-1 between 2010 and 2011. As the glacier 

retreated between 1996 and 2011, the terminus began to develop a more linear calving 

front. In February 2011 the lake had a surface area of 1.28 km2, making it the second 

smallest lake out of the six studied. 

 

 

Table 3.3: Surface areas (km2) of Mueller, Hooker, Murchison, Classen, Grey/Maud and Godley 
lakes calculated from aerial photographs, satellite images and field-based surveys. 

 

 Mueller Hooker Murchison Classen Grey/Maud Godley 
1965  0.03 0.06 0.64 0.53 0.02 
1971  0.01 0.07 0.86 0.69 0.13 
1973  0.04 0.13    
1974    0.90 0.75 0.21 
1979  0.08     
1986 0.10 0.45 0.30 1.17 1.05 0.98 
1994 0.35*    1.26* 1.65* 
1995  0.74*     
1996  0.89     
2001  1.00 0.89 1.62 1.36 1.81 
2002   1.00    
2003 0.60*      
2004 0.43 1.16     
2006 0.55 1.16 1.47    
2007   1.49 1.73 1.38  
2008 0.61 1.17 1.63 1.76 1.40 1.99 
2009 0.83 1.22     
2010 0.87 1.24 1.85    
2011 0.97 1.28     
*source (Watson, 

1995; 
Röhl, 
2005) 

(Warren 
& 
Kirkbride
, 1998) 

  (Warren & 
Kirkbride, 
1998) 

(Warren 
& 
Kirkbride
, 1998) 
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3.6.3 Murchison Glacier 

The retreat of Murchison Glacier between 1965 and 2001 was relatively slow compared 

with Hooker and the Godley Valley glaciers (Figure 3.7), and involved the 

development, enlargement and coalescence of many supraglacial ponds (Figure 3.5). 

After 2001, retreat rates doubled to around 46 m a-1, except for the short period between 

2006 and 2007, when retreat slowed to just 13 m a-1 (Figure 3.7C). Coeval with retreat 

rates, lake surface area increased rapidly post-2001, compared with lake growth 

between 1965 and 2001 (Table 3.3). By 2010, these preceding decades of glacier retreat 

had increased the lake surface area to 1.85 km2.    

 

3.6.4 Classen Glacier 

Terminus positions from 1965 to 2008 for Classen Glacier are shown in Figure 3.5, with 

retreat rates and lake surface areas reported in Figure 3.7D. By 1965 the glacier had 

retreated from its terminal moraine and a proglacial lake had formed between the glacier 

snout and the terminal moraine, with a lake surface area of 0.64 km2. The glacier 

continued to retreat at a rate of 24 to 59 m a-1 up until 2009. This moderate retreat rate 

caused a gradual increase in lake surface area, with no clear phases of either 

acceleration or deceleration of growth rates. By 2008, the lake had a surface area of 1.76 

km2 (Table 3.3). 

 

3.6.5 Grey and Maud glaciers 

By 1965, Grey and Maud glaciers, which both flowed into a single glacier tongue, had 

retreated up-valley from the terminal moraine, and a proglacial lake, with a surface area 

of 0.53 km2, had formed. Terminus positions between 1965 and 2008 are shown in 

Figure 3.6. Between 1965 and 2007 combined retreat rates for the two glaciers 

decreased from 43 m a-1 to 3 m a-1 (Figure 3.7E). Subsequently, combined retreat rates 

then increased to 10 m a-1 between 2007 and 2009. However, when the retreat of each 

glacier is analysed individually (following the separation of Grey and Maud glaciers), 

results show that Grey Glacier retreated twice as fast as Maud Glacier between 2001 

and 2008 at rates of 6 m a-1 and 3 m a-1, respectively. Growth of the surface area of the 

lake appears to have been reasonably constant between 1965 and 2001, after which 
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growth slowed (Figure 3.7E and Table 3.3), with the lake reaching a surface area of 1.4 

km2 in 2008. 

 

3.6.6 Godley Glacier 

A small channel which drained the glacier had formed on the terminus of Godley 

Glacier by 1965. Further terminus melting and disintegration enlarged this channel and 

created a proglacial lake with a surface area of 0.13 km2 by 1971. Between 1971 and 

1974, glacier retreat was focused on the northwest section of the terminus, with the lake 

advancing up a narrow arm (Figure 3.6). The surface area of the lake increased 

significantly between 1974 and 1986 from 0.21 km2 to 0.98 km2 (Table 3.3) and again 

between 1986 and 1994. Lake area expansion then slowed, reaching a surface area of 

1.99 m2 in 2009. Phases of rapid lake expansion were mirrored by increased rates of 

calving retreat, which increased from 14 m a-1 to 59 m a-1 between 1965 and 2001, 

before decreasing to 18 m a-1 between 2001 and 2009 (Figure 3.7F).  

 

 

3.7 Discussion 
Glacier retreat and proglacial lake expansion in the Aoraki/Mount Cook area has varied 

both temporally and spatially. By 1965, large proglacial lakes had already formed at the 

termini of Classen, Grey and Maud glaciers. Between 1965 and 1986, supraglacial lakes 

and meltwater channels began forming and enlarging on Godley, Mueller, Hooker and 

Murchison glaciers, with Mueller Glacier being the last to enter this stage of 

disintegration in the late 1980s. Since the early 1990s, all the glaciers have continued to 

retreat from their LIA moraines and their proglacial lakes have steadily expanded. Lake 

expansion at the Godley Valley lakes however, now appears to be slowing, while 

Mueller and Murchison lakes continue to expand rapidly. 

 

3.7.1 Retreat rates 

With the general trend of retreat across all the glaciers since 1965 (Figures 3.4, 3.5, 3.6 

and 3.7), two distinctive phases can be discerned. The first period from 1986 to the late 
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1990s was characterised by increased rates of retreat at all the glaciers except the 

Grey/Maud system (where rates actually slowed, possibly due to an advance of a few 

tens of metres between 1995 and 1997 (Warren & Kirkbride, 1998)) (Figure 3.7). The 

increase in retreat rates was greatest at Hooker Glacier, where rates increased from 12 m 

a-1 between 1979 and 1986 to 62 m a-1 between 1986 and 1996 (Figure 3.7). Lake 

surface areas also increased rapidly during this time (Figure 3.7 and Table 3.3) with the 

largest increase at Godley lake, which increased from 0.98 km2 in 1986 to 1.81 km2 in 

2001. The second phase occurred between approximately 2006 and mid-2008, and was 

characterised by a slowing of terminus retreat at Hooker, Murchison, Classen, Grey, 

Maud and Godley glaciers (Figure 3.7). In particular, the decrease in retreat rate was 

more marked at Murchison Glacier, where the retreat rate decreased from 46 m a-1 to 13 

m a-1. Hooker Glacier actually advanced during this second phase at a rate of 3 m a-1 

(Figure 3.7). The decrease in retreat rates actually began earlier (2001) at the Godley 

Valley glaciers (Classen, Grey, Maud and Godley glaciers). In contrast, while the retreat 

of all the other glaciers at least slowed, Mueller Glacier’s retreat accelerated over the 

same period (Figure 3.7).  

 

The primary driver of the increase in retreat rates after 1986 was the transition from 

melting to calving as the dominant mass loss process at the termini of these glaciers 

(Kirkbride, 1993). This transition involved the disruption of supraglacial debris cover 

which caused thermokarst erosion of ice margins and englacial conduits, resulting in 

rapid retreat via calving and a period of exponential lake growth (Kirkbride, 1993; 

Chinn, 1996). The decrease in retreat rate at Grey and Maud glaciers during the same 

period can be attributed to the separation of the two glaciers in 1990 (Warren & 

Kirkbride, 1998), after which Grey Glacier continued to retreat while Maud Glacier 

advanced between 1994 and 1995 (Warren & Kirkbride, 1998). The rock avalanches 

from Mt Fletcher in May and September 1992 may also have reduced the retreat of 

Grey and Maud glaciers due to the input of several million cubic metres into the glacier 

system (Warren & Kirkbride, 1998).  

 

There are a number of possible explanations for the phase of decelerating retreat 

between 2006 and 2008 at the Hooker, Murchison and Godley Valley glaciers. The 
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glaciers may have retreated up-valley onto an adverse bedrock slope, creating a shoaling 

effect, which resulted in a decrease in calving retreat rates (e.g. Brown et al., 1982; 

Hanson & Hooke, 2000). However, this hypothesis can be rejected for Hooker Glacier 

at least, where post-2008 bathymetry indicates (Chapter 4) that the terminus actually 

retreated into a bedrock overdeepening and thus deeper water after 2004. Unfortunately, 

post-2008 bathymetry from the other glaciers is not available to investigate the validity 

of this theory further. A second explanation for the decrease in retreat rates between 

2006 and 2008 is that this was possibly a period of regional positive mass balance. 

Terminus advances at Franz Josef and Fox glaciers, on the western side of the Southern 

Alps, from the mid-1980s until 2010 (Herman et al., 2011) have been linked to mass 

gained during negative phases of El Niño-Southern Oscillation (e.g. Purdie et al., 2008), 

which brings cold moist south-westerly airflow to the Southern Alps. Kirkbride (1993) 

found that reduced retreat at Classen and Grey glaciers in the late 1960s coincided with 

regional positive mass balance, also reflected in advances of Franz Josef and Fox 

glaciers and also at Stocking Glacier, on the eastern side of the Southern Alps (Hessell, 

1983; Salinger et al., 1983; Brazier et al., 1992). It was proposed by Kirkbride (1993) 

that increased ice delivery to the terminus at Classen and Grey glaciers may have come 

close to replacing ice lost by calving during this time. However, whether or not late 

20th-early 21st century mass gains in the Southern Alps accumulation zones led to a 

deceleration in calving retreat during 2006-2008 is questionable. This is because the 

calving glaciers in the present study are among the longest in the Southern Alps, and 

have low-gradient debris-covered tongues, leading to terminus response times in the 

order of several decades (Chinn et al., 2005). This is in direct contrast to the steep, 

debris-free Franz Josef and Fox glaciers that have response times of around a decade 

(e.g. Purdie et al., 2008). Hence, based on likely terminus response times of several 

decades, it is difficult to conclude that climate-driven positive mass balances during the 

1990s and 2000s caused a deceleration in retreat (or advance) at Hooker, Murchison and 

the Godley Valley glaciers between 2006 and 2008.  

 

The contrasting increase in retreat rate at Mueller Glacier during 2006-2008 coincides 

with the rapid retreat at Tasman Glacier during this period. Retreat rates at Tasman 

Glacier increased from 54 m a-1 to 144 m a-1 during 2000-2006 (Dykes & Brook, 2010), 

with Dykes and Brook (2010) proposing two potential reasons for this increase in 
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retreat. These were: (1) a change in the velocity regime towards the terminus, and (2) 

the growth of supraglacial ponds on the terminus. Dykes and Brook (2010) outlined 

how Quincey and Glasser’s (2009) study on Tasman Glacier hinted at more rapid ice 

flow on the terminus after January 2006 and that this velocity increase may have been 

driving calving losses, with calving acting as the ‘slave’ to glacier dynamics (e.g. van 

der Veen, 2002). Whether or not this is the case is difficult to determine empirically. 

Further examination of Quincey and Glasser’s (2009) study shows the subtle increases 

in glacier velocity between January 2002 and December 2007 coincided with 

widespread surface lowering and rapid retreat over the same period which may point to 

velocity acting as the ‘slave’. Hence, it is difficult to determine if calving was acting as 

the local driver and ‘master’ to glacier dynamics (e.g. Meier, 1997) or not. 

Unfortunately, detailed velocity data during this period are not available for Mueller 

Glacier to confirm if fluctuations in ice flow up-glacier of the terminus was driving or 

acting in response to calving.  

 

Dykes and Brook’s (2010) second proposal to account for increased retreat at Tasman 

was the significant growth of supraglacial ponds on the terminus between 2000 and 

2006. Likewise, at Mueller Glacier, supraglacial ponds formed on the terminus during 

this time, including a large (~0.02 km2) pond in 2008 immediately up-glacier of the 

terminus. This pond expanded prior to 2006, with a large pond coalescing with the lake 

sometime between June 2009 and November 2009. Röhl (2008) highlighted the 

importance of supraglacial ponds in terminus disintegration, and once ponds become 

hydraulically connected to the englacial drainage system, pond expansion via melting 

and small-scale calving occurs. Rapid drainage of such ponds can then increase 

buoyancy of the terminus, leading to longitudinal extension and basal crevasse 

propagation (Benn et al., 2007b). From aerial photographs, the coalescence of the large 

supraglacial pond into Mueller lake in 2009 appears to be a similar process to that 

which occurred at the terminus of Tasman Glacier in 2000 (Röhl, 2008). The 

consequence at Tasman Glacier was accelerated retreat (via calving) of the surrounding 

ice walls and main ice cliff. Likewise at Mueller Glacier, the coalescence of the large 

supraglacial pond with Mueller lake contributed to rapid calving retreat of the glacier 

between 2006 and 2008.  
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3.7.2 Trends in lake expansion 

Since the initiation of proglacial lake development, all six lakes have expanded rapidly 

in conjunction with glacier retreat. After the initial rapid expansion of the Godley 

Valley proglacial lakes, lake surface area growth appeared to slow down relative to 

Mueller and Murchison lakes (Figure 3.7). Classen lake increased by 0.14 km2, 

Grey/Maud lake increased by 0.04 km2, and Godley lake increased by 0.18 km2 between 

2001 and 2008. The slowed expansion of these three proglacial lakes, in addition to the 

overall trend of decreasing retreat rates (Figure 3.7), may be a sign that the glaciers are 

retreating into shallower water due to a bedrock high (e.g. Brown et al., 1982; Hanson 

& Hooke, 2000). Unfortunately, bathymetry data post-1995 are not available for the 

Godley Valley lakes to verify this idea. 

 

The surface areas of Mueller and Murchison lakes have increased rapidly by 0.13 km2 a-

1 and 0.11 km2 a-1, respectively, between 2008 and 2010. This is in comparison with 

Hooker Lake which increased by only 0.04 km2 a-1 over the same period and Tasman 

Lake which increased very rapidly by 0.34 km2 a-1 over an 8 year period, between 2000 

and 2008 (Dykes & Brook, 2010). The rapid expansion of Mueller and Murchison lakes 

is likely to be in response to a combination of factors, including high calving rates and 

hence glacier retreat rates (Figure 3.7). Calving retreat into deeper water may also be 

one of these factors, following the calving rate-water depth relationship as discussed by 

Hanson and Hooke (2000). This relationship describes how calving rates increase as the 

water depth adjacent to the terminus increases due to the glacier retreating into deeper 

water. The subaqueous morphology at the terminus of the glaciers may, however, be a 

complicating factor in this relationship as the presence of an ice ramp extending from 

the terminus would reduce the effective water depth adjacent to the terminus. Although 

ice ramps have recently been identified extending from Mueller, Hooker and Tasman 

Glaciers (Chapter 4), the degree to which these ice ramps influence calving rates and 

hence retreat rates remains unclear.  
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3.7.3 Spatial and temporal evolution model 

From our analysis we propose that the Aoraki/Mount Cook debris-covered glaciers and 

proglacial lakes have followed a four-stage model of spatial and temporal evolution 

(Figure 3.8):  

• Stage 1: The disruption of supraglacial debris cover, followed by the appearance 

and growth of supraglacial lakes and/or meltwater channels on the lower ablation 

areas of the glacier. The disruption of the supraglacial debris cover encourages 

melting of the bare ice slopes. Classen, Grey and Maud glaciers experienced this 

stage prior to 1965. Godley Glacier went through this stage during the mid-1960s to 

the mid-1970s. Hooker and Murchison glaciers went through this stage during the 

mid-1960s to the early-mid 1980s while Mueller Glacier passed through the stage 

in the mid-1980s.  

• Stage 2: This stage marks the transition between the development of supraglacial 

lakes and meltwater channels, and the coalescence of these into a single lake. This 

stage could be seen as the ‘tipping point’ between supraglacial pond development 

and proglacial lake enlargement. As with stage 1, Classen, Grey and Maud glaciers 

experienced this stage prior to 1965 as large proglacial lakes had developed at their 

termini by this time (Figure 3.5 and 3.6). Godley Glacier transitioned through this 

stage between 1974 and 1986. By 1986, Hooker Glacier had entered this stage. 

Mueller and Murchison glaciers passed through this stage between 1986 and 1994. 

• Stage 3: The stable expansion of a single coalesced lake. By 1965, Classen, Grey 

and Maud glaciers had entered this stage. Godley glacier had entered this stage by 

1986. Hooker Lake began a steady expansion shortly after 1986. Murchison and 

Mueller glaciers entered stage 3 much later, just prior to 1994. The distinctive 

retreat between 1986 and the late 1990s can be characterised as this stage of lake 

evolution. The period was characterised by an increase in retreat rates leading to the 

stable expansion of the proglacial lakes at the majority of the glaciers. This stage 

could be further split into 1) steady lake growth, 2) rapid or accelerating lake 

growth and 3) decelerating lake growth.  

• Stage 4: Stage 4 is characterised by slowing lake expansion rates due to slowing 

retreat, caused by shoaling, as the valley’s bedrock profile comes closer to lake 

level as retreat proceeds. Thus, the timing of when a glacier may enter stage 4 is 

controlled by the bedrock profile under the glacier. The second distinctive phase 
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between 2006 and mid-2008 may fit into the beginning of this stage of proglacial 

lake evolution. The phase was characterised by a slowing of terminus retreat at 

Hooker, Murchison, Classen, Grey, Maud and Godley glaciers. The Godley Valley 

glaciers, and in particular Godley Glacier, may now be approaching or entering 

stage 4, as retreat rates and lake expansion have shown a steadily decreasing trend 

since 2001 (Figure 3.7). Photographs of the terminus of Godley Glacier (Figures 

3.3B and 3.3C) show a delta is growing in between the lake and the glacier, which 

may indicate that Godley Glacier is retreating away from Godley lake. Hochstein et 

al. (1998) predicted that Hooker Glacier would continue to retreat until the bedrock 

under the glacier is at the same level as the lake outlet, 4.8 km up-valley. The 

glacier is currently 2.14 km from the lake outlet, so will presumably approach stage 

4 in the future. Accurate bedrock topography data up-valley from the current 

termini are needed to predict when Mueller and Murchison glaciers may enter stage 

4, and when the glaciers will become detached and retreat up-valley from their 

proglacial lakes.  

 

 

Figure 3.8: A four-stage model of spatial and temporal evolution of Aoraki/Mount Cook 
proglacial lakes. Stage 1: the appearance and growth of supraglacial lakes and/or meltwater 
channels on the lower ablation areas of glaciers. Stage 2: transition between supraglacial lakes 
and meltwater channels and a coalesced single lake. Stage 3: stable expansion of a single 
coalesced lake. Stage 4: slowing of retreat caused by shoaling as the valley’s bedrock profile 
comes closer to lake level as retreat proceeds. Classen, Grey and Maud glaciers transited 
through stages 1 and 2 prior to 1965, although the transition between stage 1 and 2 is not 
constrained. Two distinct retreat phases between 1986 and the late 1990s, and 2006 and 2008, 
are superimposed on the four-staged model. All six glaciers are currently in stage 3, although 
the Godley Valley glaciers may be approaching stage 4. 
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A simpler 3-stage model has been postulated for the Bhutan Himalayas by Komori 

(2008). Proglacial lake evolution in this area was also characterised by the appearance 

and growth of supraglacial lakes, the coalescence of these lakes into a single lake, 

followed by, stable expansion of the single lake. Komori (2008) found that it took at 

least 40 years for the glacier and proglacial lake systems in the Bhutan Himalayas to 

pass though stages 1 and 2 and enter stage 3. This is substantially longer than the six 

glaciers in Aoraki/Mount Cook region that took between 8 and 30 years to enter stage 3. 

This temporal variability in proglacial lake evolution may be the result of differences in: 

calving retreat rates between the two regions (e.g. Yamada, 1998; Sakai et al., 2000; 

Komori, 2008); glacier velocity (e.g. Hochstein et al., 1998; Warren & Kirkbride, 1998; 

Kääb & Reichmuth, 2005; Röhl, 2005), glacier gradients, and; precipitation, due to 

higher altitudes and the continental climate in Bhutan. Thus, these conditions result in 

the glaciers of the central Southern Alps of New Zealand being more dynamic than 

those in the Bhutan Himalayas.  

 

 

3.8 Conclusions 
Glacier retreat and proglacial lake expansion in the Aoraki/Mount Cook area has varied 

both temporally and spatially. By 1965, large proglacial lakes had already formed at the 

terminus of Classen, Grey and Maud glaciers. Between 1965 and 1986, supraglacial 

lakes and meltwater channels began forming and enlarging on Godley, Mueller, Hooker 

and Murchison glaciers, with Mueller Glacier being the last to enter this stage of 

disintegration in the late 1980s. Since the early 1990s, all the glaciers have continued to 

retreat from their LIA moraines and their proglacial lakes have steadily expanded. Lake 

expansion at the Godley Valley lakes however now appears to be slowing, while 

Mueller and Murchison lakes continue to expand rapidly. 

 

The temporal and spatial evolution of the glaciers and proglacial lakes in Aoraki/Mount 

Cook National Park can be divided into four stages, including: (1) the appearance and 

growth of supraglacial lakes and/or meltwater channels on the lower ablation areas of 

glaciers; (2) transition between supraglacial lakes and meltwater channels and a 
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coalesced single lake; (3) stable expansion of a single coalesced lake; and, (4) slowing 

of retreat caused by shoaling as the valley’s bedrock profile comes closer to lake level 

as retreat proceeds. All six glaciers examined in this study are currently in stage 3, 

although some glaciers, particularly the Godley Valley glaciers, may be approaching 

stage 4. The glaciers are also more dynamic than their continental counterparts in the 

Bhutan Himalayas. Superimposed upon this four-staged evolution have been two 

distinct periods of retreat in the timeline of overall retreat since 1965. The first retreat, 

which falls into stage 3, occurred between 1986 and the late 1990s, and saw retreat rates 

at the majority of the glaciers increase, resulting in the rapid expansion of the proglacial 

lakes. This period of retreat was caused by the transition from melting to calving as the 

primary process of mass loss at the terminus. The second period of distinctive retreat 

occurred between 2006 and mid-2008, and was characterised by the slowing of retreat 

rates at the majority of glaciers. Mueller Glacier was the only glacier where retreat rates 

continued to increase during this time. This second retreat may be an indication that the 

glaciers are approaching or entering stage 4 of proglacial lake evolution. 

 

Our study has shown that there can be considerable temporal and spatial variations in 

glacier retreat and proglacial lake expansion rates within the same mountain belt, and 

therefore that trends observed at one glacier cannot necessarily be used to infer response 

of another glacier, even in the same region. Fluctuations in glacier length on decadal 

scales can also not be attributed to climate forcing, as glaciers within a small 

geographical area will transition through the same glacial retreat stage at different times. 

In order to understand and incorporate patterns of mass loss via glacier retreat into 

predictions of sea level rise and water availability, data from multiple glaciers within a 

single mountain belt must be used. 
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Chapter 4: Subaqueous calving margin morphology 

at Mueller, Hooker and Tasman glaciers in 

Aoraki/Mount Cook National Park, New Zealand 
 

4.1 Introduction 
Chapter 3 quantified glacier retreat and lake expansion rates within a single mountain 

belt and proposed a 4-stage model of evolution of proglacial lakes in Aoraki/Mount 

Cook National Park. The chapter illustrated that there can be considerable temporal and 

spatial variations in retreat and lake expansion rates within a small geographical area. It 

also highlighted the importance of understanding patterns of mass loss at multiple 

glaciers within a single mountain belt in order to improve predictions of glacier retreat. 

A lack of quantitative subaqueous data in calving laws and models of glacier retreat 

however was highlighted in Chapter 2. Therefore, the focus of this chapter is to examine 

subaqueous morphologies at three calving margins in the central Southern Alps, New 

Zealand. Mueller, Hooker and Tasman glaciers provide an excellent opportunity to 

examine subaqueous morphologies of glaciers that are within the same stage of glacier 

retreat and proglacial lake expansion (chapter 3) and within a single mountain belt. 

 

This chapter is contained within the manuscript: Robertson, C.M., Benn, D.I., Brook, 

M.S., Fuller, I.C. and Holt, K.A., 2012, Subaqueous calving margin morphology at 

Mueller, Hooker and Tasman glaciers in Aoraki/Mount Cook National Park, New 

Zealand, Journal of Glaciology, 58(212), 1037-1046. This manuscript examines the 

subaqueous morphologies of Mueller, Hooker and Tasman glaciers, in New Zealand’s 

Southern Alps. The study uses a unique combination of high-resolution sub-bottom 

seismic sonar and bathymetric data (section 4.5). Firstly, the subaqueous morphologies, 

including subaqueous ice ramps identified extending from the three termini are 

described (section 4.6). These morphologies are discussed in relation to subaerial 

calving and retreat rates (section 4.7.1), and then the effect of debris on the subaqueous 

ice ramps is examined (section 4.7.2). Controls on subaqueous ice ramp evolution are 

also identified (section 4.7). The examination illustrates that subaqueous ice ramps are 
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transient features that can be sustained at freshwater calving glaciers. In addition, due to 

their highly changeable nature, it is important to improve our understanding of the 

controls on subaqueous margins in order to fully understand the potential contribution 

subaqueous calving may make to glacier mass loss. 

 

 

4.2 Abstract  
The subaqueous margins of calving glaciers have the potential to make significant 

contributions to glacier mass loss. However little is known currently about their 

morphology and development. A unique combination of sub-bottom sonar and 

bathymetric data collected between 2008 and 2010 in proglacial lakes at Mueller, 

Hooker and Tasman glaciers, in New Zealand’s Southern Alps, reveal subaqueous ice 

ramps extending up to 510 m from the terminus of each glacier. Ice ramp surfaces are 

undulating and covered by up to 10m of poorly sorted sediment derived from 

supraglacial and englacial debris, lateral moraines, and deltaic deposits. A cyclic calving 

pattern, relatively stable lake level, and debris cover appear to control the development 

and maintenance of these ice ramps. High subaerial retreat rates generally correspond to 

high subaqueous calving rates, although the highest subaerial retreat rates are not 

associated with the largest ice ramp. Debris mantling the subaqueous ice ramp surfaces 

insulates the ice from melting and also reduces buoyant forces acting on the terminus. 

Comparisons with previous studies show that the ice ramps evolve over time with 

changes in glacier dynamics and water-body properties. 

 

 

4.3 Introduction 
Subaqueous calving and melting have been identified as important processes at water-

terminating margins and have the potential to make large contributions to glacier mass 

loss (Eijpen et al., 2003; Motyka et al., 2003a; Haresign & Warren, 2005). Recent 

observations show that ice losses from calving glaciers can be strongly influenced by 

processes operating below the waterline, particularly subaqueous melting and 
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buoyancy-driven calving (e.g. Venteris, 1999; Motyka et al., 2003a; Boyce et al., 2007; 

Nick et al., 2012). However, due to a lack of quantitative data, the potential impact of 

these two forms of ice mass loss on glacier mass balance and volume reduction remains 

uncertain (Benn et al., 2007b). Quantifying these contributions is made particularly 

difficult by various factors, including the presence of debris cover which is known to 

reduce both melting and buoyant forces acting on ice (Hunter & Powell, 1998; Purdie & 

Fitzharris, 1999), along with the inherently hazardous working environment of the 

calving glacier terminus. Subaqueous calving also poses a significant hazard to users of 

water-bodies into which these glaciers calve (Benn et al., 2007b). In order to fully 

understand the potential contribution that subaqueous calving and melting may make to 

glacier mass loss it is necessary to understand: (1) how submerged extensions of glacier 

termini (“ice ramps”) are created and maintained; (2) the effect debris cover has on ice 

ramp evolution; and (3), how ice ramps contribute to mass loss at subaqueous termini. 

Establishing the presence or absence and, if present, the extent of such ice ramps will 

assist in predicting future lake expansion at lacustrine calving margins (Quincey & 

Glasser, 2009). 

 

In this study, we have applied a unique combination of sub-bottom sonar profiling and 

echo-sounding to identify ice on the lake floor and to examine the subaqueous terminus 

morphology of the proglacial lakes of Mueller Glacier, Hooker Glacier and Tasman 

Glacier in Aoraki/Mount Cook National Park, in New Zealand’s central Southern Alps 

(Figure 4.1). These glaciers are all debris-covered lake-calving glaciers which have 

undergone significant downwasting and recession in recent decades. The aims of this 

study are three-fold: (1) to map the subaqueous morphology of these lakes near the 

calving face; (2) to identify key characteristics of the subaqueous morphology of the 

termini of these three glaciers; and (3), to determine what processes control the 

development and evolution of subaqueous termini. 
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Figure 4.1: Location of Mueller, Hooker and Tasman glaciers and their proglacial lakes. The 
Main Divide of the Southern Alps is highlighted by black dots. 

 

 

In this study, we use high-resolution CHIRP (Compressed High Intensity Radar Pulse) 

seismic sonar to identify the location and characteristics of subaqueous ice ramps 

extending from the termini of three freshwater calving glaciers. CHIRP seismic 

profilers remotely determine the acoustic attenuation of lake floors, with individual 

features giving varied acoustic returns (Jakobsson, 1999; Duck & Herbert, 2006; 

Lafferty et al., 2006; Zhou et al., 2007). The varying acoustic returns allow the 

identification and delineation of the spatial extent of subaqueous ice ramps, allowing, 

for the first time, observations on ice ramp morphology and temporal development.  
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4.4 Study area 
Mueller, Hooker and Tasman glaciers are located on the eastern side of the Main Divide 

of the central Southern Alps, in Aoraki/Mount Cook National Park (Figure 4.1). Since 

reaching their Little Ice Age (LIA) maximum in the mid-late 19th century, the three 

glaciers have progressively downwasted (Gellatly, 1985; Blair, 1994; Kirkbride & 

Warren, 1999; Purdie & Fitzharris, 1999; Gjermundsen et al., 2011), with the 

development of proglacial lakes and calving termini in the late 20th century (Kirkbride 

& Warren, 1999). All these glaciers now terminate in proglacial lakes (Figure 4.2), but 

there is a paucity of research on the calving processes active at each glacier. Only 

subaerial calving processes have previously been studied in any detail, with the focus 

typically being at Tasman Glacier (e.g. Röhl, 2005). Like most freshwater calving 

glaciers around the world, very little data exist on the subaqueous terminus morphology 

at these glaciers. 

 

4.4.1 Mueller Glacier 

The terminus of Mueller Glacier has been downwasting at a rate of ~0.5 m a-1 since the 

early 1900s (Watson, 1995). The glacier is 13.9 km long and descends from ~2000 to 

765 m a.s.l (Table 1). A series of melt ponds formed on the terminus in the early 1980s 

and coalesced in the early 1990s to form what is now Mueller lake, with subaerial 

calving commencing just prior to 1994 (Watson, 1995). In 2010, the lake had a surface 

area of 0.87 km2 and a maximum depth of 83 m (Table 1). Since 1994, lake area has 

increased by 141% while lake volume has increased by 842%. Röhl (2005) estimated 

that the amount of retreat varied between 0 and 210 m between April 2000 and February 

2003 at different points along the terminus. The actively-calving section of the terminus 

retreated 150 m between November 2009 and February 2011.  
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Figure 4.2: Mueller, Hooker and Tasman glaciers and their proglacial lakes: (A) the terminus of 
Mueller Glacier (on the left of the photo) and proglacial lake (source: C. Robertson, 28 January 
2011). Hooker River can be seen entering the lake in the upper right-hand corner. The photo is 
taken from the south-western side of Mueller lake looking north-east.  Hooker Glacier and Lake 
are behind the lateral moraine in the centre of the photo; (B) Hooker Glacier and Lake looking 
north-east towards Mount Cook (source: C. Robertson, 23 November 2009). Hooker Glacier can 
be seen flowing down valley, terminating in Hooker Lake. Eugenie Stream crosses an alluvial 
fan and enters the lake in the bottom left of the photo; (C) looking north-east up Tasman Lake to 
Tasman Glacier (source: C. Robertson, 25 November 2009). 
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Table 4.1: Physical characteristics of Mueller, Hooker and Tasman glaciers and their 
proglacial lakes. Supraglacial debris cover (%) refers to the percentage of the glacier 
surface area that is covered by debris. 

 

 Mueller Hooker Tasman 

Glacier 

Area (km2) 22.5 17 99 

Length (km) 13.9 12.3 28.5 

Elevation range 

(m a.s.l) 

~2000-765 ~3000-876 2400-717 

Surface slope 3.7º lower 2 km 3.5º lower 1.5 km <1.5º lower 10 km 

Supraglacial 

debris cover (%)  

37.2  25  31.8  

Supraglacial 

debris thickness 

(m) 

2-3 0.5 1-3 

Lake 

Area (km2) 0.87 1.22 5.96 

Volume (km3) 0.02 0.05 0.51 

Max. depth  (m) 83 140 240 

Sources (This study, Chinn, 

1996; Röhl, 2005) 

(This study, Chinn, 

1996; Hochstein et 

al., 1998; Hambrey & 

Ehrmann, 2004; 

Röhl, 2005) 

(Hochstein et al., 

1995; Chinn, 1996; 

Kirkbride & Warren, 

1999; Röhl, 2005; 

2008; Dykes et al., 

2011) 

 

 

4.4.2 Hooker Glacier 

Hooker Glacier is the fourth largest glacier in the National Park with an area of 17 km 2 

(Table 1). Between 1915 and 1986, the glacier downwasted along the centre flow line at 

rates of up to 1 m a-1, with downwasting progressing at ~0.3 m a-1 on the lower 3 km 

between 1986 and 1996 (Hochstein et al., 1998). By 1994, subaerial calving was active 
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(Hochstein et al., 1998; Warren & Kirkbride, 1998), and Kirkbride (1993) theorised that 

the development of an unconfined aquifer on the lower terminus, in conjunction with 

thinning, increased the buoyancy of blocks of ice along the glacier margins. This 

induced fracturing, enhancing melting by allowing further water infiltration, resulting in 

the development of large meltwater channels (Kirkbride, 1993). These channels 

coalesced to form a proglacial lake which effectively ‘drowned’ the terminus 

(Kirkbride, 1993). Retreat rates actually decreased between the early 1980’s and 1996 

from 70 m a-1 to 30 m a-1 (Hochstein et al., 1998; Warren & Kirkbride, 1998), but then 

increased between 2001 and 2003 with rates of 79 m a-1 reported (Röhl, 2006). In 2009 

the lake had a surface area of 1.22 km2 and a maximum depth of 135 m. Published 

subaqueous terminal morphology data are limited to bathymetric maps created in 1995 

(Warren & Kirkbride, 1998), 1996 (Hochstein et al., 1998) and 2002 (Röhl, 2005). 

From this bathymetry and lake growth data, Hochstein et al. (1998) were able to 

approximate a subaqueous “downmelting rate”, based on the vertical lowering of an 

area of lake floor, of approximately 5 m a-1 for the period between 1982 and 1986 and 

approximately 9 m a-1 between 1986 and 1996. Mass loss due to melt and calving were 

undifferentiated in their approximation. 

 

4.4.3 Tasman Glacier 

Tasman Glacier is the longest glacier in New Zealand at 28.5 km. Downwasting at a 

rate of 1.2 m a-1 resulted in ~1.4 km of retreat from the terminal moraine between 1972 

and 1982 (Hochstein et al., 1995). This is less than the downwasting rate of 1.9-4.2 m a-

1 reported between 1986 and 2007 by Quincey and Glasser (2009). Proglacial Tasman 

Lake formed by the coalescence of thermokarst ponds which appeared on the glacier 

surface in the late 1950s (Kirkbride, 1993; Kirkbride & Warren, 1999; Röhl, 2008). The 

small thermokarst ponds had developed from the collapse of englacial channels 

(resulting from downwasting) and consequential melting of exposed ice. Retreat rates 

have varied from 41 m a-1 during 1994 and 1995 (Purdie & Fitzharris, 1999), 22 m a-1 

between 2001 and 2003 (Röhl, 2006), 54 m a-1 during 2006 and 144 m a-1 during 2006 

and 2008 (Dykes et al., 2010). This recession meant that by 2008 the lake had enlarged 

to a surface area of 5.96 km2 (Table 1). Hochstein et al. (1998) estimated a mean 

subaqueous melt rate, based on the vertical lowering of an area of lake floor, of 8 m a-1 

for the period 1982-1993. 
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Although quantifying subaqueous calving rates for these glaciers was not possible in the 

present study due to our inability to measure all calving events, observations and 

unpublished reports (C. Hobbs, pers. comm. 2010) point to a higher subaqueous calving 

rate on Tasman Glacier than on Mueller and Hooker glaciers. Local tourist operators on 

Tasman Lake often report observing subaqueous calving events which produce icebergs 

that are usually very large (10s to 100s of metres across) and white to blue in colour. 

Röhl (2005) also reported witnessing subaqueous calving events in Tasman Lake. These 

events produced the largest icebergs present in the lake – larger than those from 

subaerial events. Subaqueous calving is thought to occur from a submerged ice ramp, 

and is sometimes preceded by subaerial calving, although this is not always the case. 

Subaqueous calving events have also been observed on Mueller (C. Hobbs, pers. comm. 

2010, Röhl, 2005) and Hooker glaciers (Hochstein et al., 1998; Warren & Kirkbride, 

1998). In particular, Röhl (2005) observed a large subaqueous calving event at Mueller 

Glacier in February 2005. The calving occurred over three minutes and was captured in 

a series of photographs which shows a group of large subaqueous icebergs rising out of 

the lake and rolling. The frequency of these sightings at Mueller and Hooker lakes are 

lower than at Tasman Lake, but whether this is due to higher visitor numbers at Tasman 

Lake or more subaqueous calving events at Tasman Glacier, is unknown. 

 

The climate in the National Park is dominated by westerly airflow from the Tasman 

Sea. The Southern Alps enhance orographic precipitation (Cox & Barrell, 2007) 

resulting in high precipitation to the west of the Main Divide (up to 12,000 mm at 

Remarkable Peak (Griffiths & McSaveney, 1983)), decreasing eastward. Precipitation in 

higher elevation areas is approximately 7000 mm a-1 decreasing to between 3000 to 

5000 mm a-1 at Mount Cook Village (Anderton, 1975; Röhl, 2006).  

 

 

4.5 Methods 
The morphology of the subaqueous calving margins of Mueller, Hooker and Tasman 

glaciers was surveyed using a CHIRP sub-bottom profiler and echo-sounder. 

Subaqueous morphology and bathymetry data were obtained from both Mueller and 
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Hooker lakes in November 2009, with Mueller Lake resurveyed in April 2010. Tasman 

Lake was surveyed in April and October 2008.  

 

High-resolution CHIRP seismic data of the subaqueous morphology in the three lakes 

were collected with an EdgeTech 216S sub-bottom profiler. The profiler operates by 

remotely determining the acoustic attenuation of lake sediments by transmitting an FM 

(frequency modulation) pulse (also known as CHIRP or Klauder wavelets) linearly over 

an area (Schock et al., 1989; EdgeTech, 2005). The sonar works on a frequency range 

of 2-16 kHz and gives a vertical resolution of 60-100 mm (EdgeTech, 2005). Data were 

collected over intersecting transects ~100 m apart throughout the lakes with particular 

focus on the lake floor within 750 m of the termini. Data sampling was limited to calm 

lake conditions as rough water causes interference with the sub-bottom signal (Pantin & 

Wright, 1994; Black Laser Learning, 2006; Duck & Herbert, 2006). The quality of the 

recorded data was high so post-processing could be limited to video gain (dB) and time 

varied gain (TVG) (dB/100M) alteration on individual profiles in EdgeTech Discover 

software. The displayed vertical scales on the sub-bottom profiles are based on an 

assumed sound-wave velocity of 1500 m s-1 (Mullins & Halfman, 2001; Lafferty et al., 

2006). Individual acoustic units were identified and described according to accepted 

concepts in seismic stratigraphy (e.g. Lafferty et al., 2006). Mueller lake and Hooker 

Lake surveys were located via handheld GPS with an accuracy of ± 5 m (Garmin Ltd, 

2007), while a Trimble Real-Time Kinematic differential Global Positioning System 

(RTK-dGPS) was utilised in Tasman Lake giving horizontal (x, y) and vertical (z) 

precision of ± 60 mm. Data were interpolated using triangular irregular network (TIN) 

modelling from which smoothed bathymetric contours were produced in ERSI ArcMap. 

 

 

4.6 Results  

4.6.1 Mueller Glacier and lake 

In April 2010, Mueller lake had a surface area of 0.87 km2, and a volume of 0.02 km3. 

The morphology of the subaqueous calving margin in November 2009 and April 2010 is 

shown in Figure 4.3. The lake floor sloped at an average of ~18˚ away from the glacier 
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in the NW to the deepest point of the lake (83 m) approximately 600 m from the 

terminus, while lake depth in the SW was considerably shallower (Figure 4.3). Sub-

bottom data (Appendix 2B) reveal a large fine-grained sediment-filled basin in the SW 

and an ice ramp underlying a thick cover of sediment (~5-10 m) on the sloping lake 

floor in the NW (Figure 4.4). The basin increased in depth by up to 25 m (Figure 4.3) 

between November and April. In November 2009 this ice ramp extended ~325 m (± 5 

m) from the NW terminus into the lake and had a surface area of approximately 0.16 

km2. Subaerial calving on the NW of the terminus during the 2009/2010 summer 

increased the length of the ramp to ~370 m and the area to 0.23 km2. The longest 

section of the ice ramp in April 2010 was 510 m (± 5 m). Lengthening of the ramp in 

the south (Figure 4.3B) is an artefact of data collection. It is the result of ice being 

distinguishable in sub-bottom sonar data in this area in 2010 but not 2009. The ice ramp 

contains a large number of debris bands similar to those observed in the exposed 

terminal ice cliff in the NW (similar to the terminus ice cliff of Hooker Glacier; Figure 

4.2). The surface of the sediment on the ramp is undulating and pockmarked with small 

depressions. The ice ramp measured in April 2010 was 60m shorter in the N than 

measurements in November 2009. This may have been due to subaqueous calving. 

 

 

Figure 4.3 (next page): Subaqueous terminus morphology and bathymetry of Mueller lake: A) 
November 2009. Lines A-A’ and B-B’ show the location of sub-bottom profile images in Figure 
4.4; B) April 2010; C) the relative change in lake depth between November 2009 (A) and April 
2010 (B). Negative values (red) show a decrease in depth and positive values (blue) show an 
increase in depth. 
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Figure 4.4: Sub-bottom profile images and interpretation from Mueller lake April 2010. Profile 
locations are shown in Figure 4.3. The box shows the approximate distal end of the ice ramp. 

 

 

4.6.2 Hooker Glacier and Lake 

The bathymetry and morphology of the Hooker Glacier calving margin and lake is 

shown in Figure 4.5. In 2009 the lake had a surface area of 1.22 km2 filling a steep-sided 

U-shaped glacial valley which shallows towards its outlet, Hooker River. From the 

deepest point in the lake (140 m, 390 m in front of the terminus) the lake floor shallows 

rapidly towards the terminus at an angle of approximately 20˚. On either side of this 

deep basin, within 150 m of the terminus, the lake floor slopes at approximately 30˚ 

towards the terminus. Towards the centre of the lake, the lake floor is relatively flat with 

a change in elevation of 20 m over 270 m. Sub-bottom data along the terminus show an 

ice ramp, covered with a thick layer of sediment (>10 m), extending 320 m into the 
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lake, with a surface area of approximately 0.13 km2 (Figure 4.5). Within 25 m of the 

terminal ice cliff the surface of the ice ramp is uniform and relatively smooth, beyond 

which the surface is undulating. The ice ramp abuts the lateral moraine on both sides of 

the glacier and material displaced from subaerial sections of these moraines mantles the 

edges of the ramp. Debris bands can also been seen in the ice (Figure 4.5).   

 

 

Figure 4.5: Subaqueous terminus morphology and bathymetry of Hooker Lake in November 
2009.  Line A-A’ shows the location of the sub-bottom profile image.  
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4.6.3 Tasman Glacier and Lake 

Bathymetric data, described by Dykes et al. (2011), were collected at the same time as 

the sub-bottom data contained herein. The sub-bottom data show ice overlain by a layer 

of sediment (5-10 m, Figure 4.6) sloping away from the terminus into the lake for 

approximately 400 m. The approximate surface area of this ice ramp is 0.49 km2. The 

surface of the ramp adjacent to the subaerial section of the terminus is pockmarked with 

small depressions (<10 m) and ridges but these become less pronounced as the ramp 

extends further into the lake. Additional sub-bottom data (shown in appendix 2) show 

that the ice extends along the full face of the glacier and abuts the lateral moraines on 

both sides of the lake.  
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Figure 4.6: Subaqueous terminus morphology of Tasman Lake in 2008.  Line A-A’ shows the 
location of the sub-bottom profile image.   

 

 

4.7 Discussion 
Sub-bottom profile data from Mueller, Hooker and Tasman lakes show ice ramps 

extending from the calving termini of the three glaciers into their proglacial lakes. At 

510 m, the ice ramp extending from Mueller Glacier is the longest of the three, as well 

as the largest in terms of the percentage of lake length (20%) and glacier length (2.6%). 
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There are no previous recorded observations of an ice ramp in the lake, although based 

on glacier thickness estimates of Watson (1995), Röhl (2005) suggested that the lake 

floor was likely to be ice-cored in 2003. Hence, the ice ramp mapped in 2009 and 2010 

is likely part of what formed the 2003 ice-cored floor. A comparison of lake depths 

between 2005 and 2009 (not shown) indicates that the ice ramp has disintegrated in the 

SE of the lake, probably via subaqueous calving, (which commenced in 2005: Röhl, 

2005), and now extends further up-valley to the NW due to continued subaerial calving 

retreat. Subaqueous calving is also likely to have removed 60 m on the distal end of the 

ice ramp that was detected in 2009 but not in 2010.  

 

Based on bathymetry data, a small ice ramp has been recorded in Hooker Lake on two 

previous occasions. Hochstein et al. (1998 p. 213) found a ‘small, protruding, basal ice 

tongue’ extending from the bottom of the ice cliffs on the terminus of Hooker Glacier in 

1996, as well as remnant ice along the margins of the lake. Warren and Kirkbride 

(1998) also reported a small, projecting ice ramp just below the waterline which sloped 

at a gradient of 20˚- 30˚ into the lake. This gradient is comparable to that measured in 

2009, with steepening of up to 10˚ occurring on the SE section. In contrast to these 

observations, Röhl (2005) believed the subaqueous ice margin in Hooker Lake to be 

vertical or near-vertical between 2001 and 2003. There are two possible explanations 

for this variation: (1) the ice ramp observed prior to 2001 completely disintegrated via 

subaqueous calving and melting, creating a near-vertical ice margin: or, (2) the ice ramp 

was simply not detected. Given that the ice ramp reported by Warren and Kirkbride 

(1998) extended ~100 m from the terminus, and the closest data point Röhl (2005) 

collected was 100 m from the subaerial terminus, it would appear that Röhl’s (2005) 

survey design precluded detection of an ice ramp between 2001 and 2003.  

 

Disparities also exist amongst the data sets from Tasman Glacier. Indeed, Hochstein et 

al. (1995) concluded that the subaqueous ice cliff was near vertical in at least one 

location along the terminus in 1993. In contrast, Purdie (1996) and Röhl (2005) reported 

that an ice ramp extended along the majority of the terminus, except for a small section 

at the eastern end. Warren and Kirkbride (1998) also observed an ice ramp at the 

waterline, which was present along the full width of the terminus. After 1993, all 
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bathymetric surveys in the lake have suggested that an ice ramp extended from the 

glacier, albeit in varying locations. As illustrated by these fluctuations in ramp size and 

location, it is likely that the ice ramp has evolved in a cyclic pattern of growth and 

disintegration, in connection with subaerial retreat of the glacier (e.g. Röhl, 2005).  

 

Ice ramps have been observed in the past at other glaciers in New Zealand including 

Maud, Grey, Godley and Ivory Glaciers (Warren & Kirkbride, 1998) and worldwide 

including Le Conte Glacier, south-east Alaska (Motyka, 1997), the margin of 

Breiðamerkurjökull terminating into Stemmárlón, south-east Iceland (Howarth & Price, 

1969) and Muir and Johns Hopkins Glaciers, Alaska (Hunter & Powell, 1998). To 

understand the morphology and development of the subaqueous margins of Mueller, 

Hooker and Tasman glaciers, possible relationships between calving processes, retreat 

rate and debris cover are explored further below.  

 

4.7.1 Calving and retreat rate 

A cyclic calving pattern is common at water-terminating ice margins in Aoraki/Mount 

Cook National Park (Kirkbride & Warren, 1997; 1999), the Himalaya (Benn et al., 

2001) and Patagonia (Warren, 1999; Haresign & Warren, 2005). This cycle involves 

melting at the waterline which creates an overhanging subaerial cliff. The cliff calves 

progressively larger lamellae, by flaking and eventually full-height slab calving. As the 

destabilised subaerial ice cliff retreats, a subaqueous ice ramp will develop if mass 

losses per unit area above the waterline exceed those below. Eventually, the ice ramp 

will calve or melt away. The rate of ramp development is controlled by the difference 

between the rate of subaerial cliff retreat (by calving and melting), and subaqueous 

ramp retreat (by calving and melting). Therefore, a glacier with a high subaerial retreat 

rate will not necessarily have a large ice ramp. For example, Tasman Glacier has a 

higher subaerial retreat rate than Mueller Glacier (Röhl, 2006; Dykes et al., 2010), yet 

its ice ramp is smaller. This is a consequence of higher relative subaqueous mass loss 

rates at Tasman Glacier. Subaerial retreat rates may be higher at Tasman Glacier than 

Mueller Glacier due to variations in the rate of thermal undercutting, as a result of 

differences in water temperature, water-level fluctuations and terminal ice cliff 

geometry (e.g. Röhl, 2006). In addition to the control which subaerial and subaqueous 
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retreat rates exert of ramp development, other factors must control the maximum extent 

of the ice ramp a given glacier can sustain. Potential controls may include debris cover 

and resultant buoyancy and properties of the water body (e.g. water temperature) into 

which the glacier terminates. In addition, where subaqueous calving is an important 

process, longitudinal strain rates are also a potential control as these rates influence 

fracture formation and propagation (Benn et al., 2007b), along with pre-existing 

weaknesses such as crevasses and debris bands.  

 

Subaerial calving at the three glaciers is predominantly driven by undercutting of the ice 

cliff, which is controlled by waterline melt. Röhl (2005; 2006) identified lake level 

stability as a crucial component in waterline melting. Constant lake levels cause energy 

transfer and thus melting to be concentrated on a thin section of ice at the waterline 

rather than spreading it over a wider vertical area. This energy concentration creates 

higher thermal-erosional notching rates, leading to high subaerial calving rates. 

Fluctuations in lake level of more than 0.15 m over 24 hours were enough to 

significantly retard the development of thermal notches on Tasman Glacier (Röhl, 

2005).   

 

4.7.2 Debris on the ice ramps  

Sub-bottom data from Mueller, Hooker and Tasman lakes show that debris thicknesses 

on the ice ramps vary between 5 and 10 m. This sediment comprises unsorted sands, 

gravels and boulders. Isolated areas of undisturbed laminated lacustrine muds which fill 

small basins and depressions are also present in all three lakes. These areas are 

generally distal from the terminus, where subdued sediment and water movement 

allows fine sediment to settle out of suspension. Mueller lake is an exception, with fine 

sediment in-filling a large flat-bottomed basin in the SW part of the lake adjacent to the 

terminus. This delta was created by a supraglacial river which flowed into the area until 

2006.  

 

Sediment on the subaqueous ice ramps is derived from six potential sources: (1) transfer 

of supraglacial debris off the glacier terminus; (2) slumping from lateral moraines 
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bordering the lake margins; (3) iceberg fallout; (4) melting of the ramp; (5) fluvial 

deltaic deposition; and (6) englacial conduits. Sources 1-4 are present at all three 

glaciers, with fluvial deposition forming a delta on the ramp only at Mueller Glacier 

where a supraglacial river flows from the glacier surface into the lake. Sources one, two, 

five and six are likely to be the largest sources of debris on the glaciers. 

 

Debris on subaerial ice can either retard or enhance melting depending on its thickness. 

Where debris is thicker than 30 mm it insulates the ice and impedes melting (Østrem, 

1959; Mattson et al., 1993; Hambrey et al., 2008). On Tasman Glacier, Purdie and 

Fitzharris (1999) found a layer of supraglacial debris up to 3 m thick, which reduced 

ablation by 93%. Debris cover on subaqueous ice will also act in an insulating capacity, 

reducing the effectiveness of downward advection of water warmed at the lake surface. 

Röhl (2005) reported that melting of subaqueous ice under debris was minimal in 

Tasman Lake. With water temperatures of 1.5˚C, ice overlain with 2 m of debris melted 

between 0.02 and 0.14 m a-1. Debris cover on the subaqueous ice ramps in Mueller, 

Hooker and Tasman lakes is considerably thicker therefore melt rates could be expected 

to be considerably smaller. The thick layer of sediment covering the ramps greatly 

reduces melting, minimising thinning of the ice, and also adding mass to the ice ramp, 

reducing the buoyant forces that act to break up the ramp (Hunter & Powell, 1998). 

Indeed, due to this added mass on the subaqueous ramp surface acting against 

buoyancy, it is likely that the ice ramp is maintained, rather than undergoing 

disintegration via subaqueous calving. Debris bands, observed in the CHIRP data, in 

Hooker and Tasman ramps are more clearly defined than those in the Mueller ramp. 

This may be because the debris is more evenly distributed within the Mueller ramp due 

to processes of entrainment and transport in the glacier and/or because of differences in 

debris composition which may result in a weaker reflective signal. Debris bands within 

all three ramps are very similar in appearance to debris seen in the exposed ice cliffs at 

the termini of the glaciers, and icebergs in the lakes.  

 

Debris content and distribution may be important in ice ramp evolution in some 

instances. Hunter and Powell (1998), working at Muir Glacier in Alaska, suggest that 

the top of an ice ramp is more likely to develop at the boundary of sediment-rich, 
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stratified, basal ice, and overlying bubbly white ice above. They found that subaqueous-

sourced icebergs contained a debris-rich ice layer which graded upward into relatively 

clean ice. People who have observed subaqueous calving events from ice ramps in 

Mueller, Hooker and Tasman lakes (C. Hobbs, per. comm. 2010; Röhl, 2005) report that 

the bergs commonly consist of bubbly white ice containing debris bands, and do not 

grade from debris-rich ice to clean ice. Thus, Hunter and Powell’s (1998) theory does 

not appear to be relevant in our case.  

 

4.8 Conclusion 
Periods of constant water level and warm surface water temperatures adjacent to the ice 

cliffs allow thermo-erosional notches to develop vigorously. These notches destabilise 

the subaerial ice cliffs above. Thus, subaerial calving proceeds faster than subaqueous 

mass loss, resulting in the formation of ice ramps. The rate of ice ramp development is 

controlled by the difference between subaerial retreat and subaqueous mass loss (by 

calving and melting). The ‘steady-state’ situation would be one in which subaerial 

retreat was matched by retreat of the subaqueous ice ramp.  

 

The subaqueous terminal morphologies of Mueller, Hooker and Tasman glaciers show 

ice ramps extending up to 510 m from the calving termini into their respective 

proglacial lakes, with the ice ramp extending from Mueller Glacier being the largest. 

The surfaces of these ice ramps are undulating and covered with a thick layer of 

unsorted sediment derived from supraglacial and englacial debris, lateral moraines and 

fluvial deltaic deposition. As with supraglacial debris on subaerial ice, sediment on the 

ice ramps reduces melting and therefore thinning of the ramps. It also counterbalances 

buoyant forces acting to disintegrate the ice ramps. The ice ramps are therefore able to 

remain intact hundreds of metres in front of the calving termini. 

 

Ice ramps appear to be transient features of glacier margins terminating in freshwater. 

They evolve over time as variables including glacier dynamics and water-body 

properties change. It therefore cannot be assumed that if an ice ramp does not exist at a 

particular time, the glacier is unable to support such a feature. Due to the highly 
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changeable nature of ice ramps, it is important to improve our understanding of the 

controls on glacier termini undergoing subaqueous calving in order to fully understand 

the potential contribution subaqueous calving may make to glacier mass loss.  
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Chapter 5: Temporal evolution of the calving 

terminus at Mueller Glacier, Aoraki/Mount Cook 

National Park, New Zealand 
 

5.1 Introduction  
Chapter 4 examined the subaqueous morphologies of Mueller, Hooker and Tasman 

glaciers, in New Zealand’s Southern Alps. Subaqueous ice ramps were identified 

extending from the termini of the three glaciers. The previous chapter illustrates that 

these subaqueous ice ramps are transient features and that it is therefore important to 

improve our understanding of the controls on subaqueous margins. Doing so will 

increase our understanding of the potential contribution subaqueous calving may make 

to glacier mass loss. Thus, the focus of chapter 5 is to examine the temporal evolution 

of the subaqueous ice ramp at Mueller Glacier in order to identify controls on its 

evolution.  

 

This chapter is contained within the manuscript: Robertson, C.M., Brook, M.S., Fuller, 

I.C., Benn, D.I. and Holt, K.A., Temporal evolution of the calving terminus at Mueller 

Glacier, Aoraki/Mount Cook National Park, New Zealand, which is in review in the 

journal Geografiska Annaler. The manuscript examines the temporal evolution of the 

terminus of Mueller Glacier over a 16 month period. The subaerial and subaqueous 

morphologies are examined in order to identify the controls on the evolution of the 

subaqueous ice ramp. Mueller Glacier was the focus of this study due to the apparent 

rapidity of changes occurring at the margin at the time of the study, the range of active 

processes, along with ease of access. Firstly, the subaerial terminal morphology is 

described along with variations in the terminus position (section 5.6.1). Evolution in the 

subaqueous morphology, subaqueous ice ramp and lake size over the study period are 

then examined (section 5.6.2). Vertical and horizontal terminus displacements are also 

quantified (section 5.6.3), along with a brief description of lake temperature (section 

5.6.4). Controls on the evolution of the subaqueous morphology are discussed (section 

5.7.1) and correlations between terminus movements, precipitation and lake level are 



Chapter 5: Temporal evolution of Mueller Glacier 

100 

identified (section 5.7.2). Controls on vertical terminus displacements are also identified 

(section 5.7.2). The study contributes to the quantitative dataset on subaqueous ice 

ramps, and identifies the dominant processes controlling their evolution in debris-

covered, lake-calving glaciers. It illustrates that the development and maintenance of the 

extent of subaqueous ice ramps is intrinsically linked with subaerial retreat. 

 

 

5.2 Abstract 
The recession of freshwater-terminating glaciers, due to calving, has become a 

widespread phenomenon in mountain glacier systems in recent decades. Yet, our 

understanding of the processes responsible for, and contributing to, glacial retreat and 

proglacial lake development at debris-covered, lake-calving glaciers, remains somewhat 

limited. In addition, few observations have been made of the subaqueous sections of 

these glaciers, with the potential for subaqueous ice ramps to extend from the glaciers 

and how these may influence overall glacial retreat being poorly understood. Glacier 

and lake-based measurements at the terminus of Mueller Glacier, New Zealand between 

2009 and 2011 allowed changes in the subaqueous morphology in conjunction with 

subaerial processes to be investigated. The calving front of Mueller Glacier retreated 

~150 m over the 16 month study, with lake volume increasing by 32% and the area 

covered by the lake increased by 17%. A subaqueous ice ramp was identified extending 

up to 510 m from the terminus. Changes in the subaqueous morphology were found to 

be controlled by a combination of subaerial retreat and subsequent subaqueous calving, 

along with sedimentation. Subaqueous melting was minimal due to the effects of debris 

cover. Horizontal and vertical displacements of the glacier were driven by the terminus 

approaching flotation thickness. The development and maintenance of the extent of 

subaqueous ice ramps is intrinsically linked with retreat of the subaerial section at 

debris-covered, lake-calving glaciers.  
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5.3 Introduction 
The recession of freshwater-terminating glaciers, due to calving, has become a 

widespread phenomenon in mountain glacier systems in recent decades, affecting 

glaciers in New Zealand (e.g. Kirkbride, 1993; Kirkbride & Warren, 1997; Warren & 

Kirkbride, 2003; Röhl, 2005), Patagonia (e.g. Warren, 1999; Warren & Aniya, 1999; 

Warren et al., 2001; Haresign, 2004), the Himalaya (e.g. Benn et al., 2001; Watanabe et 

al., 2009; Thompson et al., 2012), and the European Alps (e.g. Diolaiuti et al., 2005; 

Diolaiuti et al., 2006). Calving and melting has resulted in accelerated rates of ice loss 

(Warren & Aniya, 1999) and the growth of supraglacial and proglacial lakes which, in 

some cases, can pose significant risk of glacier lake outburst floods (GLOFS; Clague & 

Evans, 2000). Our understanding of the processes responsible for, and contributing to, 

glacial retreat and proglacial lake development at freshwater-terminating lake-calving 

glaciers, however, remains somewhat limited.  

 

For example, predictions of lake growth rates are complicated by the fact that calving 

glaciers can become partially decoupled from climate-forcing, which allows factors 

other than surface mass balance, such as valley topography and lake bathymetry 

(Warren, 1991; 1992; Purdie & Fitzharris, 1999), to control rates of retreat or advance. 

Debris cover on these glaciers also complicates mass loss processes as debris can reduce 

surface melting, and thus thinning, stabilising the ice margin (Diolaiuti et al., 2006). In 

addition, few observations have been made of the subaqueous sections of these glaciers, 

with the potential for subaqueous ice ramps to extend from the glaciers and how these 

may influence overall glacial retreat being poorly understood.  

 

Where subaerial mass loss exceeds subaqueous mass loss an ice ramp will form. 

Therefore, as subaqueous morphology is intrinsically linked to subaerial calving, factors 

that influence subaerial calving may also influence subaqueous ice ramps. For example, 

work by Röhl (2006) at the calving margin of Tasman Glacier, New Zealand, 

highlighted that thermo-erosional notching drives subaerial calving and factors 

including water temperature, cliff geometry, debris supply and water-level fluctuations, 

control notch development. There are clear gaps in our knowledge on the processes 

operating at the subaqueous termini of lake-calving glaciers that need to be addressed 
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by further studies of such glaciers. This study seeks to address at least some of these 

gaps by investigating changes in the subaqueous morphology in conjunction with 

subaerial processes over time at an example of a lake-calving glacier in New Zealand. 

 

Mueller Glacier is a debris-covered, lake-calving glacier, on the eastern side of the 

central Southern Alps, New Zealand, which has undergone significant downwasting 

(approximately 0.5 m a-1 since the early 1900s (Watson, 1995))  and recession in recent 

decades. In this paper we use a combination of sub-bottom sonar, echo-sounding, water 

temperature, lake level and high resolution topographic measurements to examine 

recent (2009-2011) changes in the subaqueous and subaerial terminal morphology of 

Mueller Glacier. This approach will allow us to investigate subaqueous ice ramps, the 

dominant processes controlling their evolution, and how subaqueous ice ramps 

influence glacier retreat. Our objectives are four-fold: 1) to map the subaerial and 

subaqueous morphology of the Mueller Glacier terminus to determine if and how 

changes in the two are connected; 2) identify the controls on subaqueous morphology 

evolution; 3) to understand horizontal and vertical glacier movement in relation to 

precipitation and lake level, and; 4) to identify controls on terminus uplift. In doing so, 

we will contribute to the understanding of glacial retreat and proglacial lake 

development at debris-covered, lake-calving glaciers. 

 

 

5.4 Study area 
Mueller Glacier is on the eastern side of the Main Divide of the central Southern Alps, 

in Aoraki/Mount Cook National Park (Figure 5.1). The glacier covers an area of ~22.5 

km and extends ~13.9 km down the Mueller Valley, terminating at 765 m a.s.l into 

Mueller lake (the lake does not have an official New Zealand Geographical Board 

name). Thirty seven per cent of the glacier is covered with supraglacial debris, 2-3 m 

thick (Chinn, 1996). Mueller Glacier’s gradient is very low (~3.7º on the lower 2 km; 

Röhl, 2005) and has been downwasting at a rate of ~0.5 m a-1 since the early 1900s 

(Watson, 1995). No mass balance data are available for the glacier. 
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A series of melt ponds formed on the terminus in the early 1980s. These ponds enlarged 

during the late 1980s to form a small lake along the margin of the terminus. The lake 

enlarged by subaerial and subaqueous melting and calving, particularly at small ice 

cliffs adjacent to the lake. In 1994 the lake area was ~3.46 x 105 m2 with a volume of 

~1.73 x 106 m3; the maximum lake depth was 40 m (Watson, 1995). By 2003, Röhl 

(2005) reported that a number of small debris covered, ice-cored islands within the lake 

had disintegrated via subaqueous calving and estimated the lake area had increased to 

~6 x 105 m2 and was 1 km in length.   

 

 

Figure 5.1: A) Location of Mueller Glacier and the surrounding area. The black box shows the 
location of Figures 5.2, 5.3 & 5.4. The inset image shows the location of the lake mooring 
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which collected lake temperature data, the weather station, and the depth data logger  B) 
Mueller lake, with ice debris from a large collapse of subaerial ice cliffs ~100 m up-glacier of 
the terminus, (source: C. Robertson, 7 February 2011). Mueller Glacier is on the left of the 
photo. A swollen Hooker River can be seen entering the lake in the top right-hand corner. The 
photo is taken from Kea Point on the south-western side of Mueller lake looking north-east. 

 

 

The climate in Aoraki/Mount Cook National Park is dominated by westerly airflows 

from the Tasman Sea that, in conjunction with the barrier created by the Southern Alps, 

results in orographic precipitation (Cox & Barrell, 2007). The net result is high 

precipitation to the west of the Main Divide of the Southern Alps (up to 12,000 mm at 

Remarkable Peak, Galena Range, Westland; Griffiths & McSaveney, 1983) decreasing 

towards the east. At Mount Cook Village (2 km south of Mueller lake) precipitation 

ranges from 3000 to 5000 mm a-1  (Anderton, 1975). 

 

 

5.5 Methods 
Three field campaigns were undertaken in November 2009, April 2010, and January and 

February 2011 at Mueller Glacier. Data collection consisted of glacier terminus surveys, 

subaqueous surveys, lake temperature and lake level measurements, along with 

precipitation measurements.  

 

During January and February 2011, vertical (z) and horizontal (x, y) movement of the 

terminus of Mueller Glacier was also measured using a Trimble S6 automatic total 

station established on Kea Point, ~150 m above Mueller Glacier, and an array of five 

reflective prisms. The prisms were attached to large, stable boulders on the lower 400 m 

of the terminus and the distance and angles between the total station and prisms were 

measured. The prisms were surveyed at approximately 1000 hours on twelve different 

days during the study period. Daily surveys were not possible due to adverse weather 

conditions, difficulties in accessing the site during these conditions and strong heat 

shimmer on the glacier on sunny days, which prevented a reflection from the prisms 

being returned to the total station. Precision within 05” over a maximum distance of 919 
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m gave an error of 0.02 m in positional accuracy, at the farthest point. Each survey was 

locked into the same baseline by surveying 6 stationary features (e.g. information 

boards, wooden platform and a seat) at the beginning of each survey and fixing the total 

station over the same peg throughout the survey period. Electronic distance 

measurements were corrected with barometric pressure and temperature with data from 

the National Institute of Water and Atmospheric Research (NIWA) automatic climate 

station at Mount Cook Village (-43.736 ºS 170.096 ºE). Vertical angle observations had 

curvature and refraction corrections applied by the total station.  

 

Topographic data were collected using the automatic total station to map the surface of 

the glacier terminus. 1500 data points (x,y,z) were collected at breaks in slope within 

and between morphological units, and geographic features in February 2011. The 

automatic total station and handheld GPS (accuracy of ± 5 m; Garmin Ltd, 2007) were 

used to survey terminus positions in 2009, 2010 and 2011. Errors associated with the 

handheld GPS in the z dimension are likely to be higher than ± 5 m. Ice thicknesses at 

the terminus were calculated by combining height data from the topographical dataset 

with lake depth data. An assumption was made (based on sub-bottom sonar data) that 

the deepest point in the lake (83 m) was the valley floor and that this point was not 

underlain with ice. The ice thickness at prism locations was calculated by combining 

this lake depth (83 m) with the height of the prism above lake level. 

 

Subaqueous morphology and water depth surveys were completed on 18 November 

2009, 15 April 2010, 21 January 2011 and 17 February 2011 using a sub-bottom sonar 

profiler and echo-sounder. An EdgeTech 216S sub-bottom profiler was used in 

November 2009 and April 2010 to penetrate lake floor sediment and collect high 

resolution sub-bottom data. The sonar worked on a frequency range of 2-16 kHz and 

gave a vertical resolution of 60-100 mm (EdgeTech, 2005). In January and February 

2011, a Humminbird 323 DualBeam Plus dual frequency echo-sounder (frequencies of 

200 kHz and 83 kHz) was used to collect subaqueous morphology data. The echo-

sounder was calibrated against known depths within the lake to give an accuracy of less 

than 1 m. No difficulties were observed with ‘rogue’ readings of either the sub-bottom 

sonar or echosounder caused by reflections from steep valley sides or ice cliffs. More 
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than 500 data points were recorded during each echo-sounding survey and were located 

by handheld GPS with an accuracy of ± 5 m (Garmin Ltd, 2007). It was not possible to 

use RTK-dGPS due to the limited sky views in the valley. Both the sub-bottom profiler 

and echo-sounding surveys followed intersecting transects over the lake; the sub-bottom 

profile sampled continuous along these transects, while the  echo-sounder sampled 

approximately every 50 m. Bathymetry data were interpolated using triangular irregular 

network (TIN) modelling from which smoothed bathymetric contours were produced in 

ESRI ArcMap. Volumetric changes were calculated by subtracting lake volumes 

calculated in ESRI ArcMap. It is important to note that the method of producing 

smoothed contour lines may affect perceived lake depth changes. Changes measured 

within the study though are however well outside of the errors that could have been 

produced via this method.  

 

Lake temperature measurements were made to better understand how temperature may 

affect both the subaqueous and subaerial terminal morphologies and how the thermal 

structure of the lake changed over time. A stationary temperature profile attached to a 

lake mooring was located ~100 m from the terminus on the north-eastern side of the 

lake (Figure 5.1) in approximately 50 m of water. Onset Tidbit temperature loggers on 

the lake mooring at 2, 10, 20, 30, and 49 m recorded temperatures every 3 hours. These 

tidbits were calibrated in the laboratory to an accuracy of 0.2˚C over the range of O˚C to 

50˚C.  

 

Lake level was monitored to determine its influence on terminus movement.  An Onset 

U20-001-01 HOBO Depth Data Logger monitored lake level and water temperature in 

approximately 1.5 m of water in a sheltered bay (to reduce the influence of wind-

induced waves) in the SE of the lake (Figure 5.1). Data were recorded at 5 minute 

intervals from 20 April 2010 to 19 February 2011. Barometric corrections were made to 

the data from the NIWA automatic climate station at Mount Cook Village. Local 

precipitation data were taken from the NIWA climate station and a Campbell Scientific 

climate station established on the SE shore of the lake collected precipitation data in 

April 2011 (Figure 5.1).  
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5.6 Results 

5.6.1 Terminus subaerial morphology  

The terminus of Mueller Glacier is covered by two distinct types of supraglacial debris 

(Figure 5.2); fine-grained glacio-fluvial sediment deposited via an historic supraglacial 

meltwater stream and coarse-grained supraglacial debris derived predominantly from 

avalanche material (e.g. Cox et al., 2008). The fine-grained glacio-fluvial sediment is 

~5 m thick, compared with the coarse-grained, avalanche-derived debris which is 2-3 m 

thick and comprises large boulders (up to 10 m wide), gravel and coarse sand. The 

terminus surface is very hummocky with changes in elevation of up to 20 m. A large 

ridge along the northern margin of the glacier slopes down to a number of ponds which 

have formed along the boundary of the glacier and the northern lateral moraine and 

slopes south to ice cliffs along the meltwater stream exiting the glacier. This ridge 

terminates into the lake at large (~20 m) ice cliffs. In the centre of the glacier, adjacent 

to the lake, is a large, flat, fine-grained sediment delta which becomes flooded during 

and after high precipitation events. The south-western section of the terminus is lower 

in elevation than the west and northern sections and contains a number of ‘blue water’ 

supraglacial ponds.  

 



Chapter 5: Temporal evolution of Mueller Glacier 

108 

 

Figure 5.2: Subaerial morphology of the terminus of Mueller Glacier, February 2011. Fine-
grained, glacio-fluvial sediment and coarse-grained, avalanche-derived sediment can be seen on 
the terminus. Exposed ice cliffs can be seen adjacent to Mueller lake, along the meltwater river 
and near the grey pond. ‘Blue water’ ponds can be seen on the SW of the terminus, which is 
lower in elevation than the rest of the terminus.  

 

Variations in the terminus position between November 2009 and February 2011 are 

shown in Figure 5.3. The main ice cliff which terminates into the lake, adjacent to the 

meltwater river, retreated ~120 m between 2009 and 2010 and a further 30 m between 

2010 and February 2011. The up-glacier end of the small embayment in the centre of 

the terminus, adjacent to the meltwater river, advanced ~64 m between 2010 and 2011. 

The bays at the south-west of the terminus enlarged to incorporate a number of 

surrounding supraglacial ponds into the lake.  



Chapter 5: Temporal evolution of Mueller Glacier 

109 

 

 

Figure 5.3: Variation in the terminus position of Mueller Glacier between November 2009 and 
February 2011, and the horizontal displacement of five prisms (numbered 1-5) on the terminus. 
The horizontal displacement (m) of each prism between the first and last survey, between 23 
January and 18 February 2011, are shown by the black arrows (a 1 m scale arrow is shown in 
the legend). The location of the Trimble S6 automatic total station, used to survey the prisms, is 
also shown. Lines A-A’ and B-B’ show the location of sub-bottom sonar profiles shown in 
Figures 5.6 and 5.7. 

 

 

5.6.2 Subaqueous morphology and lake size  

The bathymetry of Mueller lake in 2009, 2010 and 2011 is shown in Figure 5.4. A 3D 

image of Mueller Lake in February 2011 is shown in appendix 1. Water depth in the 

lake is less than 10 m, at a distance of 50 m from the terminus and the lake floor slopes 

at 18˚ towards the deepest point of the lake (83 m, measured ~600 m in front of the 

terminus). Increases in lake depth, between 2009 and 2011 occurred adjacent to the 

terminus ice cliff (Figure 5.2) at the NW (increases of up to 47 m), along the peninsula 

extending from the centre of the terminus (increases of up to 30 m) and up-valley of the 

inflow of the Hooker River (increases of up to 40 m). Lake depth decreased, by up to 52 
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m, between 2009 and 2011 immediately in front of the inflow of the Hooker River, in 

the deepest section of the lake (~600 m in front of the terminus), and immediately in 

front of the meltwater stream that exits the glacier in the embayment in the centre of the 

terminus (Figure 5.2 and Figure 5.4A), as well as in isolated locations near the northern 

and southern lateral moraines. Between November 2009 and February 2011 the area 

covered by the lake increased by 17% from 8.33 x 105 m2 to 9.73 x 105 m2 while lake 

volume increased by 32% from 16.3 x 106 m3 to 21.5 x 106 m3. This is a 141% increase 

in area and a 842% increase in volume since 1994 (Watson, 1995). A digital elevation 

model (DEM) of difference of the volume of the lake between November 2009 and 

February 2011 is shown in Figure 5.5.  
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Figure 5.4: The bathymetry of Mueller lake between November 2009 and February 2011. The 
approximate outline of the subaqueous ice ramp in November 2009 and April 2010 is shown in 
(A) and (B). A DEM of difference between November 2009 and February 2011 is shown in 
Figure 5.5. Ice ramp data are not available for January and February 2011. 
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Figure 5.5: DEM of difference for Mueller lake between November 2009 and February 2011. 
Negative values (red) show a decrease in depth and positive values (blue) show an increase in 
depth. 
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Sub-bottom sonar data (Figures 5.6 and 5.7. The location of the profiles is shown in 

Figure 5.3) show that the lake floor within approximately 370 m of the terminus is 

underlain with ice, the extent of which is shown in Figure 5.4A and 5.4B.  In November 

2009 this ice ramp extended ~325 m from the NW of the terminus into the lake and had 

a surface area of approximately 0.16 km2. By April 2010, the ramp had increased in 

length to ~370 m with an area to 0.23 km2, due to subaerial calving on the NW of the 

terminus during the 2009/2010 summer (Figure 5.3).  The longest section of the ice 

ramp was 510 m in April 2010. The sub-bottom sonar profiles (Figure 5.6 and 5.7) 

show that the ice ramp is overlain with a thick layer of sediment (up to 10 m) and 

contains bands of debris, similar to that seen in the terminal subaerial ice cliffs. 

 

 

 

Figure 5.6: Sub-bottom profile image A-A’ and interpretation from Mueller lake, April 2010. 
The location of the image is shown in Figure 5.3. The images show ice at the bottom of the lake, 
which is overlain with fine-grained sediment (as identified by the thin laminations). Debris 
bands can be seen in the ice. Sediment on the lake side’s slopes down and overlaps the ice. 
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Figure 5.7: Sub-bottom profile image B-B’ and interpretation from Mueller lake April 2010. 
The location of the image is shown in Figure 5.3. The images show the lake floor near the 
terminus, which is underlain with ice. A thick layer of sediment (~5-7 m) covers the ice and 
debris bands can be seen within the ice. 

 

 

5.6.3 Vertical and horizontal terminus displacements  

Horizontal and vertical displacements of the five prisms on the lower terminus of 

Mueller Glacier are shown in Table 5.1. The prisms moved down-glacier by up to 5.82 

m (±0.02 m) (Figure 5.3) and were uplifted up to 1.43 m (±0.02 m) over the survey 

period (Figure 5.8). After initial uplifts of between 1.11 m and 1.43 m between the 23rd 

and 27th January, vertical displacement of the prisms was minimal, with some recorded 

displacements falling within the ±0.02 m error range. Vertical displacements do not 

show any significant response to precipitation or lake level (Figure 5.8). Although the 

largest vertical displacements occurred following 75.4 mm of precipitation over 14 
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hours and a ~660 mm rise in lake level on the 26th & 27th January, subsequent 

precipitation events or fluctuations in lake level did not show any significant response in 

vertical displacements. Similarly, no clear trend can be seen in horizontal displacements 

(Table 5.1) after precipitation and subsequent lake level rise, or following periods of 

little or no precipitation (Figure 5.8). Horizontal displacements, relative to the previous 

surveyed location, did reduce (from between 1.18 m and 2.29 m on the 4th February to 

between 0.04 m and 0.17 m on the 7th February; Table 5.1) during and after the large 

precipitation event on the 5th to the 7th February (300 mm over 40 hours). However, this 

trend was not repeated during any other precipitation events over the study period.  

 

 

Table 5.1: Horizontal (H) and vertical (V) displacement (m) of prisms on the terminus of 
Mueller Glacier between 23 January and 18 February 2011 Data is non-cumulative and 
displacement is relative to the previous location. * is the first survey. 

 

 Displacement (m) 
 Prism 1 Prism 2 Prism 3 Prism 4 Prism 5 
 H V H V H V H V H V 
23 Jan * * * * * *   * * 
24 Jan     2.94 0.32 * * 2.56 0.31 
27 Jan 2.48 1.41 2.97 1.43 7.17 1.15   7.01 1.11 
31 Jan 1.78 0.08   3.02 0.03   3.10 0.01 
1 Feb 1.07 -0.04   1.75 -0.01   1.78 -0.03 
3 Feb 1.96 0.0   3.42 -0.01   3.49 -0.03 
4 Feb 1.18 -0.04   2.19 -0.02   2.29 -0.01 
5 Feb 0.42 0.00   0.77 0.00   0.85 -0.01 
7 Feb 0.04 -0.02       0.17 -0.11 
16 Feb 0.63 -0.08       1.24 -0.23 
17 Feb 0.28 0.09       0.56 -0.05 
18 Feb     0.89 -0.25 5.82 1.04 1.77 -0.06 
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Figure 5.8: Relative lake level, precipitation (from the climate station on the south-western side 
of the lake, shown in Figure 5.1), water temperature (at depth data logger, shown in Figure 5.1) 
and the vertical displacement of the five prisms on the lower terminus of Mueller Glacier, 
between 23 January to 18 February 2011. The symbols for each prism represent survey dates. 

 

 

Subaerial topography (Figure 5.2) and water depth (Figure 5.4) data show that between 

2009 and 2011 the terminus of Mueller Glacier was close to the flotation thickness (92 

m), , as calculated from: 

 5.1 

where   is water depth,   is water density (1000 kg m-3) and  is the density of ice 

(900 kg m-3). Variations in elevation over the subaerial section of the glacier (Figure 

5.2) put the glacier at approximately 72-89% of flotation. Prisms 1 (117 m ice 

thickness) and 2 (106 m ice thickness) were closest to the flotation thickness (92 m) and 

also recorded the largest vertical displacement between the start and end of the study 

period (Table 5.1).   
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5.6.4 Water temperature 

Data collected from the lake mooring show temperatures throughout the water column 

typically fluctuate in unison, with variations of ~1 ºC occurring over 1 or 2 days within 

100 m of the glacier terminus (Figure 5.9).  The lake was generally thermally stratified 

over the study period. Strong cooling typically occurred following large precipitation 

events, except in two periods, when a 1 ºC drop in temperature was not associated with 

a large precipitation event (grey lines in Figure 5.9).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9 (previous page): Lake temperature and precipitation in Mueller lake from 22 
November 2009 to 30 April 2010. The first five graphs show water temperature at different 
depths approximately 100 m in front of the terminus and the bottom graph shows precipitation 
(mm d-1) recorded at Aoraki/Mount Cook Village. Strong cooling typically occurred following a 
large precipitation event. The two grey lines show periods where a 1˚C drop in temperature was 
not associated with a large precipitation event. 



Chapter 5: Temporal evolution of Mueller Glacier 

118 

5.7 Discussion 
Mueller Glacier retreated ~150 m between November 2009 and February 2011 (Figure 

5.3), while the volume of Mueller lake increased by 32%.  In November 2009 an ice 

ramp extended ~325 m into the lake from the terminus in the NW and had a surface area 

of ~0.16 km2. Subaerial calving on the NW of the terminus during the 2009/2010 

summer increased the length of the ramp to ~370 m and the area to 0.23 km2 in April 

2010.  The longest section of the ice ramp was 510 m in April 2010. During January and 

February 2011 the terminus of the glacier was uplifted by up to 1.43 m, with horizontal, 

down-glacier displacements of up to 5.82 m.  

 

5.7.1 Subaqueous morphology 

Bathymetric and sub-bottom data show that the subaqueous morphology of Mueller lake 

changed between November 2009 and February 2011, with both increases and decreases 

in water depth throughout the lake.  The main areas where lake depth increased included 

areas adjacent to the terminus (depth increases of up to 47 m), along the peninsula 

extending from the centre of the terminus (increases of up to 30 m) and up-valley of the 

inflow of the Hooker River (increases of up to 40 m). Subaqueous melt rates in Mueller 

lake are likely to be significantly reduced due to sediment on the ice ramp and lake floor 

and cold water temperatures (between 1.5˚C and 2.5˚C). Based on the water depth 

increases reported (between 30 and 50 m), subaqueous melt rates would need to be 

around 100 mmd-1 between November 2009 and February 2011 to result in the 

measured depth increases. Based on Röhl’s (2005) calculations of subaqueous ice melt 

under debris at Tasman Glacier, melt rates of between 0.06 and 0.39 mm d-1 could be 

expected for ice under 2 m of debris, in water temperatures of between 1˚C and 1.5˚C. 

Röhl’s (2005) melt rates are considerably lower than those required to result in the 

increases in depth seen in Mueller lake between 2009 and 2011. Although Röhl’s 

(2005) melt rates could be considered a minimum for Mueller lake, because debris 

cover on the lake floor is thicker than 2 m (Figures 5.6 and 5.7) and water temperatures 

are higher than 1˚C and 1.5˚C, it is unlikely that subaqueous melting was the dominant 

process of mass loss in Mueller lake between 2009 and 2011. Thus, increases in depth 

near the ice cliff and peninsula can largely be attributed to subaqueous calving, which 

can remove much larger volumes of ice than subaqueous melting alone. Sub-bottom 

data show ice in the lake floor in these areas and large icebergs were also observed 
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emerging from the lake in these areas in December 2009 and April 2010 (C. Hobbs, 

pers. comm. 2010), which is evidence that subaqueous calving was active. Sub-bottom 

sonar data do not show ice in or on the lake floor near the inflow of the Hooker River, 

therefore, lake depth increases in this area are not thought to be the result of subaqueous 

calving or melting, but instead the result of sliding and slumping of the unconsolidated 

moraine wall that form the sides of the lake (e.g. Hicks et al., 1990).  

 

Decreases in lake depth occurred mainly in the deepest sections of the lake basin, 

immediately in front of the meltwater stream that exits the glacier in the embayment in 

the centre of the terminus, isolated areas adjacent to the moraine walls, and immediately 

in front of the inflow of the Hooker River. Sediment supply to these areas is likely to be 

high due to the proximity of high, unstable moraine walls surrounding the lake, and 

rivers with high suspended sediment concentrations flowing into the lake. Mass 

movements from the unstable moraine walls, are likely to have redistributed sediment 

on the lake side’s downslope to the deeper sections of the lake basin, resulting in a 

decrease in lake depth. Decreases in lake depth around the Hooker River and the 

meltwater river flowing from Mueller Glacier are likely to be the result of sedimentation 

by the settling out of suspended sediment and bed load.  Both rivers have high 

suspended sediment loads (Griffiths, 1981) and contribute to high suspended sediment 

levels within the lake. As these rivers enter the lake a portion of the suspended sediment 

settles out creating fine-grained sediment fans (e.g. Powell & Molnia, 1989; Hicks et 

al., 1990). Thus the decreases in lake depth in Mueller lake can be attributed to 

sedimentation via mass movement, fluvial deposition and sediment settling out of 

suspension. 

 

We propose four controls to explain the changes in subaqueous morphology of Mueller 

lake between November 2009 and February 2011, including; 1) subaqueous melting; 2) 

the removal of the subaerial section of the ice cliff resulting in mass loss above the 

waterline exceeding subaqueous mass loss; 3) subaqueous calving caused by buoyant 

forces acting on the subaqueous ice ramp, and; 4) sedimentation. As discussed earlier, 

subaqueous melting is not thought to be the primary control on subaqueous morphology 

changes, as the estimated subaqueous melt rates are not high enough to result in the 
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measured depth increases.  The subaqueous section of the glacier enlarged over the 

study period due to the retreat of the subaerial section of the terminus (150 m) with 

subaerial retreat exceeding subaqueous retreat (Figure 5.4). This resulted in the 

maintenance of the subaqueous ice ramp extent. Warm surface water temperatures near 

the terminus (between 0.85˚C and 4.7˚C, Figure 5.9) may have enhanced melting at the 

waterline, weakening the subaerial ice cliff, and resulting in subaerial calving (Figure 

5.3). Decreases in water temperature near the terminus between November 2009 and 

April 2010 which were not associated with precipitation events (grey lines in Figure 

5.9), may indicate these subaerial calving events, where icebergs in the lake cooled the 

surrounding water (Churski, 1973). Subaqueous calving was observed after the 

subaerial section of the glacier had retreated between November 2009 and April 2010; 3 

days prior to the April 2010 survey subaqueous icebergs were seen emerging from the 

lake near the ice cliffs in the centre of the terminus (C. Hobbs, pers. comm. 2010). High 

precipitation events, such as between the 5th and 7th February 2011 (300 mm of 

precipitation resulting in a ~2.7 m rise in lake level), however did not appear to have a 

direct influence on the subaqueous ice ramp as no subaqueous calving events or 

icebergs in the lake were observed. Sedimentation was responsible for water depth 

decreases near the inflow of the meltwater river and Hooker River and in the deepest 

section of the lake over the study period. Based on the observed changes and processes 

operating in the lake, it can be surmised that the evolution in subaqueous morphology 

was the result of a combination of removal of the subaerial section of ice and 

subsequent subaqueous calving, along with sedimentation. 

 

5.7.2 Horizontal and vertical displacements on the terminus 

Horizontal displacements on the lower 300 m of Mueller Glacier show that the glacier is 

not stagnant around the lake margin, with displacements between the start and end of 

the survey ranging from 0.45 m to 5.82 m (Table 5.1). No correlation can be seen 

between horizontal displacements, lake level fluctuations or precipitation events (Table 

5.1 and Figure 5.8). However, displacements did decrease following the large (300 mm 

in 40 hours) precipitation event of 5-7 February 2011. This could be attributed to 

increased basal sliding up-glacier caused by rising subglacial water pressure, increasing 

velocities at the terminus (Kamb et al., 1994; Benn et al., 2007b; Boyce et al., 2007). 

The precipitation events during January and February (Figure 5.8) may not have been 
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large enough to result in such a response. Kirkbride and Warren (1997) found that Maud 

Glacier showed a strong correlation between lake level and ice velocity when the lake 

level was rising or stationary but not when lake level was falling. No clear correlation 

can be seen between vertical displacement, lake level or precipitation (Figure 5.8). 

Although, the largest vertical displacement (that occurred between the 23rd and 27th 

January 2011) did coincide with a rise in lake level (~660 mm over 10 hours) which 

followed five days of stable lake level and a  precipitation event on the 26th and 27th of 

January (75.4 mm over 14 hours, Figure 5.8). Subsequent variations in lake level 

however, did not result in a response in vertical displacements. The largest horizontal 

displacements occurred at the same time as the highest vertical displacements (between 

the 23rd and 27th January 2011). 

 

Evidence for the uplift of the terminus in 2011 comes from measured vertical 

displacement (Table 5.1). Vertical displacement of the five prisms between the first and 

last survey ranged from 0.88 m to 1.43 m, with a large displacement occurring between 

the 23rd and 27th January 2011 (Figure 5.8 and Table 5.1). These displacements are 

considerably larger than the errors associated with the data (±0.02 m).  After the 27th 

January, vertical displacement was minimal.  Terminus outlines in Figure 5.3 also show 

that the terminus advanced approximately 64 m in the small embayment in the centre of 

the terminus between 2010 and 2011. If a simple calculation is made using the average 

horizontal displacement from this study (Table 5.1), a horizontal displacement of ~30 m 

could be expected between the 2010 and February 2011 surveys. This only accounts for 

half of the surveyed advancement in the embayment. Lake level data do not show a 

difference in lake level which is significant enough to account of the advancement 

between the two surveys; in other words, lake level did not decrease between the two 

surveys to expose the area above lake level. Therefore, this advancement may be the 

result of the bottom of the ice-cored (Figure 5.7) shallow bay being uplifted, and 

exposed above the lake level.  

 

Two possible causal mechanisms for the vertical displacement of the terminus are: 1) 

subglacial topography forcing the terminus upwards as it flows over a topographic high 

or; 2) the terminus approached or reached flotation thickness  (e.g. Boyce et al., 2007). 
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The main vertical displacement occurred over 5 days in early January 2011, when 

between 2.48 and 7.17 m of horizontal displacement was recorded (Table 5.1). Based on 

this time period, and the amount of horizontal displacement, it is unlikely that the 

horizontal movement of the glacier would be large enough to allow subglacial 

topography to influence the subaerial elevation of the glacier. Geophysical data from the 

terminus of the glacier would however be necessary to confirm this assertion. Flotation 

calculations presented earlier, however, show that the terminus was close to flotation 

thickness over the study period. Although, supraglacial and englacial debris would 

affect the buoyancy of the terminus as rock debris has a greater density than that of ice 

(2000-4000 kg m3 compared to 900 kg m3 which is typically assumed for glacier ice) 

(Tweed, 2000).  This results in the debris adding mass or effectively ‘weighting down’ 

the glacier, and thus, deeper water depths are needed for the glacier to reach flotation 

thickness. Due to the thick layer of supraglacial debris on Mueller Glacier, and the 

englacial debris in the ice, it is likely that the flotation thickness would be higher than 

that calculated from equation 1 (92 m). The glacier would therefore be closer to this 

flotation thickness.  Thus, the vertical displacement of the terminus in January and 

February 2011 was likely the result of the terminus approaching flotation thickness.  

 

 

5.8 Conclusion 
 

This study has examined the temporal evolution of the subaerial and subaqueous 

morphology of the terminus of Mueller Glacier, which retreated ~150 m between 

November 2009 and February 2011, with a volume increase of its proglacial lake of 

32%. Data from the study indicate that buoyant forces may act on subaqueous ice 

ramps, to result in subaqueous calving. In addition, data show that changes in the 

subaqueous morphology are controlled by a combination of subaerial retreat and 

subsequent subaqueous calving, along with sedimentation. Subaqueous melting is 

minimal due to the debris cover. Horizontal and vertical displacements of these glaciers 

may also not be directly connected to precipitation and lake level fluctuations but have 

the potential to be driven by the terminus approaching flotation thickness. The 

development and maintenance of the extent of subaqueous ice ramps is intrinsically 
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linked with retreat of the subaerial section, as subaerial retreat has been shown to drive 

subaqueous retreat. This study has contributed to the quantitative dataset on subaqueous 

ice ramps, and increased understanding on the dominant processes controlling their 

evolution in debris-covered, lake-calving glaciers. In doing so, understanding of the 

processes responsible for, and which contribute to, overall glacial retreat and proglacial 

lake development debris-covered, lake-calving glaciers, has been improved. 
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Chapter 6: Calving retreat and proglacial lake 

growth at Hooker Glacier, Southern Alps, New 

Zealand 
 

6.1 Introduction  
Chapter 5 examined the temporal evolution of the subaqueous morphology of Mueller 

Glacier in relation to changes in the subaerial morphology. The dominant processes that 

control the evolution of ice ramps in debris-covered, lake-calving glaciers include a 

combination of subaerial retreat and subsequent subaqueous calving, along with 

sedimentation. The development and maintenance of the extent of subaqueous ice ramps 

is intrinsically linked with subaerial retreat. Predictions of glacier retreat should 

therefore consider subaqueous morphologies. Two retreat scenarios, one of which is 

based on the maintenance of a subaqueous ice ramp, are applied to Hooker Glacier in 

this chapter. Hooker Glacier is the focus of this study as valley profile data up-glacier of 

the 2011 terminus is published. No such data are available for Mueller, Murchison, or 

the Godley Valley glacial valleys.  

 

Parts of this chapter are contained within the manuscript: Robertson, C.M., Brook, 

M.S., Holt, K.A., Fuller, I.C. and Benn, D.I., Calving retreat and proglacial lake growth 

at Hooker Glacier, Southern Alps, New Zealand, which has been accepted for 

publication in New Zealand Geographer. The manuscript examines past retreat of the 

glacier and proposes two scenarios for twenty-first century retreat. Firstly, chapter 3 is 

expanded by quantifying retreat rates for the glacier between 1965 and 2011 and 

concurrent expansion of Hooker Lake (section 6.6). Two retreat scenarios are then 

applied; one assuming that calving rates are driven by the rate of waterline melt, while 

the second one is based on the calving rate-water depth relationship (section 6.6). 

Proglacial lake growth is also extrapolated into the future (section 6.6). The results of 

these scenarios are then discussed and compared with neighbouring glaciers, while 

additional factors that may also influence future retreat are identified (section 6.7). The 

scenario that best accounts for subaqueous morphologies, and therefore the effect of an 
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ice ramp extending from the terminus of a glacier, is also identified (section 6.7). The 

study illustrates once again that glacier retreat differs between glaciers within a single 

mountain belt (chapter 3) even when predicted into the future, and comes full circle by 

applying retreat scenarios that consider how subaqueous morphologies influence 

subaerial retreat and vice versa.  

 

 

6.2 Abstract 
Hooker Glacier, in the central Southern Alps of New Zealand, has undergone significant 

downwasting and recession (~2.14 km) during the last two centuries. High retreat rates 

(51 m a-1 1986 to 2001, 43 m a-1 2001 to 2011) have produced a large (1.22 km2) 

proglacial lake. We present two retreat scenarios for Hooker Glacier. A fast retreat 

scenario predicts the glacier terminus will stabilise ~3 km up-valley of the current lake 

outlet around 2028, when ice velocity equals calving rate. A slow retreat scenario 

predicts the glacier will retreat ~3 km up-valley by 2038. 

Key words: calving retreat, Hooker Glacier, proglacial lake. 

 

 

6.3 Introduction 
Alpine glaciers are considered to be sensitive indicators of climate (Chinn et al., 2005; 

Oerlemans, 2005), with climate warming, following the end of the Little Ice Age (LIA) 

in the mid-nineteenth century, causing a general global pattern of glacier recession 

(Brown et al., 2010). With the rate of warming projected to increase during the twenty-

first century (Solomon et al., 2007), a general acceleration of glacier retreat appears the 

likely scenario.  However, in reality glacier behaviour is often incongruous with these 

expected general patterns, and glaciers in regions such as maritime western Scandinavia 

(Winkler et al., 2009), Iceland (Dowdeswell et al., 1997), and the Southern Alps of 

New Zealand (Chinn et al., 2005), have in fact undergone phases of advance over the 

last four decades. Furthermore, glaciers within the same mountain range do not always 

display the same advance and retreat patterns (Granshaw & Fountain, 2006). This may 
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be due to variations in long-profile gradient, amount of debris cover, geometry, size and 

presence or absence of a proglacial lake adjacent to the glacier terminus (Salinger et al., 

2008).  The latter factor is highly important at a number of glaciers, particularly in the 

central Southern Alps of New Zealand (Kirkbride, 1993; Chinn, 1996; Warren & 

Kirkbride, 2003; Röhl, 2005; Quincey & Glasser, 2009; Dykes et al., 2011), the 

Himalaya (Watanabe et al., 1995; Benn et al., 2000; Benn et al., 2001; Watanabe et al., 

2009; Thompson et al., 2012) and the European Alps (Haeberli et al., 2001; Huggel et 

al., 2002; Diolaiuti et al., 2005; Diolaiuti et al., 2006). The presence of an ice-contact 

proglacial lake at a glacier terminus is important because such ‘calving’ glaciers can 

become partially decoupled from climate-forcing, allowing factors other than mass 

balance to control rates of retreat or advance (Benn et al., 2007b).   

 

Glaciers to the west of the Main Divide of the Southern Alps (e.g. Franz Josef and Fox 

glaciers) have shown a pattern of advance and retreat over the last century, due to steep 

long-profiles, debris-free surfaces and large accumulation areas relative to their ablation 

areas (e.g. Purdie et al., 2008). Their termini have responded to changes in regional 

atmospheric circulation in less than a decade (Herman et al., 2011). In contrast, to the 

east of the Main Divide the lake-calving glaciers of Aoraki/Mt Cook National Park are 

longer, have low-gradient long-profiles, and debris-covered ablation zones, which 

insulate the ice beneath, diminishing surface melt (Quincey & Glasser, 2009). Due to 

these factors, these glaciers have much longer terminus response times, and are still 

responding to post-LIA warming via gradual downwasting (Herman et al., 2011), 

occurring in addition to calving (the mechanical loss of ice from the terminus). Hence, 

while the response of west coast glaciers to climate variability is well established (e.g. 

Hooker & Fitzharris, 1999), and terminus variations have been predicted by numerical 

modelling (Anderson et al., 2006), the future terminus fluctuations of the large lake-

calving glaciers of Aoraki/Mt Cook National Park remains equivocal. Furthermore, 

research in the National Park has traditionally been limited to Tasman Glacier (e.g. 

Röhl, 2006; Quincey & Glasser, 2009; Dykes et al., 2011), with other glaciers such as 

Hooker Glacier receiving less attention, usually as a minor part of a broader study (e.g. 

Warren & Kirkbride, 1998; Röhl, 2006). The last detailed study of Hooker Glacier was 

in 1996 (e.g. Hochstein et al., 1998). 



Chapter 6: Predicted retreat of Hooker Glacier 

128 

Late twentieth and twenty-first century retreat in the central Southern Alps has already 

been quantified in order to provide a broader picture of contemporary glacier recession 

(Chapter 3). In order to expand and extend this work, we focus more specifically on 

Hooker Glacier, with a more detailed analysis of past retreat which is used to predict 

future glacier retreat. Hooker Glacier is a debris-covered, lake-calving glacier that has 

undergone significant downwasting and recession during the twentieth and twenty-first 

centuries. The aims of the study are to use a suite of aerial photographs and satellite 

images to quantify the changing rate of retreat at Hooker Glacier between 1965 and 

2011 in order to propose tentative scenarios for the twenty-first century retreat of 

Hooker Glacier; and identify factors that may impact on future calving retreat of the 

glacier. Retreat scenarios are based on 1) waterline melting, and 2) the water depth – 

calving rate relationship. Waterline melting causes the development of thermal 

erosional notches, which promote calving of the subaerial ice cliff (Röhl, 2006). The 

water depth – calving rate (Uc-Dw) relationship, established empirically from other 

lake-calving glaciers (Funk & Röthlisberger, 1989; Warren et al., 1995b), assumes that 

calving rates will increase as a glacier retreats back into a bedrock overdeepening, 

increasing water depths. The relationship does not require consideration of the processes 

operating at the terminus (Kirkbride & Warren, 1999) and varies between regions, 

within regions (see Chapter 3) and over time for a single glacier (van der Veen, 2002). 

 

 

6.4 Study area 
Hooker Glacier (Figure 6.1) is a 12.3 km long compound valley glacier, descending 

from 3000 m a.s.l to 876 m a.s.l (Hochstein et al., 1998), with a surface area of 17 km2 

(including the tributaries of the Sheila, Empress and Noeline glaciers). The glacier lies 

in the valley on the western side of Aoraki/Mt Cook. Twenty five per cent of the glacier 

surface is covered with supraglacial debris ~3 m thick (Chinn, 1996), with the 

lowermost 1.5 km of the glacier having a surface gradient of only 3.5º (Röhl, 2005). 

Since reaching its LIA maximum during the mid-late 19th century (Gellatly, 1985; 

Schaefer et al., 2009), Hooker Glacier downwasted along its centreline at a rate of up to 

1 m a-1 between 1915 and 1986. Downwasting diminished to only ~0.3 m a-1 over the 

following decade until 1996 (Hochstein et al., 1998), presumably as debris thickness 
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increased and the long-profile gradient decreased. Downwasting and melting of exposed 

ice on the terminus prior to 1982 led to the development of a proglacial lake (Figure 

6.2) in the late 20th century (Chinn, 1999; Kirkbride & Warren, 1999). Kirkbride (1993) 

proposed that the development of an unconfined aquifer on the lower terminus, in 

conjunction with glacier thinning, increased the buoyancy of ice blocks along the 

glacier margins. This induced fracturing, enhancing melt by allowing further water 

infiltration, resulting in the development of large meltwater channels (Kirkbride, 1993). 

These channels then coalesced to form a proglacial lake soon after 1982, effectively 

‘drowning’ the terminus (Kirkbride, 1993). 

 

 

 

Figure 6.1: Map showing the location of Hooker Glacier and Lake in the central Southern Alps, 
New Zealand. Black dots denote the Main Divide of the Southern Alps. Sheila, Empress and 
Noeline glaciers, tributaries of Hooker Glacier, are also shown. 
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Figure 6.2: Hooker Glacier terminating into Hooker Lake (view to the northeast). Hooker River 
exits the lake near the bottom of the photo (source: C. Robertson, 26 January 2011). 

 

 

Processes of mass loss at the terminus transitioned from melting to calving in the early 

1990s (Hochstein et al., 1998; Warren & Kirkbride, 1998), and contemporary retreat of 

the glacier is thought to now be largely independent of regional climatic signals (Chinn, 

1996; Hoelzle et al., 2007). Retreat rates decreased between the early 1980s and 1996 

from 70 m a-1 to 30 m a-1 (Hochstein et al., 1998; Warren & Kirkbride, 1998) but then 

increased between 2001 and 2003 with rates of 79 m a-1 reported (Röhl, 2006). Glacial 

retreat via subaerial calving led to a proglacial lake with a surface area of 1.22 km2, a 

volume of 0.05 km3 and a maximum depth of 140 m in 2009 (Chapter 4). 

 

 

6.5 Methods 
Terminus positions of Hooker Glacier from 1965 to 1986 were acquired from 5 aerial 

photographs, while 6 multispectral satellite images were used for the periods between 

2001 and 2008, and 2010 and 2011. In addition, the terminus position in 2009 was 

surveyed in the field by global positioning system (GPS), with an accuracy typically 

within ± 5 m (Garmin Ltd, 2007). Satellite images were acquired from the Advanced 
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Spaceborne Thermal Emission and Reflection Radiometer (ASTER) and Landsat 

satellite sources. All images were geo-referenced using ground control points (stable, 

recognisable features present in all images) to register the selected images against 

topographic data from Land Information New Zealand Topo50-BX15 (New Zealand 

Transverse Mercator 2000). The images were registered using the rotation, sampling 

and translation warping (RST) method resulting in the root mean square error for each 

image being smaller than a single pixel (Jensen, 1997). Terminus positions and lake 

areas were generated by manual digitisation in ESRI ArcMap software. Retreat rates 

were calculated by measuring the perpendicular distance between terminus profiles at a 

series of locations along the terminus front. These measurements were averaged and the 

mean rate of change from this information was then used to represent the rate of change 

during the measured periods. From these data, future twenty-first century calving retreat 

scenarios were created, with the basis for these retreat scenarios explained further in the 

results section (6.6). Bathymetric data of Hooker Lake was collected in November 2009 

using a Humminbird 323 DualBeam Plus dual frequency echo-sounder (frequencies of 

200 kHz and 83 kHz). Data were collected over intersecting transects at ~100 m 

spacings, with depth sounding positions recorded via handheld GPS with an accuracy of 

± 5 m (Garmin Ltd, 2007). The echo-sounder was calibrated against known depths 

within the lake to give an accuracy of less than 1 m. Data were interpolated using 

triangular irregular network (TIN) modelling, from which smoothed bathymetric 

contours were produced in ESRI ArcMap. 

 

 

6.6 Results 
Hooker Glacier has retreated 2.14 km up-valley from its LIA terminal moraine since 

1965 (Figure 6.3). Results show that lake expansion (Figure 6.4) has followed a steadily 

increasing trend after the coalescence of supraglacial and ice-marginal ponds between 

1982 and 1986, confirming Kirkbride’s (1993) theory. Since formation of the proglacial 

lake, terminus retreat rates (Ur) have ranged from approximately -3 m a-1 (an advance) 

between May 2006 and May 2008, to 153 m a-1 between November 2009 and February 

2010 (Table 6.1). As a consequence of this retreat, the surface area of Hooker Lake also 

increased overall, forming a lake of 1.28 km2 in 2011 (Figure 6.4). The glacier now 
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calves into Hooker Lake via a linear (in plan form) subaerial ice cliff (Figure 6.5), with 

the lake occupying the bottom of a steep-sided U-shaped glacial valley, with the lake 

floor shoaling towards the Hooker River outlet (Figure 6.6). From the deepest point in 

the lake (140 m, 390 m in front of the terminus) the lake floor shallows rapidly towards 

the terminus at an angle of approximately 20˚. Towards the centre of the lake, the lake 

floor is flat with a change in elevation of only 20 m over a distance of 270 m.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3: Terminus positions of Hooker Glacier, 1965 to 2011. Supraglacial and ice-marginal 
ponds, which developed between 1965 and the early 1980s, coalesced in 1982. Since 1965 the 
terminus of Hooker Glacier has retreated 2.14 km up-valley from its LIA terminal moraine. The 
1996 terminus position is from Hochstein et al. (1998). 
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Figure 6.4: Surface area of Hooker Lake between 1965 and 2011. Growth in lake surface area 
has followed a steadily increasing trend after the coalescence of supraglacial and ice-marginal 
ponds in 1982 and subsequent high retreat rates. 

 

 

 

 

Figure 6.5: Ice cliff at the terminus of Hooker Glacier (source: C. Robertson, 23 November 
2009). Note the layers of debris in the subaerial ice cliff which provide pre-existing weaknesses 
in the glacier which can be exploited to result in calving. The calving terminus is comprised of a 
vertical subaerial ice cliff (approximately 30 m high), which then forms a low gradient 
subaqueous ice ramp sloping away from the terminus into the lake. 
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Figure 6.6: Hooker Lake bathymetry and the location of an ice ramp which was identified in 
2009 (Chapter 4). 

 

 

The retreat rates (Figure 6.3 and Ur in Table 6.1) only give a simple insight into actual 

calving rates, because they ignore factors such as ice velocity and ice melt. To address 

this, two further approaches were used. The first estimates calving rates (Uc m a-1) from 

the difference between glacier velocity (Ui) at the terminus and the rate of change in 

glacier length (∂L) over a given period of time (∂t):  

 6.1 
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An ice velocity of 30 m a-1 was used, and is the mean annual ice velocity near the 2011 

terminus measured by Röhl (2005) between 2001 and 2002. Results (Uc m a-1) are 

reported in Table 6.1. A further approach, following Warren and Kirkbride (2003), was 

to incorporate melting of the calving face  into calving rate calculations, and these 

results (Uc + Um) are included in Table 6.1. A mean annual melt rate of bare ice at the 

terminus of 14 m a-1 was used, which was the estimate of Röhl (2005). Using these 

calculations, calving rates (Uc + Um) ranged from ~2 m a-1, between February 1979 and 

February 1986, to ~135 m a-1, between November 2009 and February 2010. A 

comparison of Ur, Uc and Uc + Um is given in Figure 6.7 which shows the variation 

between the three methods.  

 

 

Table 6.1: Hooker Glacier full width retreat data between 1979 and 2011. ∂Lmax is maximum 
retreat, ∂Lmean is mean retreat, Ur is retreat rate (∂Lmean multiplied by t to determine the annual 
rate), Uc is calving rate, Uc + Um is calving rate + melt at the calving cliff, Dw is water depth. 
Negative values indicate a width-averaged advance of the glacier. 

 

Survey interval 

Time 
interval 

(t) in 
days 

∂Lmax 
m 

∂Lmean 
m 

Ur 
m a-1 

Uc 
m a-1 

Uc + Um 
m a-1 

Dw 
m 

14/02/79-01/02/86 2544 241 86 12 12 2 - 
01/02/86-01/02/96 3652 1369 623 62 32 46 90 
01/02/96-31/03/01 1885 204 154 30 0 14 100 

31/03/01-28/04/04 1124 269 164 54 23 37 130 
28/04/04-04/05/06 736 122 61 30 0 14 120 
04/05/06-13/05/08 740 100 -6 -3 -32 46 120 
13/05/08-24/11/09 560 150 83 54 24 38 70 
24/11/09-19/02/10 87 59 36 153 121 135 - 
19/02/10-16/02/11 362 84 55 55 25 39 - 
01/02/86-31/03/01 5537 1573 776 51 21 35 - 

31/03/01-16/02/11 3609 514 429 43 13 27 - 
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Water depths (Dw) reported in Table 6.1 are based on the deepest area adjacent to the 

terminus. These water depths allow an estimation of a water depth-calving rate 

relationship (Uc-Dw) at Hooker Glacier, by comparing spatial changes in lake 

bathymetry with temporal changes in the calving ice cliff position. The relationship at 

Hooker Glacier can be represented as: 

 6.2 

This equation is a least-squared linear regression (r2 =0.03) using the data reported in 

Table 6.1 between 1986 and 2009. The relationship between water depth and calving 

rate at Hooker Glacier does not follow the generally accepted trend of calving rates 

increasing as the glacier retreats into deeper water, as have been generally reported 

elsewhere (e.g. Funk & Röthlisberger, 1989; Warren et al., 1995b). Additional data may 

however be required to pick up any correlation. 
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Figure 6.7: Retreat rates and calving rates of Hooker Glacier between 1986 and 2011. Ur is 
retreat rate (mean retreat along the terminus multiplied by time), Uc is calving rate, Uc + Um is 
calving rate + melt at the calving cliff. Values are reported in Table 6.1.  

 

 

Following Kirkbride and Warren (1999) and Dykes and Brook (2010), two future retreat 

scenarios for Hooker Glacier are presented in Figure 6.8. The first scenario assumes that 

the calving rate will be driven by the rate of waterline melt. A calving rate of 45.5 m a-1 

has been assumed in this scenario, which is based on calving being driven by waterline 

melting and subsequent thermo-erosional notch development, calculated by Röhl (2005) 
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for the period 2001 to 2002. This scenario predicts that Hooker Glacier will retreat, 

reaching a stable terminus more than 3 km up-valley of the current lake outlet when 

Ui=Uc. Annual ice velocity at Hooker Hut (~3 km up-valley of the lake outlet) is 

approximately 36 m a-1 (Röhl, 2005). It is projected that the glacier will retreat 3 km up-

valley by approximately 2028, in water ~156 m deep.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.8: Predicted retreat scenarios for Hooker Glacier. The profiles have a vertical 
exaggeration of approximately 12. The subglacial bedrock profile (dashed line) is inferred from 
Hochstein et al.’s (1998) ice thickness data, and is measured at 3 km and 4.8 km up-valley of 
the Hooker Lake outlet. The fast retreat scenario is based on waterline melt from Röhl (2005) 
and predicts the glacier terminus will stabilise > 3 km up-valley of the current lake outlet after 
2028, when ice velocity equals calving rate. The slow retreat scenario, based on the calving rate-
water depth relationship (established by Funk & Röthlisberger, 1989; Warren et al., 1995b), 
predicts the glacier will retreat ~4.8 km up-valley where it will stabilise as bedrock outcrops at 
lake level by 2096. 
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A second retreat scenario which applies the Uc-Dw relationship to Hooker Glacier is 

shown in Figure 6.8. The scenario assumes that the glacier will retreat up-valley at a 

rate (calculated from equation 6.2) relative to the mean water depth at the terminus 

(based on the approximated valley floor topography shown in Figure 6.8), until it gets to 

the point where the valley floor is at the same elevation as the current lake level (876 m 

a.s.l). When the glacier reaches this point, the effect the proglacial lake has on the 

terminus will be significantly diminished as the glacier will begin to withdraw from 

Hooker Lake. This withdrawal will reduce calving retreat rates and allow the terminus 

to stabilise. Bedrock outcrops at the level of the current lake approximately 4.8 km up-

valley from the lake outlet (Hochstein et al., 1998), as shown in Figure 6.8. At these 

(slower) retreat rates, the glacier terminus will recede to this location in approximately 

2096. 

 

Extrapolation of lake expansion up-valley of the 2011 terminus (Figure 6.4) estimates 

that the surface area of Hooker Lake could be 1.98 km2 once the glacier retreats 3 km 

up-valley from the lake outlet in the first retreat scenario. When the glacier reaches the 

bedrock at 4.8 km in 2096 in the second retreat scenario, the surface area of the lake is 

estimated to be 3.12 km2. These surface areas follow the trend of lake surface area 

growth as shown in Figure 6.4. 

 

 

6.7 Discussion 

6.7.1 Retreat rates 

Rates of retreat of Hooker Glacier since the late 1970s have varied, with Uc-Um ranging 

from 2 m a-1, prior to 1982, to 135 m a-1 between 2009 and 2010. A significant increase 

in Uc-Um occurred in the mid-1980s when rates increased from 2 m a-1, between 1979 

and 1986, to 46 m a-1, between 1986 and 1996. This increase was likely the result of the 

coalescence of a single proglacial lake in 1982 which increases melting of exposed ice 

and hence retreat rates (e.g. Kirkbride, 1993). A direct comparison between calving and 

retreat rates reported here and rates calculated in other studies of Hooker Glacier is 

difficult due to variations in survey periods. Hochstein et al. (1998) reported a retreat 
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rate of 30 m a-1 for the period between 1982 and 1996 and also during 1998. Retreat 

rates calculated in this study which cover those periods differ with rates of between 2 m 

a-1 and 46 m a-1 (Table 6.1). Both sets of retreat rates incorporate ice velocity and ice 

melt rates, although these rates differ, with Hochstein et al. (1998) using an ice velocity 

of 5 m a-1 and a melt rate of 40 m a-1 compared with an ice velocity of 30 m a-1 and a 

melt rate of 14 m a-1 incorporated in this study. Therefore the difference in retreat rates 

between the two studies is likely to be the result of a combination of different ice 

velocities and melt rates incorporated into the calculations and variations in the survey 

periods used. Although there are similar difficulties in comparing retreat rates between 

this study and that of Dykes and Brook (2010), it is clear that retreat rates at Tasman 

Glacier during the early 21st century have been higher than those at Hooker Glacier. 

These difference may be the result of an increase in glacier velocities at Tasman Glacier 

after 2006, which may have increased calving rates as the glacier counteracted the 

increase in velocity by increasing calving rates, along with the expansion of supraglacial 

lakes on the terminus of Tasman Glacier after 2000 (e.g. Quincey & Glasser, 2009; 

Dykes & Brook, 2010).  

 

6.7.2 Retreat scenarios 

The first retreat scenario (based on the rate of waterline melting) predicts higher calving 

rates, and hence glacier retreat rates, and indicates that the terminus of the glacier will 

retreat 3 km up-valley of the lake outlet by 2028. This contrasts with the second 

scenario (Uc-Dw) which predicts slower retreat rates and that the glacier will reach 3 km 

up-valley in 2038 (Figure 6.8). For Tasman Glacier, Kirkbride and Warren (1999) and 

Dykes and Brook (2010) found that the retreat scenario based on the Uc-Dw relationship 

predicted faster retreat than the scenario that was based on waterline melting of the ice 

cliff. In contrast, for Hooker Glacier, the second model (based on the Uc-Dw 

relationship) predicts slower future retreat rates (between 30 and 40 m a-1 for water 

depths between 31 and 156 m) than the first scenario (45.5 m a-1), which is based solely 

on waterline melting.  
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The relationship between Uc and Dw in Hooker Glacier does not appear to follow the 

trend at other glaciers worldwide (e.g. Funk & Röthlisberger, 1989; Warren et al., 

1995b). This trend is of increasing calving rates with increasing water depth. As water 

depths have increased at Hooker Glacier with progressive retreat, there has been no real 

trend, either positive or negative, in calving rates, reflected in the low r2 value (0.03) 

from equation 6.2. One possible explanation for this is the way in which water depths at 

the terminus are estimated. When past terminus positions are overlaid on post-retreat 

lake bathymetry (e.g. Figure 6.3 overlain on Figure 6.6), it is simply assumed that the 

subaqueous terminal ice cliff is vertical. Therefore the water depth, as read off the post-

retreat bathymetry map, was the water depth adjacent to the terminus at that point in 

time. This assumption however, does not consider the presence of a subaqueous ice 

ramp extending from the terminus into the lake. A subaqueous ice ramp decreases the 

water depth at the terminus as the subaerial ice cliff does not extend vertically down to 

the bed of the valley, but instead to the ice ramp, which may extend from the terminus 

as little as 1 m below lake level. Thus, if an ice ramp is present, the water depth adjacent 

to the terminus, as read off the post-retreat bathymetry map, would be incorrect. An ice 

ramp extending 320 m from Hooker Glacier into Hooker Lake was identified in 2009 

(Figure 6.6) (Chapter 4). The length of the ramp and calculated subaerial calving rates 

prior to 2009 (Table 6.1) indicate that the ramp had been present in the lake for at least a 

few years. Thus, water depths measured at the terminus positions in Figure 6.3 would be 

much deeper than the actual depth adjacent to the terminus at that time. The first retreat 

scenario overcomes this issue, and is perhaps more applicable to Hooker Glacier 

because of this, as it assumes that the effective water depth adjacent to the terminus 

remains constant, due to preservation of a subaqueous ice ramp (e.g. Kirkbride & 

Warren, 1999). There are still however, limitations to the application of both scenarios 

to Hooker Glacier.  

 

It has been assumed in the predicted retreat scenarios that ice velocities will stay at the 

2001-2002 rates, as there is currently no method for accurately predicting future 

velocities. This assumption, however, ignores the possibility that velocities may respond 

to calving, which has been termed the ‘master versus slave’ debate (Benn et al., 2007b). 

According to the ‘calving as master’ side of the debate, ice velocities will increase up-

glacier in response to calving losses at the terminus (Meier, 1997). The acceleration 



Chapter 6: Predicted retreat of Hooker Glacier 

142 

causes the glacier to thin, which decreases effective basal pressure, and increases flow, 

producing a negative feedback on retreat rates (Meier, 1994). If ice velocities at Hooker 

Glacier increase as a result of calving losses, retreat rates may reduce, increasing the 

time it takes the glacier to retreat to the point where bedrock outcrops at current lake 

level, 4.8 km up-valley, and starts to separate from Hooker Lake.  

 

An annual melt rate of the terminal ice cliff of 14 m a-1 was incorporated into both 

scenarios (Table 6.1), and is based on Röhl (2005), who measured melt rates at Tasman 

Glacier and then extrapolated these rates to Hooker Glacier, based on differences in 

altitude and climate. Röhl’s (2005) estimated melt rate was however, considerably 

lower than the melt rate calculated by Hochstein et al. (1998) for Hooker Glacier, using 

the Russel-Head (1980) relationship. Hochstein et al. (1998) incorporated water 

temperature data and calculated a melt rate of 40 m a-1. If this melt rate was 

incorporated into the scenarios, the calving rates (Uc + Um) would be much faster than 

the values given in Table 6.1. For example, the calving rate between 2001 and 2011 

would increase to 53 m a-1 from 27 m a-1.  

 

The topography of the valley floor up-glacier of the 2009 terminus will also influence 

calving retreat rates, with the subglacial long-profile topography (e.g. Hochstein et al., 

1998) unlikely to be as simple as that portrayed by the current data (Figure 6.8). 

Bedrock steps between the current terminus and 4.8 km up-valley would alter the 

potential water depth and, in turn, the second retreat scenario, which is based on water 

depth. In addition, the valley floor may actually be deeper than known depths at the two 

measured points (e.g. 3 and 4.8 km up-glacier), as is typical in alpine valley systems 

(MacGregor et al., 2000). These bedrock overdeepenings would increase the predicted 

water depth in the lake which may impact the Uc-Dw relationship at Hooker Glacier. 

Based on this relationship, if water depths were deeper adjacent to the terminus, calving 

rates could be higher than those reported in Table 6.1. This would increase the rate the 

glacier retreated up-valley and result in the glacier reaching the point where bedrock 

outcrops at lake level sooner than predicted in Figure 6.8.  
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Although thick debris cover and a lack of high-resolution satellite images of Hooker 

Glacier make it difficult to examine crevasses on the glacier surface, the location, 

timing and magnitude of calving will be determined by these pre-existing weaknesses 

(Benn et al., 2007b). A high concentration of crevasses in the terminal zone will 

encourage higher calving rates by providing weaknesses in the ice that can be exploited. 

If there are a low number of crevasses or crevasses do not penetrate the full thickness of 

the glacier (Benn et al., 2007b), calving rates may be slower than those calculated. In 

addition, if the terminus of Hooker Glacier became buoyant, calving rates would likely 

increase, speeding up retreat of the glacier. Conditions for buoyancy could be met if 

thinning of the glacier caused the ice to become less than the ice thickness required for 

flotation. This would cause the terminus to up-warp and fail via calving at the up-glacier 

limit of buoyant ice, increasing retreat rates (e.g. Warren et al., 2001). Although the 

thick cover of supraglacial debris adds mass to the terminus, further disintegration of 

this cover, similar to that seen in the late 1970s and early 1980s (e.g. Kirkbride, 1993; 

Hochstein et al., 1998), could encourage melting of exposed ice and thus cause glacier 

thinning. Increased ice velocities, in response to calving, could also encourage glacier 

thinning (Meier, 1994; 1997).  

 

 

6.8 Conclusions 
Calving retreat rates of Hooker Glacier between the late 1970s and 2011 have varied 

between 2 m a-1 to 135 m a-1, with a significant increase caused by the coalescence of a 

single proglacial lake occurring after 1982. Retreat rates calculated here differ from 

those presented by Hochstein et al. (1998) due to variations in ice velocity and melt 

rates used in each study. Although, retreat rates at Hooker Glacier are considerably 

lower than those at Tasman Glacier, both glaciers had an increase in calving rates 

between 2006 and 2008 when glacier velocity and ice melt were considered. Two 

potential retreat scenarios have been presented for Hooker Glacier based on currently 

available data. A slow-retreat scenario (based on the Uc-Dw relationship for Hooker 

Glacier) predicts that by 2096, Hooker Glacier will have retreated 4.8 km up-valley, 

where bedrock outcrops at the current lake level. The glacier will then begin to retreat 

away from Hooker Lake. A fast-retreat scenario, based on waterline melting, sees 
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Hooker Glacier stabilise when ice velocity equals calving rates which will occur when 

the glacier retreats more than 3 km up-valley from the Hooker Lake outlet after 2028. 

There are a myriad of factors however which may influence the future retreat of Hooker 

Glacier, including crevasses and glacier buoyancy, which cannot be incorporated into 

the presented scenarios. This is due primarily to a lack of data and inability to predict 

future crevasse propagation and buoyancy accurately. These scenarios differ to those 

presented for Tasman Glacier (Kirkbride & Warren, 1999; Dykes & Brook, 2010), 

which show that the Uc-Dw relationship predicts fast retreat, while calving rates driven 

by waterline melting predicts slow retreat of the glacier. Although there is no current 

theoretical model which fully accounts for calving rates at water-terminating glaciers 

(Benn et al., 2007b), it appears that the application of the fast-retreat scenario (waterline 

melting) overcomes some of the difficulties associated with water depths at the terminus 

and accounts for the effect of an ice ramp extending from the terminus.    
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Chapter 7: Synthesis and Conclusions 
 

7.1 Introduction 
The potential impact that subaqueous mass loss may have on glacier mass balance and 

volume reduction is unclear, primarily due to a lack of quantitative data. Therefore, in 

order to fully understand the potential contribution subaqueous calving and melting may 

make to freshwater glacier mass loss, it is important to understand how subaqueous 

extensions of glacier fronts (“ice ramps”) are created and maintained. The primary aim 

of the study was to improve the understanding of the controls on subaqueous ice ramp 

development and evolution at debris-covered, lake-calving margins. As subaqueous 

morphology and thus subaqueous mass loss appear to be closely linked to subaerial 

retreat it was crucial to analyse the evolution of subaqueous and subaerial margins 

concurrently. In order to do this, the study investigated the temporal evolution and 

subaqueous morphology of the termini of Mueller, Hooker, Tasman, Murchison, 

Classen, Grey, Maud and Godley glaciers in Aoraki/Mount Cook National Park. These 

eight glaciers provided an excellent opportunity to study the evolution of glaciers that 

are in close proximity to each other, yet represent different stages on the glacier retreat-

proglacial lake development continuum.  

 

Underpinning the aim of this study was the need to complete a comprehensive review of 

current literature of lake-calving glaciers (chapter 2). The review highlighted that many 

models fail to comprehensively incorporate mass loss from subaqueous ice ramps due to 

a paucity of quantitative data. It also highlighted that it is illusory to expect a 

universally applicable calving law to exist, given the myriad of factors influencing 

calving. No research to date had investigated subaqueous ice ramps, even though the 

potential for ice ramps to extend from glaciers had been suggested and the lack of data 

acknowledged. The review highlighted that, due to the feedback between the proglacial 

water body and glacier dynamics, and, glacier dynamics and calving, it was important to 

understand why and how subaqueous ice ramps develop and evolve. The review also 

highlighted the lack of up-to-date data available for debris-covered lake-calving glaciers 

in Aoraki/Mount Cook National Park. 
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To gain a better understanding of the lake-calving glaciers in Aoraki/Mount Cook 

National Park and how subaqueous ice ramps might affect glacial retreat, a 

comprehensive examination of terminus retreat and proglacial lake development since 

1965, and the processes responsible for that retreat was imperative (objective 1, chapter 

3). The investigation quantified retreat rates and lake surface areas over different 

timescales in Mueller and Murchison glaciers and lakes, where retreat had not been 

quantified before, and Hooker, Classen, Grey, Maud and Godley glaciers and lakes, 

where retreat calculations were updated and extended. A four-stage temporal and spatial 

evolutionary model of the glaciers and proglacial lakes in the Park was identified. Stage 

one involved the appearance and growth of supraglacial lakes and/or meltwater 

channels, which then transition to a single coalesced lake (stage two). Stage three 

represented stable expansion of the single coalesced lake with stage four characterised 

by a decrease in retreat rates as the valley’s bedrock profile comes close to lake level as 

glacier retreat proceeds up-valley. Based on this four-stage evolutionary model, retreat 

rates and proglacial lake growth trends, Mueller, Hooker and Murchison glaciers were 

found to be in stage three, while Classen, Godley, Grey and Maud glaciers were 

approaching or entering stage four. 

 

To gain a better understanding of the subaqueous environment and ice ramps, the 

subaqueous termini of Mueller, Hooker and Tasman glaciers were examined in greater 

detail (chapter 4). The three glaciers provided an excellent opportunity to examine 

subaqueous morphologies of glaciers that are within the same stage of glacier retreat 

and proglacial lake expansion (chapter 3) within a single mountain belt. The objective 

of mapping and comparing the subaqueous termini of the glaciers was to identify key 

characteristics of each subaqueous margin, and to determine what processes control the 

development and evolution of the subaqueous termini (objective 2 and 3). The 

difference between subaerial retreat and subaqueous retreat was identified as a key 

control in the initial development and the ice ramp extent maintenance. In order to 

maintain a ‘steady-state’ situation in ice ramp extent, subaerial retreat needed to be 

matched by retreat of the subaqueous ice ramp. Debris cover on the ice ramp was also a 

controlling factor, by greatly reducing melting and therefore thinning which, in turn, 

decreased buoyant forces acting to break up the ramps. Debris cover on an ice ramp 

enabled the ramps to remain intact hundreds of metres (>510 m) in front of the 
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terminus. This research found that these ice ramps evolve over time as variables of 

glacier dynamics and water-body properties change and influence subaerial retreat and 

therefore it cannot be assumed that if an ice ramp does not exist at a particular time, that 

the glacier is unable to support such a feature.  

 

Although chapter 4 identified a number of key controls on the development and 

evolution of subaqueous termini. Mueller Glacier was studied over a 16 month period 

(chapter 5) to examine the temporal evolution of both the subaerial and subaqueous 

sections of the terminus and to identify the key controls for the observed changes 

(objective 4). The study found the development and maintenance of the extent of 

subaqueous ice ramps is intrinsically linked with the retreat of the subaerial section, as 

subaerial retreat drives subaqueous retreat. Retreat of the subaerial section of these 

glaciers allows buoyant forces to act on subaqueous ice ramps, which may result in 

subaqueous calving. Changes in the subaqueous morphology of debris-covered, lake-

calving glaciers are controlled by a combination of subaerial retreat and subsequent 

subaqueous calving, along with sedimentation. Subaqueous melting at debris-covered 

glaciers is also minimal due to the effect of debris cover. Horizontal and vertical 

displacements of these glaciers may also not be directly connected to precipitation and 

lake level fluctuations but have the potential to be driven by the terminus approaching 

flotation thickness. These findings contribute to the ‘master versus slave’ debate as 

subaqueous retreat is driven by subaerial retreat which may influence, or respond to, 

glacier dynamics. Retreat or disintegration of a subaqueous ice ramp, driven by 

subaerial retreat, may cause a change in the basal conditions and potentially subglacial 

drainage systems, which may influence ice velocities.  

In Chapter 6, conceptual models of future glacier retreat were presented for Hooker 

Glacier based on extending the retreat rate and proglacial lake growth calculations from 

chapter 3, and subaqueous terminal morphology data from 2009 presented in chapter 4. 

Chapter 6 built on these previous chapters by applying retreat scenarios that considered 

how subaqueous morphologies influenced subaerial retreat and vice-versa. A slow-

retreat scenario (based on the Uc-Dw relationship) predicted that Hooker Glacier will 

retreat 4.8 km up-valley, and away from Hooker Lake by 2096. A fast-retreat scenario 

(based on waterline melting) predicted that Hooker Glacier will stabilise more than 3 
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km up-valley from the Hooker Lake outlet after 2028. A number of other factors were 

also identified that may influence the future retreat of Hooker Glacier, including 

crevasses and glacier buoyancy (objective 5). Retreat predictions varied depending on 

the data that were input into the scenario and it was vital to incorporate valley 

topography data into the retreat scenarios in order to increase the accuracy of the 

predicted future extent of the glacier. A retreat scenario based on waterline melting 

appeared to overcome issues associated with the use of water depth in calculations by 

accounting for a subaqueous ice ramp extending from the terminus. 

 

This study has found that glacier retreat and concurrent proglacial lake expansion can 

vary significantly within a single mountain belt, and therefore cannot be solely 

attributed to climate-forcing. In order to understand what controls glacier retreat 

however, it is vital to understand the subaqueous morphology of glaciers, how these 

evolve over time and what controls this evolution. It has been found that the evolution 

of subaqueous ice ramps is intrinsically linked to subaerial retreat as subaerial retreat 

increases buoyant forces acting on an ice ramp leading to subaqueous calving. It has 

been found, for the first time, that temporal changes in subaqueous morphology are 

driven by subaerial calving, subsequent subaqueous calving, and sedimentation. The 

study has provided the first detailed data set on subaqueous ice ramps extending from 

glaciers anywhere in the world. This contribution has significantly increased the 

quantitative data available on subaqueous morphologies and how these are affected by 

subaerial retreat. Therefore, due to the connection between subaqueous ice ramps and 

subaerial retreat, retreat predictions must consider subaqueous morphologies in order to 

more accurately predict glacier retreat and mass loss from a glacier. Subaqueous 

morphologies appear to be best addressed in retreat predictions through the 

incorporation of quantitative subaqueous morphology data and waterline melt rates. The 

identification of subaqueous ice ramps extending from lake-calving glaciers in 

Aoraki/Mount Cook National Park, along with the examination of controls on ice ramp 

development and evolution is the first study of its kind. The study contributes 

significantly to the understanding of subaqueous morphologies, potential mass loss from 

these sections of the glacier and hence, glacier retreat. These subaqueous datasets, in 

addition to retreat rate and lake growth data lead to a better understanding of how 

subaqueous sections influence overall glacial retreat. The methods developed in this 
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study and the conclusions reached may also be broadly applicable to studies of other 

lake-calving glaciers around the world, although each glacier system must be 

understood as being unique, responding to a unique array of variables. 

 

 

7.2 Avenues for future research 
Research into calving glaciers over the past half century has primarily focused on 

subaerial calving. This focus has been on subaerial calving rates, types of subaerial 

calving, the forcing behind the rapid increase in mass loss from calving termini, and 

whether the mass loss will continue in the near future and, if so, at what rate. This 

research has been driven by the need to improve our understanding of how mass loss at 

these glaciers will impact society through sea level rise, water availability, and natural 

hazards. Calving glacier research is now benefitting from improvements in data 

collection and interpretation methods such as the availability of satellite images, the 

frequency of which these are taken and increases in the resolution of such imagery. The 

development of sub-bottom sonar, ground/ice-penetrating radar (GPR) (e.g. Hoch et al., 

2011) and remotely operated vehicles (ROV) (e.g. Cadena, 2011), have also increased 

the range of possible research. Nevertheless, research at calving glaciers remains 

extremely hazardous due to the unpredictable nature of calving events. More recently, 

research at calving glaciers has focused on the following: subaqueous melt rates (Xu et 

al., 2011); the seismicity of calving (Veitch & Nettles, 2011; Dykes et al., 2012); how 

glaciers are, and may continue to, respond to climate change (Hart et al., 2011; Post et 

al., 2011; Radić & Hock, 2011; Scherler & Strecker, 2011; Jacob et al., 2012; Nick et 

al., 2012); interactions between glaciers and proglacial lakes (Tsutaki et al., 2012); the 

conditions which supraglacial lakes form under (Salerno et al., 2012); and assessing 

techniques to examine glaciers (Gjermundsen et al., 2011; Heid & Kääb, 2011). 

 

The outcomes of this study have provided important observations of subaqueous 

morphology development and evolution and how these sections of the glacier may 

influence glacier retreat at debris-covered, lake-calving glaciers. However, it is 

recognised that this work is only a step along the way to fully understanding the 
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processes that operate to develop and alter subaqueous ice ramps and how these ice 

ramps influence overall glacier retreat. Hence, there remain many aspects that would 

benefit from further, focused study. Exploring the following avenues of future research 

would contribute to the studies currently being undertaken into calving glaciers and in 

particular how subaqueous sections of glaciers will contribute to retreat and mass loss in 

the future. Further research will also led to a more comprehensive understanding of the 

processes that control subaqueous morphologies over different timescales, subaqueous 

morphology development and evolution in other glacial regions, as well as the future 

retreat of debris-covered, lake-calving glaciers in Aoraki/Mount Cook National Park.  

 

1. Detailed studies of the development and evolution of subaqueous ice ramps at a 

number of glaciers over an extended period of time. These studies need to include 

measurements of calving, lake level, temperature, precipitation inputs, glacier 

velocity, buoyancy and debris cover. Central to this research is the need to record 

subaqueous and subaerial calving events concurrently to quantify mass loss and the 

frequency of these events. High resolution, high frequency photography and video, 

captured from multiple viewpoints, could be used to record calving events. Field-

based measurements would also be important to quantify the size of the calving 

events and to aid volumetric estimates. Side-scan sonar (e.g. Turner et al., 2012) 

would be an ideal technique for ‘viewing’ the subaqueous section of the glacier and 

changes in this area following subaqueous calving in conjunction with high 

resolution bathymetric and sub-bottom surveys to identify where icebergs had 

originated from. Airborne GPR surveys may also allow data to be collected without 

researchers entering the highly hazardous ‘calving zone’. Airborne GPR has been 

used in other glaciated regions (Machguth et al., 2006; Kim et al., 2010); however, 

the effectiveness of this method to collect data ‘through a water body’ would need 

to be tested against lake-based methods (e.g. sub-bottom sonar). High resolution 

measurements of ice ramps and associated variables over long timespans (years) 

will allow for a better understanding of what variables control ramp evolution and 

final disintegration.  
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2. Subaqueous melt rates remain poorly defined in glaci-lacustrine environments. 

Subaqueous melting remains the most difficult process to investigate due to access 

issues, the lack of a suitable measurement technique, debris cover and the 

hazardous nature of the lake above subaqueous ice (due to subaqueous calving). 

Quantifying melting of subaqueous margins however, remains an important 

component in understanding subaqueous ice ramps, as quantifying mass loss via 

subaqueous melting will allow measured changes in lake bathymetry to be more 

accurately assigned to subaqueous calving or melting. Rignot et al. (2010) and Xu 

et al. (2012) have gone some way to quantifying subaqueous melt rates at tidewater 

glaciers in Greenland by measuring ocean currents, temperatures and salinity and 

applying numerical models. Similar techniques could be applied to freshwater, 

lake-terminating glaciers. Another technique that could be tested is the placement 

of pressure sensors in subaqueous ice in proglacial lakes to measure sub-millimetre 

changes in the overlying thickness of ice. A system which incorporated this 

technique was used by Bøggild et al. (2004) to measure ice ablation on the surface 

of a glacier in inaccessible locations. If debris cover is present this would need to be 

removed prior to the placement of sensors but could then be replaced to enable 

measurements of melt under debris. A ROV could assist with the removal of debris 

and the placement of the sensors. Similar techniques could be applied to the 

subaerial ice cliff, if a small section of the cliff descended vertically under the lake 

level.  

 

3. The uncertainty of the physical nature and location of pre-existing weaknesses in a 

glacier is a constraining factor when predicting future glacier retreat. Crevasses and 

englacial debris bands have been identified as important components in glacier 

retreat as they act as pre-existing weaknesses, which can be exploited, resulting in 

calving. A crevasse-depth calving criterion (developed by Benn et al., 2007b) partly 

addresses the role of crevasses in glacier retreat, however it has a number of short-

falls including the overestimation of glacier length where second-order processes 

(subaqueous melting and force imbalances at the ice cliff) play a significant role in 

calving. Thus, there is still a need to consider quantitative data from the specific 

glacier when predicting future retreat. Shean and Marchant (2010) used a 

combination of seismic, GPR, direct-current resistivity and gravity surveys in 
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Antarctica to give independent but complementary datasets that significantly 

improved internal composition interpretation. GPR surveys could be completed 

from the air (with GPR antenna attached to a helicopter) as this allows vast amounts 

of data to be collected over short time period (when compared to a ground-based 

survey) and would also allow surveys to be completed in areas that are difficult to 

access on foot (e.g. Eisenburger et al., 2009; Catapano et al., 2012). Seismographs 

could also be deployed to record crevasse propagation within a glacier. Dalban 

Canassy et al. (2012) used seismographs on Triftgletscher, Switzerland to monitor 

crevasse propagation, although further work needs to be completed to overcome 

difficulties when differentiating between icefalls and fracture propagation. Further 

improvements could be made with the incorporation of precise data on the location 

and extent of crevasses and debris bands into retreat scenarios.  

 

4. Geophysical data up-glacier of the current termini of Mueller, Hooker, Murchison, 

Classen, Grey, Maud and Godley glaciers. Valley long-profiles may also influence 

retreat rates (e.g. in the calving rate–water depth relationship) and thus the time it 

may take a glacier to retreat to the bedrock outcrop. One study has collected glacier 

thickness measurements on Hooker Glacier (e.g. Hochstein et al., 1998), however 

these data are very limited (e.g. 3 and 4.8 km up-valley of the lake outlet). In order 

to accurately predict potential future retreat of the glaciers, data of glacier 

thicknesses and bedrock profiles under the glaciers are needed. Work is currently 

being completed which incorporates ice thickness modelling in the central Southern 

Alps (Anderson & Mackintosh, 2012). However field-based work is also required 

to collect high-resolution subglacial bedrock profiles. Airborne GPR surveys would 

overcome access difficulties on these debris-covered glaciers, although difficulties 

with using GPS in the narrow sky-view valleys would need to be overcome. A 

combination of seismic, GPR, direct-current resistivity and gravity surveys could 

also be applied. These data would assist in determining the nature of the valley 

floor under the glaciers and enable predictions to be made as to how far the glacier 

may retreat before the lake level is at the same elevation as the bedrock.  
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5. Bathymetric data of Murchison, Classen, Grey/Maud and Godley proglacial lakes. 

Murchison Lake has never been surveyed and so no bathymetric data are available. 

Bathymetric data from Classen, Grey/Maud and Godley lakes, collected in the mid-

1990s is now out-of-date due to the significant (> 1 km) retreat of these glaciers 

since that time. Bathymetric data are needed to examine the current subaqueous 

terminal morphologies of these glaciers and to compare these to the morphology in 

the mid-1990s. This comparison will increase the understanding of how and why 

subaqueous morphologies, and in particular ice ramps, evolve over time. 

Bathymetric data will also improve predicted retreat scenarios, particularly when 

the calving rate–water depth relationship is applied. Application of a real-time 

dynamic mapping engine integrating GPS, echo-sounding and swath data would 

enable high-resolution 3-dimensional maps to be created in real-time. Real-time 

analysis of data would ensure that areas of interest were adequately surveyed. 

Classification of subaqueous debris could also be made from this data. Remote 

sensing methods such as air-borne laser scanning (e.g. Gao, 2011) are not suitable 

due to the high turbidity and suspended sediment concentration in proglacial lakes.  

 

 

7.3 Concluding remarks 
This study identified and described subaqueous ice ramps extending from debris-

covered, lake-calving glaciers in Aoraki/Mount Cook National Park, and discussed the 

controls on ice ramp development and evolution. The study has made a significant 

contribution to our understanding of how subaqueous extensions of calving glacier 

termini are created and evolve and how subaqueous sections of glaciers are connected to 

glacier retreat, and therefore volume reduction of glaciers. It has also made a significant 

contribution to the quantitative dataset available on subaqueous morphologies. 

 

Additional research on subaqueous ice ramps at other calving termini, how these evolve 

over time, and interact with other glaciological processes such as basal sliding, will 

further enhance our understanding of the processes that control their development. The 

quantification of subaqueous melt also remains elusive. Retreat predictions that 
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incorporate subaqueous ice ramps could be further enhanced with the incorporation of 

data on glacier structures, such as pre-existing weaknesses, and predictions for glaciers 

in Aoraki/Mount Cook National Park would be enhanced with up-to-date bathymetry 

and valley profile data. 

 

Enhancing our knowledge of mass loss processes at calving glaciers will improve our 

understanding of how glaciers and ice caps may be affected by climate change in the 

future. Increasing this understanding will reduce uncertainty surrounding future sea 

level rise, water availability issues and natural hazards, which may affect the 

environments in which people live.  
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Chapter 9: Appendices 
 

The following appendices contain additional data and information on the specific 

methods and equipment used within this study. The DRC 16 form ‘Statement of 

Contribution of Doctoral Thesis containing publications’ for chapters that have been 

submitted as a paper to a scientific journal are also included. These forms relate to 

chapters three to six. 

 

Appendix 1: 3D model of Mueller lake, February 2011 

 

Appendix 2A: Sub-bottom profiler image from Tasman Lake 

Appendix 2B: Sub-bottom profiler image from Mueller lake 

 

Appendix 3: Further information on the methodologies and equipment used  

 EdgeTech 216S sub-bottom profiler  

 Humminbird 323 DualBeam PLUS dual frequency echo-sounder  

 RTK-dGPS and handheld GPS  

 Onset Tidbit temperature loggers and thermistor  

 Onset U20-001-01 HOBO Depth Data Logger  

 Trimble S6 automatic total station  

 Additional methods that were tested 

 Coverage and sources of aerial photographs and satellite images  
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Appendix 4: DRC 16 form for chapter 3  

Robertson, C.M., Brook, M.S., Fuller, I.C., Holt, K.A. and Benn, D.I., Glacier retreat 

and proglacial lake expansion in Aoraki/Mount Cook National Park, New Zealand. 

Geomorphology. 

 

Appendix 5: DRC 16 form for chapter 4  

Robertson, C.M., Benn, D.I., Brook, M.S., Fuller, I.C. and Holt, K.A., 2012, 

Subaqueous calving margin morphology at Mueller, Hooker and Tasman glaciers in 

Aoraki/Mount Cook National Park, New Zealand. Journal of Glaciology, 58(212), 

1037-1046. 

 

Appendix 6: DRC 16 form for chapter 5  

Robertson, C.M., Brook, M.S., Fuller, I.C., Benn, D.I. and Holt, K.A., Temporal 

evolution of the calving terminus at Mueller Glacier, Aoraki/Mount Cook National 

Park, New Zealand. Geografiska Annaler. 

 

Appendix 7: DRC 16 form for chapter 6 

Robertson, C.M., Brook, M.S., Holt, K.A., Fuller, I.C. and Benn, D.I., in press, Calving 

retreat and proglacial lake growth at Hooker Glacier, Southern Alps, New Zealand. New 

Zealand Geographer. 
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Appendix 1: 3D model of Mueller lake, February 2011  

The image shows a 3D model of Mueller lake based on bathymetry data collected in 

February 2011. The blank areas within the lake are gravel islands. The scale is given in 

m a.s.l with lake level (the 0 m bathymetry contour) at 765 m a.s.l.  
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Appendix 2A: Sub-bottom profiler image from Tasman Lake 

The sub-bottom profile image from Tasman Lake in 2008 shows the ice ramp which 

extends from Tasman Glacier abutting the lateral moraine on the western side of 

Tasman Lake. The data were collected approximately 20-30 m  in front of the terminus, 

50-75 m from the lateral moraine.   
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Appendix 2B: Sub-bottom profiler image from Mueller lake 

The sub-bottom profile image from Mueller lake in 2009 shows a fine-grained 

sediment-filled basin in the SW of the lake. The data were collected approximately 50 

m in front of the terminus.   
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Appendix 3: Further information on the methodologies and equipment 

used 

Outlined below is specific information about the methods and equipment used 

throughout this study. As chapters 3 to 6 are based on manuscripts submitted for 

publication as journal articles, detailed explanations of why particular methods and 

equipment were chosen and the strengths and weaknesses of the methods and 

equipment were restricted. The methods and equipment discussed include an EdgeTech 

216S sub-bottom profiler, a Humminbird 323 DualBeam Plus dual frequency echo-

sounder, RTK-dGPS and handheld GPS, Onset Tidbit temperature loggers and a 

thermistor, a Onset U20-001-01 HOBO Depth Data Logger, a Trimble S6 automatic 

total station and a Lighter-than-air-Helikite. Sources of aerial photographs and satellite 

images used throughout the study are also included.  

 

EdgeTech 216S sub-bottom profiler 

The portable, hydro-dynamically stable, sub-bottom profiler operates by remotely 

determining the acoustic attenuation of lake or ocean sediments by transmitting an FM 

pulse (also known as CHIRP [Compressed High Intensity Radar Pulse] or Klauder 

wavelets) linearly over an area (Schock et al., 1989; EdgeTech, 2005). The FM pulse 

penetrates the sediment and returns to the minicomputer which converts the signal into a 

real-time grey-scale profile. Individual features can be identified as different facies give 

varied acoustic returns. The sonar works on a frequency range of 2-16 kHz and gives a 

vertical resolution of 60-100 mm (EdgeTech, 2005). It is capable of working in water 

depths of up to 300 m. The EdgeTech 216S sub-bottom profiler was used in Mueller, 

Hooker and Tasman lakes to identify ice ramps extending from the termini of these 

glaciers and ice in the sediment on the lake floor. Sub-bottom profilers have not been 

used for this type of work before. They have however, been widely employed in 

geological surveys for sediment analysis, gas identification and hazard assessment as 

well as for engineering works and archaeological investigations (Jakobsson, 1999; Duck 

& Herbert, 2006; Lafferty et al., 2006; Zhou et al., 2007; Turner et al., 2012). The 

profiler was attached to a minicomputer and Toughbook laptop on the survey boat by a 

30 m, heavy duty cable. In Tasman Lake, where the first survey was completed, the 
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profiler was towed approximately 20 m behind the boat. Trimble Real-Time Kinematic 

differential Global Positioning System (RTK-dGPS) was used to locate this survey with 

a rover attached to the top of the profiler (Figure 9.1). After this survey it was decided 

that due to mobility issues, the profiler would be towed within 10 m of the boat (Figure 

9.2). This made surveying in small bays where icebergs were present possible without 

the profiler cable becoming snagged and increased mobility. Further use and 

experimentation with the position of the profiler proved that the profiler could be towed 

beside the boat, held in place by rope (Figures 9.3 and 9.4), with no loss of signal or 

interference from the boat. When the aluminium boat was used, the profiler needed to 

be slightly further away from the boat (approximately 300 mm) to ensure it did not bang 

against the side of the boat. This made it considerably easier to survey within small bays 

and to turn the boat, and also to mark the position of the profiler traces with handheld 

GPS as the GPS unit could be held above the profiler.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.1: The EdgeTech 216S sub-bottom profiler being towed approximately 20 m behind 
the boat in Tasman Lake (source: C. Robertson, 2 April 2008). A RTK-dGPS rover attached to 
the top of the profiler to locate the survey.  

RTK-dPGS rover 

Sub-bottom profiler 
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Figure 9.2: The EdgeTech 216S sub-bottom profiler being towed approximately 10 m behind 
the boat in front of the terminus ice cliff of Hooker Glacier (source: R. Dykes, 29 November 
2009).  

 

 

 

 

 

 

 

 

 

 

Figure 9.3: EdgeTech 216S sub-bottom profiler towed beside the boat in Mueller lake (source: 
C. Robertson, 15 April 2010). The ballast (green tubes) which was attached to the profiler can 
be seen sitting above the water. The minicomputer and Toughbook used in conjunction with the 
profile can also been seen. Figure 9.4 shows a more detailed view of these components.  
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Figure 9.4: Minicomputer and Toughbook laptop used with the EdgeTech 216S sub-bottom 
profiler (source: C. Robertson, 15 April 2010). The profiler is attached to the yellow box 
(minicomputer) by a cable, with the minicopter then being connected to the Toughbook laptop. 
A profiler image can be seen on the Toughbook screen. The minicomputer is powered by 
batteries contained in the green plastic box. 

 

 

The EdgeTech 216S sub-bottom profiler has a number of advantages over conventional 

sub-bottom systems, including: greater penetration of sediment and thus higher 

resolution (due to the tapered wave form spectrum; EdgeTech, 2005), and greater 

precision of sediment classification (particularly between ice and sediment) as the 

amplitude, phase and energy parameters of the FM pulse can be precisely controlled 

(EdgeTech, 2005). Another advantage was the ease of use and user-friendly display 

software. Real-time processing and image display meant that areas of interest could be 

identified and resurveyed if necessary.  

 

One disadvantage of the sub-bottom profiling system is interference caused by gas or 

sediment in the water column. Gas blocks the FM pulse and prevents the sub-bottom 

signal from returned to the minicomputer (Black Laser Learning, 2006). This is termed 
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acoustic blanking (Duck & Herbert, 2006). Air is one of the strongest reflectors that can 

block the signal. Acoustic blanking was experienced in Mueller, Hooker (Figure 9.5) 

and Tasman lakes during the surveys caused by both air bubbles in the water column 

and gas in the lake floor. Air bubbles in ice on the lake bed also frequently blocked the 

signal penetrating into the sediments below the ice. Duck and Herbert (2006) also 

experienced issues with gas in the water column in Loch Tay, Scotland. Pantin and 

Wright (1994) found that gas in the water column or water inhomogeneities caused 

acoustic scattering of the sub-bottom signal, which prevented a clear signal and 

therefore picture forming on the minicomputer. Acoustic scattering was a particular 

problem in the Aoraki/Mount Cook proglacial lakes when lake conditions were rough or 

choppy, with swells of as little as 200 mm causing interference (Figure 9.6). Scattering 

of the signal made interpretation of the data very difficult as the picture create was not 

clear therefore data with this scattering were largely dismissed.   

 

 

 

 

 

 

 

 

Figure 9.5: An example of a sub-bottom profiler image from Hooker Lake which shows a 
considerable amount of acoustic blanking (shown by the arrows), the result of the signal being 
blocked by gas in the water column or lake bed. 
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Figure 9.6: An example of a sub-bottom profiler image from Mueller lake which shows acoustic 
scattering (the heavily lined part of the image) caused by gas in the water column or water 
inhomogeneities. Acoustic scattering prevents the image being analysed and interpreted due to 
the quality of the image.  

 

 

A second disadvantage of the EdgeTech 216S sub-bottom profiler was its 

appropriateness for use in proglacial lakes. The profile is designed to be towed close to 

the lake bed with an optimum height above the bed of 3 to 5 m (EdgeTech, 2005). 

Surveys near the terminus in the proglacial lakes were particularly hazardous due to the 

high risk of calving, both subaerially and subaqueously. Towing the sonar 3-5 m above 

the lake bed in the lakes was deemed a very high risk due to the potential need to make 

a quick exit from the area if calving did occur. Towing the sonar within 3-5 m of the 

lake of the bed would have slowed this exit considerably. In addition, the boats that 

were used in the lakes were not capable of towing the profiler close to the lake bed 

safely. Therefore the profiler was modified by removing 70 kg of lead in the base and 

attaching ballast to make the profiler float, with the base of the profiler submerged 

approximately 150 mm under the surface of the lake (Figure 9.3). Towing the sonar just 

below the surface of the lake and not within the optimal height above the lake bed may 

however, have reduced the vertical resolution. Due to the large spatial extend of the 

lakes that surveys were carried out in and the depths within the lakes (up to 240 m) the 

potential decrease in vertical resolution was deemed acceptable.  
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Humminbird 323 DualBeam PLUS dual frequency echo-sounder 

A Humminbird 323 DualBeam PLUS dual frequency echo-sounder operates by sending 

a signal which, when it comes into contact with a structure (e.g. the lake bed), rebounds 

and returns an echo to the echo-sounder unit attached to the boat. The signal is then 

processed to display a real-time image on the echo-sounder screen. The echo-sounder 

operates at frequencies of 200 kHz and 83 kHz and sends out two beams, a narrow, 

precise 20˚ beam and a wide 60˚ beam, providing both precision and a wide survey area. 

The echo-sounder can work in water up to 300 m deep. A Humminbird 323 DualBeam 

PLUS dual frequency echo-sounder was used in Mueller and Hooker lakes to measure 

lake bathymetry by attaching it to the back of a boat which followed intersecting 

transects across the lake. Transects were approximately 100 m apart and a depth reading 

was recorded approximately every 50 m along each transect. Depths measured by the 

echo-sounder were calibrated against known depths within the lake to give an accuracy 

of less than 1 m. Echo-sounders are the most common tool used to map bathymetry and 

have been employed in many proglacial lakes worldwide (Hochstein et al., 1995; 

Naruse & Skvarca, 2000; Benn et al., 2001; Warren et al., 2001; Motyka et al., 2003b; 

Haresign, 2004; Diolaiuti et al., 2005; Boyce et al., 2007; Dykes et al., 2011; Kehrl et 

al., 2011; Engel et al., 2012; Thompson et al., 2012). 

 

Advantages of the Humminbird 323 DualBeam PLUS dual frequency echo-sounder 

include the real-time image displayed on the screen of the surveyed area, that it is very 

user friendly and it continuously sends signals to measure depth. The unit is also very 

small and does not require a large number of batteries to power it. There are however, a 

number of disadvantages to this particular echo-sounder. The unit does not record the 

data, therefore data must be manually read off the unit and recorded elsewhere. This 

must be done as soon as the data is displayed on the screen as the echo-sounder has no 

memory and continuously updates depth readings as the boat moves. There is also a 

limited ability to change the settings of the echo-sounder. For example, both 20˚ and 60˚ 

beams are used continuously with the user only being able to change the screen setting 

to view separate returned signals or a combination of the two.   
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RTK-dGPS and handheld GPS 

Trimble Real-Time Kinematic differential Global Positioning System (RTK-dGPS) and 

a Garmin eTrex handheld GPS were used to locate surveys both on the glaciers and 

proglacial lakes in Aoraki/Mount Cook National Park. Unfortunately, the use of RTK-

dGPS was limited to Tasman Lake due to the narrow sky-views at Mueller and Hooker 

lakes which prevented the base unit connected to an adequate number of satellites. In 

Tasman Lake, RTK-dGPS was used to locate the sub-bottom profiler surveys by 

attaching a rover unit to the profiler, while a base station was established on a 

topographic high near the southern end of the lake. Handheld GPS were used on 

Mueller and Hooker lakes to locate sub-bottom profiler surveys, bathymetry surveys, 

and to map lake extend. When completing the sub-bottom surveys, points were marked 

on the survey images where a GPS reading was taken, this was approximately every 30-

50 m along the survey transects. For bathymetry surveys, GPS readings were taken 

approximately every 50 m along the survey transect and the depth at that point, as 

measured by the echo-sounder, was recorded. These readings were recorded manually. 

The handheld GPS was very user friendly, however, the precision of measurements 

were not as high (± 5 m) as those measurements made with the RTK-dGPS (± 60 mm). 

Although high-resolution data from RTK-dGPS would have been ideal, the constraints 

of the environment prevented this from being used at all locations. Handheld GPS have 

been used in numerous other studies (Dykes et al., 2011) 

 

Onset Tidbit temperature loggers and thermistor 

Onset Tidbit temperature loggers were used to continuously record water temperature in 

Mueller and Hooker lakes. Onset Tidbit temperature loggers are commonly used to 

measure temperature within lakes (e.g. Gilbert & Lamoureux, 2004; Richards et al., 

2011; Beletsky et al., 2012). A stationary lake mooring, which consisted of two buoys, 

an anchor (a concrete block), and a floating rope with 5 tidbits attached, was deployed 

in each lake approximately 100 m in front of the terminus in approximately 50 m of 

water (Figure 9.7). The tidbits were spaced at depths approximately 2 m, 10 m, 20 m, 30 

m and 49 m down from the surface of the lake. The rope which the tidbits were attached 

to had some slack in it in order to compensate for fluctuations in lake level. The tidbits 

recorded temperatures every 3 hours. The lake mooring in Hooker Lake was unable to 
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be found and was later discovered to have snapped and floated down the lake, beaching 

on the southern lake shore. A local tramper found the buoys on the lake shore and said 

no tidbits were attached to the rope. The advantages of the tidbits are the ability to 

change and set the frequency with which they recorded water temperature, their long 

battery life (up to 5 years) and the high accuracy of the measurements (0.2˚C over the 

range of O˚C to 50˚C). The tidbits were also very small which made attaching them to 

the lake mooring rope easy. A number of disadvantages of the lake mooring system 

used include the breakage of the mooring in Hooker Lake, the anchor sinking in Mueller 

lake, which prevented the system being recovered in April 2010, and then subsequently, 

the anchor coming free from the sediment in which it was stuck and moving around the 

lake in January 2011.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.7: The two buoys of the stationary lake mooring which 5 Onset Tidbit temperature 
loggers were attached to in Hooker Lake (source: C. Robertson, 28 November 2009). 

 

 

Spot temperature measurements were also made in Mueller and Hooker lakes with a 

thermister (YSI Model 58 dissolved oxygen meter and 5739 series dissolved oxygen 
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probe) attached to a 50 m cable. The thermistor was sourced from the Ecology Group at 

Massey University. Spot measurements were taken throughout the lake at depths of 0.10 

m, 5 m, 15 m, 30 m and 50 m below the surface of the lake in November 2009 and April 

2010 and every 1 m in Mueller lake in January and February 2011. The temperatures 

were recorded manually and located with handheld GPS. The depth of measurements 

was limited to the length of the cable. A thermistor with a longer cable (i.e. 140 m, the 

maximum depth of Hooker Lake) could not be sourced, despite thorough investigations 

throughout New Zealand. One advantage of the thermistor used was that it was very 

reactive to changes in water temperature and required only a short period of time (2-3 

minutes) to adjust from high air temperatures to lake temperatures when it was placed in 

the lake.  

 

Onset U20-001-01 HOBO Depth Data Logger 

An Onset U20-001-01 HOBO Depth Data Logger was deployed in Mueller lake to 

record lake level. The logger was deployed in a sheltered bay in the southeast of the 

lake in approximately 1.5 m of water and recorded data every 5 minutes. The logger 

was placed in a plastic basket to protect it from impacts and anchored to the lake shore 

(Figure 9.8). The depth data logger works by measuring changes in pressure of the 

overlying water. HOBO software then converted this pressure data to water depth data. 

The data was corrected for barometric pressure with data from the NIWA automatic 

climate station at Aoraki/Mount Cook Village. One advantage of the Onset U20-001-01 

HOBO Depth Data Logger is that it can be set up and deployed for long periods of time 

due to the long battery life and large internal memory. It is also straightforward to set up 

multiple data recording periods and remove data from the logger, simply by putting it 

into a coupler attached to a laptop. The logger was however difficult to deploy due to 

the need to be very careful when placing it onto the lake bed. It had to be lowered into 

the lake from a boat to avoid any bumps or knocks that could damage it. Recovery was 

also difficult as the basket sunk slightly into soft sediment on the lake bed. Onset U20-

001-01 HOBO Depth Data Loggers have been used in numerous other studies to 

monitor lake level (e.g. Cuevas et al., 2010; White et al., 2010). 
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Figure 9.8: The plastic basket the Onset U20-001-01 HOBO Depth Data Logger was 
deployed in to protect it from impacts (source: C. Robertson, 18 February 2011). This 
photograph was taken after the logger had been recovered in February 2011. Fine sediment can 
be seen on the basket from where it sunk into the sediment on the lake floor.  

 

 

Trimble S6 automatic total station 

A Trimble S6 automatic total station was utilised to measure horizontal (x,y) and 

vertical (z) glacier displacement and to collect topographic data on the surface of 

Mueller Glacier as it was not possible to employ RTK-dGPS. The total station was 

established on Kea Point, ~150 m above Mueller Glacier (figure 9.9 and 9.10) and each 

survey was locked into the same baseline by surveying stationary features (e.g. 

information boards, wooden platform and a seat) at the beginning of each survey along 

with fixing the total station over the same peg for all surveys. The automatic total 

station allowed the position of features on the glacier to be accurately viewed and 

measured (distance and angle of the feature from the total station) within a local grid 

which could then be converted into latitude and longitude coordinates.  The precision of 

the measurements was very high with precision within 05” over a maximum distance of 

919 m giving an error of 0.02 m in positional accuracy, at the furthest point. Electronic 
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distance measurements were corrected for barometric pressure and temperature with 

data from the National Institute of Water and Atmospheric Research (NIWA) automatic 

climate station at Mount Cook Village (-43.736 ºS 170.096 ºE).  The total station also 

corrected vertical angle measurements for curvature and refraction. One disadvantage of 

the total station system was the slow speed in which it took to locate and measure a 

feature on the glacier. Due to the distances between the surveyed features and the total 

station and high heat shimmer on the glacier it was not possible to use the automatic 

find function. In addition, surveys were restricted to areas within line-of-sight of the S6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.9: The Trimble S6 automatic total station (black box) established on Kea Point, ~150 
m above Mueller Glacier, from where the photograph is taken (source: C. Robertson, 5 January 
2011).  
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Figure 9.10: The Trimble S6 automatic total station established on Kea Point, ~150 m above 
Mueller Glacier (source: A. Clement, 21 January 2011). 

 

 

In order to measure horizontal and vertical displacements an array of five reflective 

prisms were used. The prisms were attached to large, stable boulders by heavy-duty 

glue (Figure 9.11) and directed towards Kea Point, on the lower 400 m of the terminus. 

Distance and angles between the total station and prisms were measured on twelve 

different days during January and February 2011. This set-up removed the need to have 

a person on the glacier (as would be required with manual RTK-dGPS) and resulted in 

only one person being needed to make the measurements remotely from Kea Point. Low 

cloud cover and strong heat shimmer on the glacier however, prevented a reflection 
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being returned from the prisms to the total station on some days. A similar total station 

and reflective prism set-up was successfully used in Antarctica by Leonard (Leonard et 

al., 2011) to measure vertical and horizontal displacements of coastal sea ice.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.11: The author beside a reflective prism that has just been attached to a large, stable, 
flat boulder on the surface of Mueller Glacier (source: A. Clement, 20 January 2011). The 
reflective face of the prism is directed towards Kea Point. The photograph is taken looking up-
glacier.  

 

 

Topographic data were collected using the automatic total station to map the surface of 

the glacier terminus. Two people were needed to collect this data. One person walked 

around on the glacier terminus, placing a reflective prism attached to a pole, on breaks 

in slope within and between morphological units and on geographic features, while a 

second person, stationed at Kea Point, located the reflective prism through the S6. 1500 

data points (x,y,z) were collected in February 2011. Again, due to the distance between 

the S6 and the reflective prism on the glacier and shiny, reflective boulders on the 
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glacier surface, the automatic find and follow mode on the S6 could not be used. This 

method was slower than using a RTK-dGPS rover as the reflective prism had to be 

located and ‘locked’ into view at each survey point. In addition, some areas could not be 

surveyed including the area of the glacier near the lateral moraines, as the prism on the 

glacier was not in line-of-sight with the S6 on Kea Point. 

 

Additional methods that were tested 

A Lighter-than-air-Helikite with a digital camera was tested to take photographs of the 

terminus of Mueller Glacier (Figure 9.12). The technique however, was unsuccessful. 

An array of ground control points (GCP) were marked on the terminus of the glacier 

with large triangles of blue tarpaulin and orange spray-paint crosses and located with 

GPS. With the camera set on continuous shoot, the Helikite was deployed and 

manoeuvred across the terminus. When the photographs were reviewed however, it was 

found that the majority of the photos did not contain a single GCP (Figure 9.13). Of the 

few photographs that did contain GCPs (Figure 9.14), it was not possible to determine 

what GCP was in the photograph and therefore the location of the photograph. Further 

testing was needed to determine the best method for marking GCPs, which could have 

involved numbering the GCPs. These numbers however would need to be large enough 

to see in a photograph taken approximately 50-100 m above the ground and spaced very 

closely to ensure every photograph contained at least two GCPs. Due to the large spatial 

area of the terminus of Mueller Glacier, the time it would have taken to adequately mark 

hundreds of GCPs and the value of the data gathered, it was deemed inappropriate to 

continue with this method. Another major disadvantage of the Lighter-than-air-Helikite 

was the need for perfect wind conditions throughout the flight. Once the camera was 

attached to the kite, the wind needed to be strong enough to lift the helikite off the 

ground as the helium in the kite was not adequate to lift the camera, even though the 

weight of the camera was below the maximum weight the kite was designed to lift, 

according to the manufacturer’s instructions. However, in strong winds the kite became 

very difficult to control once it was a more than 5 m off the ground. In addition, if there 

was a decrease in wind strength while the kite was in the air, it would descend very 

quickly to the ground, and if not caught, the camera would make a hard landing on the 
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ground. The fluctuating wind conditions at Mueller Glacier at the time of the survey 

made moving the kite around on the terminus very difficult. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.12: An example of a photograph taken from a camera attached to the Lighter-than-air-
Helikite (source: C. Robertson, 22 November 2009). The image contained a GCP (orange cross 
in the lower right hand corner) and could also be located (due to the inclusion of the boat and 
pond). The orange boat is approximately 3 m long. 
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Figure 9.13: An example of a photograph taken from the Lighter-than-air-Helikite that did not 
contained a GCP and therefore could not be located (source: C. Robertson, 22 November 2009). 
The large boulders in the upper and lower centre of the photograph are approximately 5 m in 
diameter.   

 

 

 

 

 

 

 

 

 

 

 

Figure 9.14: An example of a photograph taken from the Lighter-than-air-Helikite that 
contained two GCPs (orange cross in the upper right corner and blue tarpaulin in the lower left 
corner) (source: C. Robertson, 22 November 2009). The photo could not be located as it was 
unclear what GCP the two are in the photo. The large boulder in the upper right of the 
photograph is approximately 5 m in diameter.   
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Coverage and sources of aerial photographs and satellite images  

Aerial photographs and satellite images used to map glacier terminus positions and 

proglacial lake extents were from a variety of sources. Table 9.1 gives details of what 

images were used, what glaciers and lakes each image covered and where the image 

was sourced from. 

 

 

Table 9.1: Date, type, coverage and source of aerial photographs and satellite images used in 
this study. New Zealand Aerial Mapping photographs were sourced from Trevor Chinn, 
Wanaka, New Zealand. The Landsat image was sourced from NASA and the Advanced 
Spaceborne Thermal Emission and Reflections (ASTER) images were sourced from Wolfgang 
Rack at the University of Canterbury, New Zealand.  

 

Image date Image type Coverage Source 

17 March 1965 Aerial photo Mueller and Hooker New Zealand Aerial 

Mapping 

25 February 1965 Aerial photo Murchison New Zealand Aerial 

Mapping 

25 February 1965 Aerial photo  Classen, Grey, Maud 

and Godley 

New Zealand Aerial 

Mapping 

3 April 1971 Aerial photo Mueller and Hooker New Zealand Aerial 

Mapping 

3 April 1971 Aerial photo Classen, Grey, Maud 

and Godley 

New Zealand Aerial 

Mapping 

3 April 1971 Aerial photo Murchison New Zealand Aerial 

Mapping 

1 March 1973 Aerial photo Mueller and Hooker New Zealand Aerial 

Mapping 

1 March 1973 Aerial photo Murchison New Zealand Aerial 

Mapping 

24 March 1974 Aerial photo Classen, Grey, Maud 

and Godley 

New Zealand Aerial 

Mapping 
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Image date Image type Coverage Source 

14 February 1979 Aerial photo Mueller and Hooker New Zealand Aerial 

Mapping 

February 1986 Aerial photo Murchsion New Zealand Aerial 

Mapping 

February 1986 Aerial photo Mueller and Hooker New Zealand Aerial 

Mapping 

February 1986 Aerial photo Classen, Grey, Maud 

and Godley 

New Zealand Aerial 

Mapping 

31 March 2001 Satellite image Mueller, Hooker, 

Murchison, Classen, 

Grey, Maud and 

Godley 

Landsat 

12 July 2002 Satellite image Murchison  ASTER 

28 April 2004 Satellite image Hooker ASTER 

4 May 2006 Satellite image Mueller and Hooker ASTER 

9 May 2006 Satellite image Murchison ASTER 

11 April 2007 Satellite image Murchison ASTER 

18 July 2007 Satellite image Classen, Grey and 

Maud  

ASTER 

13 May 2008 Satellite image Mueller and Hooker ASTER 

18 October 2008 Satellite image Murchison ASTER 

21 December 2008 Satellite image Classen, Grey, Maud 

and Godley 

ASTER 

19 February 2010 Satellite image Hooker ASTER 

15 April 2010 Satellite image Murchison ASTER 

16 February 2011 Satellite image Hooker ASTER 
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