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ABSTRACT 

The Upernavik Isstrøm, located in northwest Greenland, consists of five marine-

terminating glaciers (referred to as U0 to U4, north to south) that have all been 

responding asynchronously to climate change. All five outlets share similar oceanic, 

atmospheric, and dynamic influences as they are geographically close, yet contrasting 

ice-flow behaviour was observed between outlets. This thesis presents a detailed 

analysis of the varying ice dynamics by updating the observational record of 

Upernavik’s outlets with recently derived satellite data, examining the role of floating ice 

tongues by evaluating a variety of proxies for floating ice, and modelling the drivers of 

ice-flow speed at the two fastest outlets, U1 and U2, with a recent flowline model, 

Icepack. We found recent patterns in floatation for U1 and U2 that indicated both outlets 

have new floating ice tongues that persisted through 2021. We evaluated four proxies of 

floating termini, including tabular iceberg calving, plume polynyas, hydrostatic elevation, 

and slope, and found only hydrostatic elevation and slope to be reliable proxies. While 

we initially hypothesized that floating ice tongues drove the acceleration of U1 and U2, 

our measured velocity data and modelled ice-flow sensitivity to changes in basal 

slipperiness, shear margin strength, thinning, and terminus retreat, showed ice-flow was 

realistically explained by changes in basal slipperiness. Icepack was capable of 

handling this complex case study and the simplified model provided great context 

regarding the forcings acting on Upernavik’s outlets. This strongly supports that U1 and 

U2 are seasonally and inter-annually controlled by subglacial hydrology. While the 

timing and magnitude of observed changes in thinning and retreat varies between 

outlets, all outlets displayed behaviour characteristic of glaciers controlled by meltwater 
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availability at the bed. These results emphasize the importance of including subglacial 

hydrology in future studies of Upernavik and other marine-terminating glaciers to 

improve our understanding of how climate change may affect Greenland in the future.  
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CHAPTER 1.0: INTRODUCTION 

 In the face of climate change, the increasing retreat and acceleration of marine-

terminating glaciers in Greenland is an escalating concern. Between 1992 and 2018, 

the Greenland Ice Sheet contributed a 10.8 mm global sea-level rise as a result of 

surface melting, ice discharge, and submarine melt (Shepherd and others, 2020). Ice 

dynamics at marine-terminating glaciers comprise an increasing percentage of mass 

loss (Mouginot and others, 2019), making it essential to study the dynamics of marine-

terminating glaciers and to identify the regions most sensitive to ocean-driven change.  

The northwest margin of Greenland has recently played a significant role in mass loss 

as the measured estimate of global sea-level rise by Mouginot and others (2019) from 

1972 to 2018 was 4.4 mm, with a 64% increase in ice discharge after 2008 (Enderlin 

and others, 2014). Enderlin and others (2014) estimate this northwest contribution to 

global sea-level rise could reach 33 mm by 2100. 

Dynamic mass loss occurring from marine-terminating glaciers is a consequence 

of patterns of thinning, retreat, and acceleration (Moon and others, 2015; Nick and 

others, 2009). Both oceanic and atmospheric forcings play a role in the acceleration of 

marine-terminating glaciers. Subglacial drainage as a result of increased atmosphere 

temperatures and surface melting can lubricate the glacial bed and cause acceleration 

(Fried and others, 2015; Slater and others, 2019; Straneo and Cedenese, 2015), 

although this acceleration is sometimes short-lived on seasonal timescales (Zwally and 

others, 2002; Moon and others, 2014). Warming ocean temperatures and the intrusion 

of warm, salty Atlantic Water can also cause acceleration and mass loss when fjord 

water mixes with subglacial drainage and initiates turbid plumes that melt the calving 
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front (Moon and Joughin, 2008; Khan and others, 2010; Enderlin and Howat, 2013; 

Straneo and Heimbach, 2013; Straneo and Cedenese, 2015). Glaciers can develop 

floating ice tongues, which are longitudinal floating ice extensions of the terminus, that 

may be highly sensitive to changes in ocean temperatures and submarine melt, as well 

as stresses applied from the rest of the glacier (Enderlin and Howat, 2013; Khan and 

others, 2010; Wood and others, 2021). The changing conditions of floating ice tongues 

can cause increased retreat and acceleration (Moon and Joughin, 2008; Nick and 

others, 2009).  

The role of climate forcings as drivers for mass loss, as well as local controls 

such as bed geometry, are frequently debated in glacier retreat and acceleration. The 

Upernavik Isstrøm, a rapidly retreating and accelerating ice stream in northwest 

Greenland, comprises five glaciers terminating in a shared fjord (Figure 1.1). Varying 

patterns of retreat and acceleration, as well as changing terminus conditions, were 

observed over the past two decades, resulting in asynchronous outlet behaviour (Khan 

and others, 2013; Larsen and others, 2016). The last complete remote sensing analysis 

was concluded in 2013 (Larsen and others, 2016), and much work remains to be done 

on understanding the controls on the fluctuating ice speeds. Investigating the glacier 

dynamics of Upernavik is necessary to assess its role in Greenland’s mass loss as well 

as its response to climate change.  
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Figure 1.1: The Upernavik Isstrøm outlets. U0 to U4 from north to south, visualized using a 
Landsat 7 image from September 4th, 2002, courtesy of the U.S. Geological Survey. 

 

1.1 Research Objective 

As much of the Upernavik Isstrøm’s fluctuating velocities and response to climate 

change after 2013 is undocumented, an updated analysis of each outlet, including the 

relatively unstudied fifth outlet to the north, is needed to examine the dynamic, 

atmospheric, and oceanic influences in the northwest region. Contrasting behaviors 

between outlets, coupled with rapid and complex velocity changes, make Upernavik an 

optimal location to examine ice dynamics, bed topography, and the impacts of 

atmospheric and oceanic forcings.  
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In this thesis, we will focus on updating the current understanding of all five 

outlets of the Upernavik Isstrøm by incorporating recent airborne and satellite data. We 

will build off Larsen and others (2016) to analyze the asynchronous behaviour of each 

outlet and to create a thorough and updated timeline of the varying responses of each 

glacier from 2000 to 2021. Hovmöller We will assess terminus conditions that may 

relate to ice flow: that the loss of the U1 floating ice tongue drove its acceleration in 

2007, U2 had a floating ice tongue through 2013 and was accelerating, and that U3 may 

still be near floatation, while U0 and U4 are grounded. We will track the presence of 

plume polynyas at the glacier termini as a partial indicator of subglacial hydrologic 

activity. We will also assess the ocean sensitivity of each outlet by examining the 

timeline of the presence of floating ice tongues for the outlets and whether this can be 

related to fjord research done by Andresen and (2014) and Muilwijk and others (2022). 

Our goal is to assess linkages between significant acceleration, terminus retreat, and 

dynamically induced thinning with atmospheric and oceanic influences from 2000 to 

2021.  

We will specifically assess the controls of ice flow by examining the changing 

terminus conditions of floating ice tongues, bed topography, and basal and lateral 

friction forces. We will explore our central hypothesis that changes in floating ice 

tongues dominantly control changes in ice flow at Upernavik. This hypothesis is 

grounded in the results and conclusions from previous studies of Upernavik as well as 

evidence from many other marine-terminating glaciers in Greenland, such as 

Jakobshavn Isbræ (Joughin and others, 2004; Thomas, 2004; Howat and others, 2005, 

2008), that the break-up of large floating ice tongues caused significant ice-flow 
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acceleration. As we investigate the role of floating ice tongues, we will also explore 

multiple methods used as proxies for floating ice-tongue presence. We will test our 

central hypothesis against our observations and measured velocities for all Upernavik 

outlets as well as using a numerical ice-flow model, Icepack, to quantitatively constrain 

the dynamic controls on ice velocity at the two outlets with major floatation observed, U1 

and U2 (Shapero and others 2021). We will also explore the utility of the model and 

compare our results to recent simulations of Upernavik in higher-order models. Taken 

together, our analysis of Upernavik will provide a thorough and updated foundation of 

knowledge for future research in this area.  

Below, we summarize our main objectives of this thesis: 

1) Examine the asynchronous behaviour of the Upernavik Isstrøm by 

updating observations with modern remote sensing data; 

2) Investigate which outlets have floating ice tongues and when by testing a 

variety of proxies for floating ice; 

3) Explore our hypothesis that ice-velocity fluctuations can be explained by 

changing conditions of floating ice tongues by comparing velocity data to 

available proxies for floating ice tongues; 

4) Investigate additional factors that may play a role in ice flow changes, 

including bed topography, basal drag, and lateral shear margins;  

5) Test the capability of a new flowline model application, Icepack, for 

understanding the dynamics of Upernavik’s two largest outlets; and 
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6) Provide a detailed foundation and framework that future studies can use to 

further explore the Upernavik Isstrøm and other large marine-terminating 

glaciers. 

1.2 Thesis Structure 

The structure of this thesis by chapter is as follows. Chapter 2: We provide an 

overview of relevant past literature related to Greenland and the fjord and ocean 

dynamics along western Greenland in Baffin Bay. Then we give a brief background of 

glacier physics, an overview of marine-terminating glacier dynamics in Greenland, and 

review previous studies on the Upernavik Isstrøm. Chapter 3: We present an article on 

the controls on ice flow of the Upernavik Isstrøm; at the time of writing this thesis, the 

manuscript in Chapter 3 is being prepared for submission to the Annals of Glaciology for 

peer-review. Chapter 4: We present a summary of our findings of the asynchronous 

behavior for each outlet, and discuss study limitations, future implications, future 

recommendations, and the main conclusions of this thesis.  
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CHAPTER 2.0 LITERATURE BACKGROUND 

2.1 Glacier Physics 

Glacier physics play an important role in the processes that will be discussed 

regarding marine-terminating glaciers and their relationship with the Greenland Ice 

Sheet. In this section, we review the most relevant aspects of glacier physics to the 

following study on Upernavik. We start by reviewing the most important mass balance 

components related to Greenland and Upernavik, and then discuss the mechanisms of 

ice flow, including the driving and resistive forces, as well as subglacial hydrology. The 

mass loss of the Greenland Ice Sheet can be split into two major processes: surface 

mass balance and ice discharge from marine-terminating glaciers, both of which are 

influenced by the ocean and atmosphere (Khan and others, 2015; Mouginot and others, 

2019).  

2.1.1 Surface Mass Balance 

Greenland’s surface mass balance is controlled by the balance between surface 

accumulation, primarily in the form of snow or rain, and surface mass loss through melt 

driven by warm atmospheric temperatures (Cuffey and Paterson, 2010). The difference 

between accumulation and ablation processes determines the direction and rate of 

surface mass change of glaciers and ice sheets, and a negative mass balance invites 

concern for the future of these ice stores and the sea-level contributions delivered to the 

ocean by outlet glaciers (Khan and others, 2015). Accumulation surplus needs to be 

compensated by ablation over multiple years for the surface mass balance to be in 

steady state (Paterson, 2000; Jiskoot, 2011). Surface mass balance over time is often 
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estimated using regional climate models, but this is challenging due to the spatially and 

temporally varying nature of snow and rain (Ettema and others, 2009; Khan and others, 

2015).  

2.1.2 Ice Dynamics and Calving 

Ice discharge from marine-terminating glaciers is induced by ice dynamics, the 

response of glaciers to external or internal ice-flow drivers (Jiskoot, 2011). Calving can 

vary greatly and adjust to changes in ice flow (Cuffey and Paterson, 2010). Calving is 

the release of ice from the glacier front as a result of crevasse formation in response to 

stress (Benn and others, 2007). New or old crevasses extend enough to cut off ice 

blocks at the terminus (Benn and others, 2007). Calving is locally controlled by the 

stress conditions required for fractures to propagate enough to release the ice, controls 

on the rate of and extent of these fractures, as well as the orientation of the ice blocks 

calved, making a universal calving model incredibly challenging (Benn and others, 

2007). For floating glaciers, longitudinal stretching of shelves can drive crevassing and 

facilitate calving (Cuffey and Paterson, 2010). The fjord geometry also controls the shelf 

stretching, where retreat or advance into a wider fjord can induce lateral stretching 

across the shelf, yet this is often more localized to the side margins (Cuffey and 

Paterson, 2010). Stretching produces parallel fractures to the ice front from longitudinal 

tensional stresses that produce large full-thickness icebergs (Joughin and others, 2008; 

Cuffey and Paterson, 2010). While the process of calving is due to fracturing, calving 

rates are largely controlled by ice flow processes distributing ice to the calving margin 

(Alley and others, in press). Calving plays an important role in mass loss from ice 

sheets and glaciers (both grounded and floating) but is poorly represented in ice-sheet 
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and glacier models (Benn and others, 2007). As such, accurately including calving in 

models is important for predicting mass loss and sea-level rise.  

The calving rate can be controlled by the ice mélange. Recent research suggests 

that rigid sea ice and ice mélange at a glacier terminus can suppress calving and allow 

the glacier terminus to advance (Joughin and others, 2008, Amundson and others, 

2010, Howat and others, 2010). For example, Moon (2015) studied 16 northwest 

Greenland outlets between 2009 and 2014 and found that the glaciers with rigid ice 

mélange were associated with terminus advance compared to glaciers with open water 

at the calving front. The presence of rigid mélange can apply back stress on the glacier 

terminus which can affect the calving rate (Slater and others, 2019). This is important 

when considering the factors controlling ice discharge.  

2.1.3 Ice Flow, Driving and Resistive Stresses 

Ice flows due to three main mechanisms: plastic deformation, basal sliding, and 

bed deformation (Cuffey and Paterson, 2010). Plastic deformation involves two major 

equations: the conservation of linear momentum and the conservation of mass for 

incompressible ice, as described by the Stokes Equation (Rückamp and others, 2022). 

Plastic or internal deformation is when ice creeps from ice crystal movement; ice 

behaves as a nonlinear viscous material (Cuffey and Paterson, 2010). Ice rheology, the 

relationship between the stress, in which the ice crystals exert the stress or internal 

force on one another due to an external force, and the strain rate, how quickly the ice 

deforms in response to stress, is difficult to constrain. Glacial ice is a non-Newtonian 

fluid and the constitutive relation used in the Stokes Equation is typically represented by 
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Glen’s flow law, derived by Glen (1955). In steady-state creep, where 𝜀̇ is the strain-rate 

tensor, Glen’s flow law is defined in Equation 1 as: 

(1) 

𝜀̇ = 𝐴𝜏𝑛 

 

where A is a temperature dependent rate-factor (fluidity), 𝛕 is the stress tensor, n is the 

flow law exponent which is usually ≈ 3 (Glen, 1995; Jiskoot, 2011; Shapero and others, 

2021).  

Basal sliding is directly affected by the meltwater availability at the bed. An 

efficient drainage system that reduces meltwater will reduce basal sliding whereas 

sufficient meltwater availability and high-water pressure will separate the ice from the 

bed and increase basal sliding (Cuffey and Paterson, 2010). Basal sliding can affect 

seasonal velocity fluctuations as surface melting increases through the spring until mid-

summer (Cuffey and Paterson, 2010). Bed deformation results in ice flow when the non-

frozen bed sediments are sufficiently filled with meltwater in the pore space to overcome 

grain resistance (Cuffey and Paterson, 2010). 

The parameters affecting ice flow can change as climatic conditions evolve or 

through natural variability. The gravitational driving force is determined by the ice 

thickness, slope, and density (Jiskoot, 2011). Resistive stresses include basal and 

lateral drag along the bed and shear margins and dynamic resistance due to 

longitudinal stress (Jiskoot, 2011). Basal drag depends on ice thickness and 

temperature, which affects the water pressure at the bed, and the bed topography 

whereas the strength of lateral shear margins depends on the contact area with 

perimeter topography and the glacier’s centre ice thickness (Jiskoot, 2011). Both shear 
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and plug flow (uniform horizontal velocity as a result of basal sliding) can occur at 

marine-terminating glaciers, though floating ice tongues or lightly grounded ice 

experiences only plug flow (Jiskoot, 2011). Adjustments in driving and resistive 

stresses, resulting from, for example, changes in the surface mass balance, increased 

surface melting resulting in changes in subglacial hydrology, and large calving events 

like the disintegration of a floating ice tongue, can all have significant long-term effects 

on glacier velocity (Jiskoot, 2011). Floating ice has no basal shear stress on the glacier, 

but resistive stress comes from the sidewalls of the shelf as they are usually 

constrained by local topography; the loss of ice buttressing can impact the force 

balance and thus cause velocity adjustments (Jiskoot, 2011).  

2.1.4 Subglacial Hydrology 

Though difficult to study due to the inaccessibility of the glacier bed, glaciers 

have extensive networks of subglacial meltwater films, cavities, and channels. Warmer 

summer temperatures lead to increased surface melting (Zwally and others, 2002). 

Temperate glaciers, which are at the freezing point throughout, allow for enough pore 

spaces and the development of conduits for meltwater to percolate to the bed (Cuffey 

and Paterson, 2010). Primary water sources are from surface glacier melt or runoff from 

adjacent terrain, which collect in supraglacial lakes or drain directly into moulins, which 

transport the meltwater to the bed of the glacier (Zwally and others, 2002; Cuffey and 

Paterson, 2010). Pressure melting can occur at the glacier bed, which has even been 

observed at glaciers with little measured surface melt (Cuffey and Paterson, 2010). For 

drainage to occur, basal water pressure must match the overburden pressure, driving 

water through passages that can form efficient drainage channels, eventually reducing 
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the water pressure and meltwater availability (Cuffey and Patterson, 2010). The 

efficiency of water flow at the bed determines basal sliding and in turn, allows for 

seasonal and interannual velocity patterns as a response to atmospheric forcing (Zwally 

and others, 2002). The ice base can be at the pressure melting point all year, but 

particularly in the summer, increased pressure at the ice-bed interface from excess 

meltwater can decouple the ice from the bed and cause summer acceleration (Zwally 

and others, 2002). Near the end of the melt season, when meltwater is reduced at the 

bed, the effect on acceleration decreases (Zwally and others, 2002).  

2.2 The Greenland Ice Sheet 

It is important to study Greenland ice dynamics because of the influence of 

climate change on the Greenland Ice Sheet (GIS) and the limitations in understanding 

the processes involved with ice loss and sea-level rise. Mass loss from the GIS 

quadrupled from 1992 to 2011 and led to about a 7.5 mm rise in global sea level, 

accounting for one quarter of the rate of global sea-level rise during this time period 

(Church and others, 2011; Enderlin and others, 2014). Later estimates suggested about 

a 10.8 mm rise in sea level from an approximate total of 3902 billion tonnes of ice-loss 

from 1992 to 2018, peaking between 2007 and 2012 (Shepherd and others, 2020). 

Greenland’s mass loss is mainly due to increased surface melt and the dynamic retreat 

and speedup of approximately 300 marine-terminating Greenland glaciers (Enderlin and 

others, 2014; Slater and others, 2019). Of these outlets, only 15 glaciers accounted for 

77% of extreme mass loss since 2000, with four alone accounting for 50%, meaning 

individual outlets in Greenland may have a large role in a future with sea-level rise 

(Enderlin and others, 2014).  
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Along most of the western margin of the GIS, ice flows seaward at approximately 

100 m year-1 with surface melt rates around 2.5 m year-1 (Joughin and others, 2008). Ice 

also moves through faster ice streams and terminates as marine-terminating outlets in 

western Greenland with speeds that can range from 200 to 12000 m year-1 (Joughin 

and others, 2008). Ice discharge has been increasing by approximately 3 Gt a-2 in the 

west and northwest since 2000, with projections of global sea-level rise contribution 

reaching an additional 33 mm by 2100 (Enderlin and others, 2014). The majority of 

global sea-level contribution from 1972 to 2018 was seen in the northwest from marine-

terminating glaciers, accounting for about a 4.4 mm rise (Mouginot and others, 2019). 

Northwestern Greenland, where there are approximately 80 marine-terminating glaciers, 

accounted for the 64% increase in discharge after 2008 (Moon and Joughin, 2008; 

Enderlin and others, 2014). The Upernavik Isstrøm accounted for the largest change in 

the northwest (Mouginot and others, 2019). Multiple studies show a low contribution rate 

of ice discharge from the northwest prior to 2005, with a sudden increase in discharge 

moving up the northwest coast after this time (Khan and others, 2010; Enderlin and 

others, 2014). 

Acceleration of marine-terminating glaciers in northwest Greenland has been 

attributed to dynamic changes at the terminus, including increased submarine melting of 

floating ice tongues and submerged calving faces in contact with increased ocean heat 

transport in Greenland fjords (Khan and others, 2010; Enderlin and Howat, 2013). The 

influence of glacial hydrology and terminus retreat on ice flow velocity is still poorly 

understood, especially in this region. Some synchronous marine-terminating glacier 

retreat has been seen across Greenland during 2000 to 2006, which coincided with a 
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1.1˚C increase in mean summer air surface temperature, but increasing warm Atlantic 

Water has also been noted as a primary driver in mass-loss across ice-ocean margins 

in Greenland (Moon and Joughin, 2008; Straneo and Cedenese, 2015).  

2.3 Baffin Bay and Greenland Fjords 

Atlantic Water (AW) circulating around Greenland has likely been the main driver 

of the retreat and acceleration of marine-terminating glaciers since the mid 1990’s 

(Wood and others, 2021). Warming of the deeper AW into the 2000’s occurred from the 

fluctuation of heat content in the North Atlantic Subpolar Gyre during a transition in the 

North Atlantic Oscillation (Gillard and others, 2020; Wood and others, 2021). As the 

North Atlantic Subpolar Gyre expanded, it increased heat fluxes along the Greenland 

coast, part of which were transferred by the West Greenland Current as it carries both 

cold, relatively fresh Polar Water (PW) and warm, salty AW northward into Baffin Bay 

(Gillard and others, 2020; Wood and others, 2021). Warming and cooling trends of heat 

fluxes of the North Atlantic Subpolar Gyre into West Greenland roughly occur on a 

decadal scale (Wood and others, 2021). In the 2010’s, the ocean thermal forcing has 

cooled compared to the 2000’s, but remains higher than the 1990’s (Wood and others, 

2021).  

Greenland has large and deep fjords that tend to have deep sills and deeply 

grounded glaciers (Straneo and Cedenese, 2015). The morphology of these fjords is 

important for understanding the reach of ocean circulation toward Greenland’s ice-

ocean margin. Both dense AW and less dense PW circulate along western Greenland’s 

continental shelf at the mouth of the fjords as a part of the continental shelf-driven 

circulation that enters the water dynamics of the fjord (Straneo and Cedenese, 2015). 
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Deepened troughs along the shelf and deep fjords allow warmer AW to reach western 

Greenland as a part of fjord circulation (Chauché and others, 2014; Straneo and 

Cedenese, 2015). The presence of sills greatly affects the transfer of AW to 

Greenland’s outlets (Chauché and others, 2014).  

Fjord circulation is mainly influenced by tides, the buoyancy forcing from 

tidewater glaciers and icebergs, surface fluxes, local winds, and continental shelf 

circulation exchange at the mouth of the fjord (Straneo and Cedenese, 2015). Denser 

AW enters the fjord from the shelf when it occurs above the depth of sills at fjord mouths 

(Straneo and Cedenese, 2015). As the water travels to the glacier, buoyancy circulation 

takes place, where AW meets the glacier base and interacts with fresh subglacial 

meltwater at distinct injection points, causing buoyant and turbulent plumes to rise along 

the glacier face (Chauché and others, 2014; Straneo and others, 2014). These plumes 

mix with the fresher PW that is then carried out of the fjord (Figure 2) as part of an 

overturning process (Straneo and others, 2014).  

The West Greenland Current has been found to transfer AW at depths greater 

than 400 m around the coast of southern Greenland into Arctic waters, where it then 

enters western Greenland’s fjords (Chauché and others, 2014). About 50% of mass loss 

from 74 deep outlet glaciers across Greenland from 1992 to 2017 has been attributed to 

the influence of AW (Wood and others, 2021). Northwest marine-terminating glacier 

retreat has specifically been attributed to AW, with the most retreat of 28% (contributing 

to Greenland’s mass loss through ice discharge) compared to other regions during this 

same period (Wood and others, 2021). This is likely from the ocean thermal forcing 

rising between +2˚C and 3˚C during a period of warmer ocean temperatures from 1998 
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to 2007 in the northwest (Morlighem and others, 2019; Wood and others, 2021). Many 

floating ice tongues and ice shelves collapsed in the central-west and northwest regions 

during this period, including Jakobshavn Isbræ from AW intrusion undercutting the 

terminus ice (Wood and others, 2021). Even during an ocean warming pause from 2008 

to the end of the study by Wood and others (2021) in 2017, when the ocean thermal 

forcing decreased by about 1.5˚C in the northwest, net ice discharge still increased and 

floating extension glaciers in deep fjords made up 22% of grounded ice retreat from 

undercutting. 

There is a severe knowledge gap around the ice-ocean interface because of the 

presence of floating ice tongues or sea ice and mélange coverage (Straneo and others, 

2012). However, AW that can access the ice front is likely to affect the melt rate of the 

glacier (Chauché and others, 2014). For floating ice tongues, the accessibility of AW is 

dependent on the morphology of the floating extension and the bed geometry and fjord 

bathymetry (Wood and others, 2021). Small floating ice tongues or temporary floating 

ice tongues that sit on a shallow ridge may be less susceptible to undercutting from AW 

than a large floating extension in deeper water that allows direct contact of AW (Wood 

and others, 2021).  

2.4 Marine-Terminating Glaciers and Floating Ice Tongues 

Greenland’s extensive network of marine-terminating glaciers play a large role in 

linking changes to the GIS with climate change, especially when evaluating the role of 

the ocean in mass-loss. Many of these outlets experienced a greater than 100% 

increase in ice velocity around the turn of the 21st century (Moon and others, 2012). 

 There are several processes involved with marine-terminating glacier flow and 
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retreat, including terminus thinning or reaching floatation, changes in back stress at the 

terminus, increased calving, retreat into deeper water, and subglacial drainage (Moon 

and others, 2015; Nick and others, 2009). Though difficult to study, subglacial drainage 

can cause rapid changes to ice flow, but it may not be a primary driver in terminus 

retreat at the ice-ocean interface for all glaciers as it is highly variable and seasonal 

(Straneo and Cedenese, 2015; Fried and others, 2015; Slater and others, 2019).  

Marine-terminating glaciers adjust very rapidly to changes in the boundary 

conditions at the terminus (Nick and others, 2009). Dynamic adjustments usually begin 

at the calving front and then propagate upstream (Nick and others, 2009). When 

terminus retreat occurs, this changes the along-flow resistive stress and boundary 

conditions, which can lead to an increase in velocity and thinning that propagates up-

glacier (Moon and others, 2015; Nick and others, 2009). There is often a positive 

feedback between glacier thinning and retreat (Nick and others, 2009). As the glacier 

terminus retreats over a pinning point into deeper water, ice speed and discharge then 

increase, which can in turn lead to further thinning and retreat (Moon and others, 2015; 

Nick and others, 2009). A calving model assessment by Nick and others (2010) 

evaluated episodic retreats related to the depth of the glacier trough. For Jakobshavn 

Isbræ, a reduction in discharge and calving rate was seen when the terminus reached 

shallow water compared to when it retreated into deeper water (Nick and others, 2010). 

Glaciers also react to changes in resistive stresses such as the impacts of 

changes in floating ice tongues, which buttress the terminus (Moon and others, 2015; 

Nick and others, 2009). Changing conditions of floating ice tongues at the glacier 

terminus can cause initial glacier retreat (Moon and Joughin, 2008; Nick and others, 
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2009). Once the ice tongue thins to the point of collapse, the loss of ice buttressing, 

often coupled with retreating into deeper water, can cause further retreat and increased 

terminus velocity (Moon and Joughin, 2008; Nick and others, 2009). At Jakobshavn 

Isbræ, the loss of resistive back-stress from the loss of its floating ice tongue was 

argued as the driver for its acceleration (Joughin and others, 2004; Thomas, 2004). A 

flow model for Jakobshavn Isbræ demonstrated the glacier dynamics relied on the 

feedback between calving, terminus retreat, and loss of ice buttressing (Vieli and Nick, 

2011). Floating ice tongues are likely more sensitive than grounded ice fronts to 

changes in the ocean thermal forcing because of the higher surface area in contact with 

the ocean (Straneo and others, 2013). Dynamic thinning near the terminus then causes 

velocities to propagate up-glacier and allows for destabilization of the near-terminus ice 

(Moon and Joughin, 2008; Nick and others, 2009). This type of retreat behaviour, along 

with the positive feedback between thinning and retreat, has been seen across multiple 

outlets in Greenland, including Jakobshavn Isbræ, Helheim Glacier, and 

Kangerdlugssuaq Glacier (Holland and others, 2008; Moon and others, 2015). There 

are currently only a handful of floating ice tongues that are still present in northern 

Greenland (Slater and others, 2019).  

 Research on analyzing Antarctic ice shelves can be used for constraining the 

presence and absence of floating ice tongues at Greenland marine-terminating glaciers 

by investigating slope-break at the grounding line (Bindschadler and others, 2011; 

Enderlin and Howat, 2013; Li and others, 2022). Inflection points appear in the ice 

surface slope of ice shelves where the slope changes rapidly at the grounding zone 

(Bindschadler and others, 2011; Li and others, 2022). This is often analyzed in 
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Antarctica to identify the approximate grounding line and where the ice transitions to 

floating (Bindschadler and others, 2011; Li and others, 2022). Determining the 

grounding line of ice is important for estimating the contact extent the ocean has under 

floating ice (Bindschadler and others, 2011). The ice elevations along the ice shelves 

can also be used to determine the hydrostatic line for the ice to determine the extent of 

free-floating ice along the ice shelf (Bindschadler and others, 2011). Enderlin and Howat 

(2013) used distinct slope-break to identify grounding line positions and changes in 

longitudinal strain rates to indicate floatation for several marine-terminating glaciers in 

Greenland. 

Tabular icebergs are also widely used in Antarctica and Greenland as evidence 

for ice shelves and floating ice tongues (Jacobs and others, 1986; Melton and others, 

2022).  Calving behaviour is dependent on a glacier’s floatation, as evidenced when 

unexpected ungrounding of an Alaskan glacier led to a change from irregular low-

volume icebergs to large flow-perpendicular icebergs characteristic of ice shelves 

(Walter and others, 2010). Floating ice tongues commonly produce large tabular 

icebergs that remain floating upright away from the terminus (Melton and others, 2022). 

Glaciers with a grounding zone close to floatation over a sufficient distance can also 

produce tabular icebergs that remain upright (Melton and others, 2022). At Jakobshavn 

Isbræ, tabular icebergs were calved all year when the glacier had a floating ice tongue 

and when tabular icebergs were no longer being produced in the summer, this indicated 

the glacier was only calving grounded or nearly grounded ice (Amundson and others, 

2010). Similarly at Helheim Glacier in eastern Greenland, tabular icebergs were calved 

from the floating ice tongue and remained upright (Melton and others, 2022).  
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 Subglacial drainage in Greenland also plays a large role in terminus retreat and 

is often evidenced by plume polynyas at the calving front. Greenland has an extensive 

subglacial hydrology network, forming channels that follow ice flow routes and drain at 

the toes of land-terminating and marine-terminating glaciers (Fried and others, 2015). 

When water reaches the glacier bed, particularly in the spring and summer months 

during warmer air temperatures, this can increase basal lubrication and water pressure, 

which can affect the sliding rate of the glacier, causing acceleration, thinning, and 

retreat (Fried and others, 2015; Moon and others, 2015). Rather than release of back-

stress from the modelled break up of 79N glacier’s ice tongue, increased basal 

slipperiness caused realistic ice-flow changes (Rankmann and others, 2017). Mini 

surges have been seen at the Ryder Glacier in northern Greenland that were likely due 

to short-lived increased basal water pressure from the sudden drainage of supraglacial 

lakes upstream (Joughin and others, 1996; Joughin and others, 2008). However, thick 

Greenland ice and fjord conditions make it extremely difficult to study subglacial 

drainage patterns, channel locations, and the morphology of the terminus face (Fried 

and others, 2015; Straneo and Cedenese, 2015). These are all important factors when 

understanding the impacts of glacier drainage, as the morphology of the terminus can 

greatly influence the effect that subglacial water has on terminus retreat (Fried and 

others, 2015).  

Though subglacial drainage may not be the main driver of large-scale glacier 

retreat in Greenland, for glaciers that have substantial drainage networks, plume 

formation can be an important control on terminus retreat, depending on the heat and 

salt budgets (Fried and others, 2015; Slater and others, 2019). Subglacial drainage can 
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initiate dynamic responses in marine-terminating glaciers by affecting the calving rate 

and causing undercutting when fresh meltwater mixes with fjord water and creates a 

buoyant and turbid plume (Chauché and others, 2014; Slater and others, 2019; Wood 

and others, 2021). Patterns of the filling and drainage of supraglacial lakes was also 

seen at Helheim Glacier, where drainage appeared at the glacier terminus as a plume-

polynya (Melton and others, 2022).  

Enderlin and Howat (2013) found that 85% of mass-loss from floating ice tongues 

was caused by submarine melting, including subaqueous melting from Atlantic Water 

intrusion as well as turbid plume formations melting the ice face (Holland and others, 

2008; Rignot and others, 2010; Truffer and Motyka, 2016). While plume polynyas can 

be used to determine if subglacial drainage systems are present, their appearance 

when there are floating ice tongues is less certain for Greenland. For Helheim Glacier, it 

has been suggested that plume polynyas only appeared when the glacier front was 

partially or fully grounded (Melton and others, 2022). It is suggested that plume 

polynyas and calving occurrence are proxies for the grounding state of Helheim Glacier 

(Melton and others, 2022). Both tabular icebergs and plume-polynyas may only be able 

to occur simultaneously if the glacier is both partially grounded and floating in different 

sections along the terminus (Melton and others, 2022). Oppositely in Antarctica, plume-

polynyas do develop at the edge of ice shelves, as long durations can carve channels 

into the floating sections that originate at the grounding line (Alley and others, 2019). 

Though it is difficult to observe, analyzing subglacial drainage at marine-terminating 

glaciers is important for understanding the floating state of the terminus and how this 

relates to glacier dynamics. It is also important for understanding meltwater availability 



 25 

at the bed basal drag. Increased melting at the bed from increased water pressure 

under thick glaciers can facilitate glacier sliding (Iken and others, 1981).  

2.5 The Upernavik Isstrøm 

The Upernavik Isstrøm has five distinct outlets; previous literature has focused 

on the southernmost four. The three main central trunks of Upernavik are U1, U2, and 

U3 (numbered from north to south) with the smaller outlets U0 and U4 in the north and 

the south, respectively (Figure 1.1). The four commonly studied outlets (U1-U4) of the 

Upernavik Isstrøm have undergone multiple periods of acceleration and retreat during 

the satellite record. Khan and others (2013) found that ice dynamics caused 79% of 

total ice mass loss of Upernavik between 1985 and 2010. An ice sheet system model 

from 1995 to 2012 by Haubner and others (2018) found ice mass loss from changes in 

terminus position was due to thinning and acceleration. Two distinct periods of 

increased terminus retreat during the late 1990’s and from 2005 to 2009 were likely due 

to dynamically induced thinning from increases in air and ocean temperatures (Khan 

and others, 2013; Andresen and others, 2014; Larsen and others, 2016). From 2005 to 

2010, Upernavik lost a total mass of 53.4 ± 12.8 Gt (Khan and others, 2013). The sea-

level equivalent that drained from U1 accounted for an increase of approximately 141 

Gt/yr from 1996 to 2013 and U2 accounted for an increase of approximately 73 Gt yr-1 

from 1993 to 2018 (Mouginot and others, 2019).  

         Of the outlets, U1 has experienced the largest changes over the last two decades. 

U1 began to accelerate around 2005 to 2006 until 2011 and retreated about 5 km from 

2005 to 2008 compared to 1 km during 2000 to 2005 (Khan and others, 2013; Larsen 

and others, 2016). Velocities increased by over 50% (roughly 2000 m year-1) between 
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2006 and 2008 (Khan and others, 2013; Larsen and others, 2016). Velocities stabilized 

around 2008 to 2010, with a deceleration of 15% between 2009 and 2010, but then 

reached a maximum of 5000 m year-1 in 2011 before reaching stabilization at a high 

velocity after 2011 (Khan and others, 2013; Larsen and others, 2016).  

U1 likely had a floating ice tongue from around 1985 until 2007, when it 

disintegrated during the accelerated retreat period (Larsen and others, 2016). Enderlin 

and Howat (2013) found significant change in slope around where U1 is believed to be 

grounded between 2001 and 2007 that indicated floatation. While other studies, such as 

McFadden and others (2011), suggested that a slightly sloping surface of the 3 km long 

ice tongue meant that the outlet was not freely floating, Larsen and others (2016) 

suggested that the higher surface slope was due to lateral friction in the narrow trough. 

The release of back stress and decreased flow resistance from the disintegration of the 

floating ice tongue around 2007 is likely what caused further acceleration, retreat, and 

dynamic thinning (Khan and others, 2013; Larsen and others, 2016). Dynamic thinning 

exceeded 100 m for U1 and U4 during this period, which, along with glacier speedup, is 

consistent with other outlets along the northwest (Khan and others, 2013).  

The second-most variable outlet of the ice stream, U2, had a relatively stable 

calving front from 1985 to 2010, with acceleration beginning in 2009 through to the end 

of detailed outlet research done in 2013 (Khan and others, 2013; Larsen and others, 

2016). Velocities increased after 2008 by 50% (Larsen and others, 2016). During this 

period, the surface ice elevation of U2 showed a long 2-3 km horizontal section at the 

terminus at buoyancy of a likely floating ice tongue about 2.5 km in length (Larsen and 

others, 2016). Larsen and others (2016) used tabular icebergs to determine the 
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presence of floating termini for Upernavik. Landsat 7 images collected in 2009 and 2010 

also showed large-scale tabular icebergs calving from U2, indicating a floating ice 

tongue was likely present during this time (Larsen and others, 2016). Based on 

available literature, it is unclear when U2 first reached floatation.  

U3 also had a relatively stable calving front from 1985 to 2010, though it is the 

longest outlet with approximately 142 km of bed below sea level (Khan and others, 

2013; Larsen et al., 2016). Velocities declined slightly between 2000 and 2013, and it 

showed some seasonal variability associated with meltwater runoff (Moon and others, 

2014; Larsen and others, 2016). This outlet has been categorized as being seasonally 

controlled by having meltwater lubricating the bed from 2009 to 2013 and later as 

forming an efficient drainage channel that reduced meltwater at the bed and increased 

basal drag (Moon and others, 2014; Vijay and others, 2019, 2021). Though the base is 

relatively horizontal and the terminus is likely grounded with very little retreat seen, the 

first 5 km of the outlet had ice thicknesses within 100 m of floatation based on 

observations between 2000 and 2013 (Larsen and others, 2016).  

While U4, the southernmost outlet, has experienced little dynamic change in the 

21st century, it has very distinct properties compared to the northern outlets. U4 

experienced much of its retreat (3 km) from 1985 to 1991 and 1996 to 2000 before 

entering a period of stability during 2000 to 2010, with more than 100 m of dynamically 

induced thinning also seen up until 2002 (Khan and others, 2013). This opposite timing 

compared to U1-U3 and its deceleration from 1992 to 2013 is more comparable to 

changes occurring in southeast Greenland (Khan and others, 2013; Larsen and others, 

2016). Only a short period of a 30-40% increase in ice flow speed near the terminus 
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during 2009 to 2010 was seen for U4 (Larsen and others, 2016). U4 also has seasonal 

variability between a late spring increase and late summer decrease lower than winter 

velocities, indicative of an extensive subglacial drainage system during the melt season 

(Larsen and others, 2016). Variations between the U1-U3 outlets and U4 may be due to 

differences in fjord geometry at the glacier calving fronts (Larsen and others, 2016).  

A recent article by Downs and Johnson (2022) conducted numerical model 

simulations on ocean-driven retreat and the force balance of glaciers at the ice-ocean 

interface. Downs and Johnson (2022) used the Upernavik Isstrøm for their investigation 

with the hypothesis that rapidly retreating glaciers are less sensitive to perturbations in 

basal drag than glaciers that are not rapidly retreating. Floating ice tongues are 

sensitive to subaqueous melting of the glacier front as well as turbulent plumes that 

create heat exchange, both of which contribute to submarine melt rates (Holland and 

others, 2008; Rignot and others, 2010; Truffer and Motyka, 2016). Bed geometry and 

submarine melt have been suspected as drivers for changes in glacier dynamics at 

Upernavik by Larsen and others (2016). Model results by Downs and Johnson (2022) 

indicated that Upernavik glaciers were sensitive to perturbations in basal drag over their 

entire range of subaqueous melt rates, rejecting the initial hypothesis. Basal drag 

played a role no matter how fast the glaciers were flowing (Downs and Johnson, 2022). 

They also found that there is an inverse relationship for sensitivity to changes between 

subaqueous melt and basal drag (Downs and Johnson, 2022). Another finding was that 

basal drag perturbations caused acceleration and thinning upstream whereas 

subaqueous melt more locally affected the terminus (Downs and Johnson, 2022).  
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Bathymetric data are sparse across Greenland, but Andresen and others (2014) 

provided the first detailed look at the bathymetry of the Upernavik Fjord, which is 

approximately 80 km long and 5-7 km wide. While most of the fjord is over 900 m deep, 

the depth near the head of the fjord varies as it reaches the outlets, and a combination 

of local observations and some bathymetric data near the head suggest a range in 

water depth from 600 to 700 m (Andresen and others, 2014). Water depths near the 

termini of U1-U3 are particularly difficult to measure as they are covered by icebergs 

and ice mélange throughout the year. The water depth offshore of the terminus of U4 is 

approximately 200 m (Andresen and others, 2014). The terminus of U4 has a grounding 

line depth of 100 m, while U1-U3 have an estimated grounding line depth of anywhere 

from 400 to 700 m (Andresen and others, 2014; Morlighem and others, 2014). This was 

updated by Larsen and others (2016), who estimated that the calving front at U1 was 

about 1 km thick, U2 was 250 m thick when it had a floating ice tongue, and U3 was 500 

m thick.  

Oceanographic measurements were made in 2013 by Andresen and others 

(2014) to determine the presence of AW in the fjord. Fjord waters showed distinct 

stratification, with a 2˚C warm, fresher surface layer about 50 m thick, followed by a 50 

to 150 m cold (0.5˚C to 1.5˚C) PW layer, then a dense and salty bottom layer that 

warms from 1˚C to 3˚C and is characteristic of AW. Sediment cores also indicated 

subsurface warm water entrainment near the outlets below 250 m (Vermassen and 

others, 2019). Bathymetry data and the hydrographic data in the fjord indicate that there 

is no shallow sill near the mouth of the fjord, meaning that AW can access the head of 

the fjord and all outlets except for U4 (Andresen and others, 2014).  
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A new study by Muilwijk and others (2022) released summer hydrographic 

profiles from 2013 to 2019 for the Upernavik Fjord and shelf area that confirms the 

presence of AW in the fjord. In the shelf area, profiles showed a warm (1.7˚C to 2.9˚C) 

and salty AW layer below 300 m with the warmest core around 400 m, which is overlain 

by cooler (0˚C to 2˚C) and fresher PW (Muilwijk and others, 2022). Below 500 m, the 

waters are slightly cooler (Muilwijk and others, 2022). Fjord profiles showed nearly 

identical AW properties as the shelf to a 450 m depth while the AW below this depth is 

uniform and does not cool like the bottom shelf water (Muilwijk and others, 2022). This 

may indicate a sill is present at 450 m between the shelf and the fjord which may be 

shallower than other estimates (Muilwijk and others, 2022). However, there is a 

relatively clear consensus that AW is able to flow unmodified into the fjord above 450 m 

by both Andresen and others (2014) and Muilwijk and others (2022). Throughout the 

time period, there was slight cooling and freshening of the AW mass in the fjord, with a 

total maximum temperature decrease of 1˚C, which is consistent with the ocean cooling 

period noted by other studies in Baffin Bay (Muilwijk and others, 2022).   

During the distinct retreat periods for Upernavik, accelerated retreat for the 

northern outlets was likely from increased ocean temperatures, while dynamic thinning 

of U4, since it is not in contact with AW, is likely from increased air temperatures that 

may have increased subglacial discharge and higher submarine melt rates (Andresen 

and others, 2014). However, terminus retreat at Upernavik also occurred during periods 

when AW was reduced and cooler, which may indicate that ocean warming is not the 

only control on glacier acceleration and retreat in Upernavik (Vermassen and others, 

2019).  
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2.5 Conclusion 

 Greenland has an extensive network of marine-terminating glaciers that 

contribute to ice-sheet mass-loss (Enderlin and others, 2014; Slater and others, 2019). 

The dominant margin contributing to Greenland’s mass-loss is the northwest, where 

rapid changes in glacier retreat and acceleration have been attributed to ocean warming 

in Baffin Bay (Moon and Joughin, 2008; Khan and others, 2010; Enderlin and Howat, 

2013; Straneo and Cedenese, 2015; Mouginot and others, 2019). The West Greenland 

Current carries warm, salty Atlantic Water along the continental shelf of Greenland and 

deep fjord systems allow for the transfer of Atlantic Water to reach the calving front of 

many deeply-grounded or floating glaciers (Chauché and others, 2014; Straneo and 

Cedenese, 2015; Gillard and others, 2020; Wood and others, 2021).  

Some of these outlets have developed large floating ice tongues, which are more 

susceptible to ocean forcing due to the intrusion of Atlantic Water, which contributes to 

high submarine melt rates through turbulent and subaqueous melting, and can cause 

the disintegration of floating ice tongues due to intense thinning (Nick and others, 2009; 

Moon and others, 2015; Straneo and others, 2015). The resulting loss of resistive back-

stress from the loss of a floating ice tongue can cause significant glacier acceleration, 

which has been argued as a driver at multiple outlets across Greenland, including 

Jakobshavn Isbræ (Joughin and others, 2004; Thomas, 2004; Howat and others, 2005, 

2008; Joughin and others, 2008; Nick and others, 2009; Moon and others 2015). Rigid 

ice melange can also apply back stress on the terminus and hinder calving (Joughin 

and others, 2008; Amundson and others, 2010; Howat and others, 2010; Moon, 2015; 

Slater and others, 2019). Several methods have been presented for identifying a 
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floating ice tongue, including slope break, tabular icebergs, and plume polynyas (Jacobs 

and others, 1986; Amundson and others, 2010; Bindschadler and others, 2011; Enderlin 

and Howat, 2013; Li and others, 2022; Melton and others, 2022). Other factors also play 

a role in acceleration.  

Additional controls of acceleration are also important. Bed and fjord geometry 

can aid in acceleration if a glacier retreats into a deeper or wider trough and the depth 

as well as depth of the bed, which determines the contact of Atlantic Water at the ice-

front (Nick and others, 2009; Moon and others, 2015). Subglacial drainage, which can 

be driven by warming atmospheric temperatures, can lubricate the bed and reduce 

basal drag, allowing for seasonal speed ups (Moon and others, 2014; Straneo and 

Cedenese, 2015; Fried and others, 2015; Slater and others, 2019). On the other hand, 

channelization can efficiently outflow meltwater enough to reduce lubrication at the 

glacier bed and slow velocities (Moon and others, 2014). Weakened shear margins from 

thinning or increased water content can also cause acceleration (Van Der Veen and 

others, 2011).  

 At Upernavik, multiple periods of acceleration and retreat were found during 

intense atmosphere and ocean warming periods along western Greenland, particularly 

in the late 1990’s and between 2005 and 2009 (Khan and others, 2013; Andresen and 

others, 2014; Larsen and others, 2016). Most of Upernavik’s mass-loss contribution has 

been due to dynamic thinning, mainly from U1 and U2, both of which reside in a deep 

part of the fjord in contact with Atlantic Water (Khan and others, 2013; Andresen and 

others, 2014; Larsen and others, 2016; Mouginot and others, 2019; Vermassen and 

others, 2019; Muilwijk and others, 2022). Acceleration of U1 was attributed to the loss of 
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back-stress when its ice tongue disintegrated around 2007 (Khan and others, 2013; 

Larsen and others, 2016). U2 experienced retreat and acceleration through 2013 with a 

floating ice tongue present (Khan and others, 2013; Larsen and others 2016). Strong 

seasonal variation observed at U3 and U4, which reside in the shallow part of the fjord, 

is primarily controlled by meltwater (Moon and others, 2015; Larsen and others, 2016). 

Upernavik’s outlets are sensitive to changes in basal friction, indicating subglacial 

hydrology plays an important role in the changes seen at all glaciers (Downs and 

Johnson, 2022).  
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ABSTRACT 

 The five outlets of Upernavik Isstrøm have experienced complex and contrasting 

ice-flow-speed changes over the last two decades. The Upernavik Isstrøm is located in 

northwest Greenland, where the most mass loss from ice dynamics and highest 

contribution to sea-level rise from Greenland has been measured, making it an 

important case study for investigating controls on ice flow. We present a detailed remote 

sensing analysis of the ice dynamics at Upernavik’s outlets from 2000 to 2021, and 

explore the capability of a new flowline model, Icepack, to evaluate physical forcings 

controlling the ice-flow changes. Previous research suggested floating ice tongues are 

an important ice-flow control. We constrained floating ice tongues and found they were 
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not consistent with observed patterns of acceleration. The modelled sensitivity of 

Upernavik’s ice flow to basal slipperiness was the most physically and spatially 

accurate, rather than changes in shear margin strength, thinning, or terminus retreat. 

The simplified flowline model, Icepack, successfully captured complex ice dynamics 

over multiple simulated years. Our results provide a strong indication that speed 

fluctuations at Upernavik’s outlets are seasonally and inter-annually controlled by 

subglacial hydrology.  

3.1 INTRODUCTION 

 In a warming climate, Greenland’s marine-terminating glaciers have undergone 

significant changes in ice flow. Northwest Greenland has lost mass as a result of recent 

changes in glacier dynamics, where the highest retreats in Greenland (contributing to 

mass loss through ice discharge) of 28% were measured from 1992 to 2017 (Wood and 

others, 2021). This region has most of Greenland’s deep-water outlet glaciers, and from 

1972 to 2018 it contributed 4.4 mm to global sea-level rise, the highest contribution out 

of any region in Greenland (Mouginot and others, 2019; Wood and others, 2021). Ice 

dynamics in the northwest contributed to 86% of its total mass loss compared to surface 

mass balance, with the percentage increasing every decade from 1998 to 2018 

(Joughin and others, 2018). Controls on ice flow acceleration have been linked to 

several processes, including thinning of floating ice tongues, retreat into deeper or wider 

glacier troughs, and subglacial drainage (Moon and others, 2015; Nick and others, 

2009). Subglacial drainage due to warmer air temperatures and surface melting can 

lubricate the glacier bed and also cause short-term acceleration, thinning, and retreat 

(e.g. Zwally and others, 2002; Fried and others, 2015; Straneo and others, 2015). 
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However, the changing conditions of a floating ice tongue have been identified to 

significantly influence velocities at the terminus that then propagate upstream (Moon 

and Joughin, 2008; Nick and others, 2009). This has been argued as a driver for the 

acceleration of other large glaciers in Greenland, including Jakobshavn Isbræ (Thomas, 

2004; Joughin and others, 2004; Vieli and Nick, 2011).  

One of the largest and fastest-retreating ice streams in northwest Greenland is 

the Upernavik Isstrøm. Model results by Haubner and others (2018) between 1995 and 

2012 showed glacier acceleration at Upernavik was responsible for 80% of its mass 

loss. The Upernavik Isstrøm has five marine-terminating glaciers, several of which have 

contributed significantly to Greenland’s ice-mass loss. We will refer to the five distinct 

outlets as U0 to U4 (Figure 3.1), from north to south, although previous literature has 

focused on the southernmost four. The two northern outlets with the most significant 

velocities and retreat, U1 and U2, accounted for an increase in sea-level equivalent 

drainage of approximately 141 Gt yr-1 from 1996 to 2013 for U1 and 73 Gt yr-1 from 

1993 to 2018 for U2 (Mouginot and others, 2019).  

The Upernavik Isstrøm is important not just due to its size, but also because it 

has experienced complex and contrasting behaviours in velocity between its individual 

outlets. There are observed periods of deceleration at the southern outlets while 

acceleration occurred at the northern outlets. Between 2005 and 2006 compared to 

2000 and 2001, U1 increased in ice flow by over 50% (Khan and others, 2013). 

Between 2006 and 2008, glacier velocities increased by 50-60% at U1 and between 

2008 and 2013, U2 velocities also increased by 50% (Larsen and others, 2016). The 

average regional speed in the northwest, based on its fast-flowing marine-terminating 
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glaciers, increased by just 18% between 2005 and 2010 (Moon, 2012), demonstrating 

the outlying magnitude of Upernavik’s acceleration and the need to investigate its ice 

flow. There have also been periods of ice-flow slow-downs, such as the deceleration of 

U1 by 15% (1000 m year-1) between 2009 and 2010 (Larsen and others, 2016). There is 

debate over the controls on the non-uniform ice-flow fluctuations of the Upernavik 

Isstrøm. Acceleration at these two northern outlets may be driven by several processes, 

including the depth of the fjord at each outlet, allowing warm Atlantic Water to access 

the glaciers and cause acceleration and retreat (Andresen and others, 2014) and the 

calving fronts retreating into deeper water (Larsen and others, 2016),  

The northern outlets reside in a deeper region of the fjord compared to the 

southern outlets and are likely in contact with warmer Atlantic Water at depths varying 

between 250 and 450 m, which may explain some velocity fluctuations (Andresen and 

others, 2014; Vermassen and others, 2019; Muilwijk and others, 2022). Recent 

measurements in the Upernavik Fjord suggest the warmest core lies around 400 m 

(Muilwijk and others, 2022). The glaciers with deep ice fronts in contact with Atlantic 

Water are suggested to be more susceptible to ocean forcing and thus more sensitive at 

the ice-ocean boundary (Rignot and others, 2010; Chauché and others, 2014; Wood 

and others, 2021). However, acceleration at Upernavik also occurred during periods 

when Atlantic Water was not as warm, meaning it may not be the only control 

responsible for changes in ice flow (Vermassen and others, 2019).  

The loss of the floating ice tongue at U1 is also proposed as a possible reason 

for its acceleration (Khan and others, 2013; Larsen and others, 2016). The acceleration 

of Jakobshavn Isbræ is attributed to the loss of ice buttressing from the disintegration of 
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its long floating ice tongue (Joughin and others, 2004; Thomas, 2004; Holland and 

others, 2008; Vieli and Nick, 2011). Slower or stable velocities are observed when 

Greenland glaciers terminate with floating ice tongues, including Jakobshavn Isbræ 

(Nick and others, 2010; Moon, 2012). U1 and U2, in the northern part of the fjord with 

the most acceleration measured, are the only two outlets with evidence of floating ice 

tongues (Enderlin and Howat, 2013; Khan and others, 2013; Larsen and others, 2016).  

Changes at the glacier terminus can alter resistive stresses along the glacier bed 

and fjord walls that can also influence velocities (Pfeffer, 2007; Howat and others, 2005, 

2008). The acceleration of Jakobshavn is debated to be due to weakened shear-

margins rather than solely from the loss of back-stress from the break up of its floating 

ice tongue (Van Der Veen and others, 2011). Joughin and others (2012) suggested that 

basal water pressure may have driven acceleration along with the change in ice 

buttressing. At the Nioghalvfjerdsfjorden (79N) glacier in northeastern Greenland, 

rather than the loss of its 76 km ice tongue or weakened shear margins, basal 

slipperiness produced realistic seasonal velocities in a numerical ice flow model 

(Rathmann and others, 2017). Recent Ice-Sheet and Sea-Level System Model 

simulations by Downs and Johnson (2022) investigated Upernavik’s sensitivity to 

perturbations in basal drag and submarine melt rates to investigate mass loss. They 

found that rapidly retreating marine-terminating glaciers are sensitive to perturbations in 

basal drag (Downs and Johnson, 2022). Changes in meltwater at the bed was found to 

be an important factor in ice dynamics at Upernavik, not just ocean interactions at the 

terminus (Downs and Johnson, 2022).  
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In this study, we investigate the hypothesis that the changing conditions of 

floating ice tongues are the main driver of significant terminus acceleration at Upernavik 

over time. Our most interesting target is the recently accelerating outlet U2, as the most 

recent study by Larsen and others (2016) indicated a floating ice tongue present at the 

end of their record in 2013. We use remote sensing data to update the responses of all 

outlets since 2013 to assess major changes over our time period from 2000 to 2021. 

We find significant changes in velocities since 2013, making it even more important to 

understand what factors may be driving acceleration. We use tabular icebergs, plume-

polynyas, and slope-break patterns to constrain when there floating ice tongues exist at 

each of Upernavik’s outlets. We observe and analyze retreat, calving type, subglacial 

drainage, elevation profiles and thinning. We then compare the observational data with 

velocity data to test our hypothesis that velocity fluctuations can be explained by the 

changing conditions of floating ice tongues. We also explore the role of bed geometry 

and the stress balances that control ice flow using the new software package Icepack. 

This is done using a numerical flowline model that incorporates bed topography, basal 

drag, and shear margins acting on U1 and U2 for datasets from time periods with and 

without evidence of floatation.  

3.2 METHODS 

3.2.1 Terminus and Bed Observations 

 We first updated the observational record at Upernavik from 2000 to 2021 using 

airborne and satellite data. Ice front positions and observed retreat, evidence of 

subglacial drainage patterns, bed topography, and near-terminus bathymetry were all 
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examined. This was done to evaluate what has changed since the last detailed research 

conducted in 2013.  

 Landsat 7 and 8, courtesy of the U.S. Geological Survey, provided a detailed 

record of visual change up to 2021, as well as supplement terminus positions in recent 

years. The Programme for Monitoring of the Greenland Ice Sheet (PROMICE) provided 

terminus position outlines for all outlets that were derived from Landsat, Aster, and 

Sentinel-2 from 1999 to 2019 (Andersen and others, 2019). We supplemented the 

existing PROMICE record by digitizing the terminus positions for all outlets per year 

from 2019 to 2021, using the same method as PROMICE. The end of the melt season 

was determined by PROMICE as most retreated position of the glacier from July and 

November (Andersen and others, 2019).  

While it is difficult to gather evidence about specific subglacial patterns using 

satellite imagery, some information on channelization and drainage events can be 

gleaned by tracking plume polynyas. Plume polynyas are open-water areas that form 

when subglacial channels release buoyant meltwater that rises to the glacier front 

(Melton and others, 2022). We manually inspected all available and cloudless Landsat 7 

and 8 imagery from 2000 to 2021 and developed a record of all the occasions where 

plume polynyas were visible.  

We used NASA’s Operation Icebridge BedMachine Greenland, Version 4 

(Morlighem and others, 2020) as an estimate to evaluate the depth of the fjord near 

each outlet and the bed topography of each outlet so we could assess the water bodies 

in contact with the ice front and what future retreat may look like in each glacier’s 

trough.  
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3.2.2 Velocity 

        We used a variety of ice flow data available at Upernavik to investigate the timing 

and magnitude of acceleration. We used ITS_LIVE, a velocity dataset updated through 

2021, which is generated using the feature-tracking program auto-RIFT and provided by 

the NASA MEaSUREs ITS_LIVE project (Gardner and others, 2019). Landsat 7 and 8 

images were used to compile velocity data across Greenland from 1985 to 2018 to 

create velocity mosaics and image-pair velocities (Gardner and others, 2019). Though 

ITS_LIVE mosaics were not available for our analysis past 2018, we extracted and 

averaged ITS_LIVE data along our points from the Global Glacier Velocity Point Data 

Access (Gardner and others, 2022). We also used GoLIVE velocity pair which extended 

our velocity analysis to 2021 for analysis involving flowlines. GoLIVE was generated 

from pairs of Landsat 8 panchromatic images from 2013 to 2021 (Scambos and others, 

2016). Data were generated for GoLIVE using an image correlation algorithm that 

produces grids of ice displacement referenced to in-image rock outcrops, slow moving 

ice, and/or geo-positioning (Scambos and others, 2016). GoLIVE image pairs from four 

Landsat path/rows covering the Upernavik region were interpolated onto a common grid 

and stacked. A mosaiced product for each summer season was created by taking the 

mean of each pixel stack. Annual ITS_LIVE velocities are available at a 240 m 

resolution while GoLIVE velocities are available at a 300 m resolution. As they are 

derived using panchromatic optical imagery, which is only available during months with 

sufficient sunlight due to Upernavik’s latitude, we used these data as an estimate of 

summer velocities. Error provided by the ITS_LIVE dataset was used in our velocity 

diagrams.  
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NASA’s MEaSUREs project also offers a Greenland Ice Sheet Velocity Map for 

winter velocities using InSAR speckle tracking data (Joughin and others, 2011). This is 

available sporadically across the time period of interest with 200 m and 500 m 

resolutions (Joughin and others, 2011). Each winter velocity year available is derived 

from varying sources, including RADARSAT-1, ALOS, TerraSAR-X/TanDEM-X, and 

Sentinel-1A and Sentinel-1B (Joughin and others, 2011). The winter velocities are 

derived from the fall of one year to the early spring of the next. Error was used from the 

MEaSUREs dataset in our velocity diagrams.  

3.2.3 Evidence for Floating Ice 

In order to test our hypothesis on the relationship between ice flow and the 

changing conditions of floating ice tongues, we needed a variety of evidence to assess 

the presence of floating ice. We used a multi-dataset approach that relied on identifying 

tabular icebergs throughout the entire time period, more extensive integration of ice 

elevations and thicknesses in a hydrostatic analysis for floating ice, and ArcticDEM 

elevations to identify slope-break and horizontally-sloped floating ice at the terminus. 

Our analysis focused on the largest outlets, U1 and U2, where floating ice tongues have 

been observed during two periods in the 2000’s and the 2010’s.  

The first method we used to constrain floating ice tongues were observations of 

tabular icebergs throughout the full Landsat record. Marine-terminating glaciers in deep 

fjords can produce tabular icebergs, which are considered evidence of (near) floatation 

because full-thickness tabular bergs can only separate and remain upright from a 

terminus if the ice is sufficiently thin (Joughin and others, 2008; Amundson and others, 

2010, Kehrl and others, 2017; Melton and others, 2022). Larsen and others (2016) 
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identified tabular icebergs being produced from U3 not necessarily from floatation but 

due to its long horizontal slope and shallow bed topography. Though tabular icebergs 

were tracked by Larsen and others (2016) from 2009 to 2010 for U2 for its floating ice 

tongue, we looked for tabular icebergs and evident changes in calving behaviour and 

type throughout the entire time period and for all outlets in order to provide supporting 

evidence indicating that floating ice tongues were present. 

The second method we used to constrain floating ice tongues is the hydrostatic 

analysis for floating ice, which had shown to be a reliable method in many settings (e.g. 

Bentley and others, 2022; Wild and others, 2022). When IceBridge thickness data were 

available, we conducted a hydrostatic elevation analysis to identify floating termini. For 

this, we used a simple version of the hydrostatic equation below in Equation 1 (e.g. 

Jenkins and Doake, 1991) 

(1) 

 

where ρi is the density of ice, ρw is the density of seawater, H is the ice thickness 

(derived from radar data as described in the next paragraph), and Zs is the hydrostatic 

elevation. As the terminus of Upernavik’s outlets lie in the ablation zone, we assumed 

the entire thickness is solid glacial ice. We assumed ρi to be 917 kg m-3, and the ρw to 

be 1026 kg m-3. Comparison between Zs and the actual surface elevation indicated if 

the ice at the terminus of each outlet was at or near floatation. We used this equation to 

determine if and when the glacier had a floating ice tongue. 
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We constructed a record of ice thicknesses from 2010 to 2017 for each outlet 

using a mixture of data products from NASA’s Operation IceBridge’s Multichannel 

Coherent Radar Depth Sounder (MCoRDS). The MCoRDS L2 Ice Thickness Version 2 

dataset contains pre-processed data in roughly flow-parallel IceBridge flightlines along 

Upernavik, but temporal and spatial coverage of all outlets was limited due to minimal 

flightlines (Paden and others, 2010). The year 2013 is the only year that covered all 

outlets. The MCoRDS L1B Geolocated Radar Echo Strength Profiles Version 1 dataset 

was used to fill in gaps (Paden and others, 2014). We used the L1B and L2 data to take 

our own echogram data picks when the MCoRDS dataset could not complete ice 

thicknesses, particularly near the terminus, by manually selecting the strongest reflector 

representing the ice bottom. We obtained hydrostatic thickness results for U0 in 2011 

and 2013. U1 had five seeable IceBridge flightlines available in 2010, 2011, 2012, 2013, 

2014. Two IceBridge flightlines with good coverage were available for U2, in 2013 and 

2017. We were able to obtain hydrostatic data for six flightlines available for U3 in 2010, 

2011, 2012, 2013, 2015, and 2017. U4 only had one IceBridge flightline available, in 

2013.  

         The third method we used to constrain the presence and absence of floating ice 

tongues was a detailed elevation analysis using ArcticDEM. Though there are multiple 

sources of ice surface elevations for Upernavik, the most recent edition of ArcticDEM 

provided detailed elevation data for each outlet over the recent years (Porter, Claire, 

and others, 2022). ArcticDEM is constructed from in-track and cross-track ~0.5 m 

resolution imagery from the Maxar constellation of optical imaging satellites (Porter and 

others, 2018). It is mainly generated from panchromatic bands from WorldView-1, 
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WorldView-2, and WorldView-3, with some data generated from the GeoEye-1 satellite 

sensor (Porter, Claire, and others, 2022). ArcticDEM includes 2 m resolution strips from 

2010 to 2021 (Porter, Claire, and others, 2022). We measured error by using rock 

outcrop elevation points near the glacier termini from the ArcticDEM high resolution 

mosaic and calculating the mean squared difference from all the overlying elevation 

strips. Adding a high-resolution dataset like ArcticDEM to our analysis greatly improved 

our understanding of vertical change at Upernavik. Slope break near the terminus of 

glaciers has been used as evidence of the grounding line, where ice past that point is 

likely floating (Bindschadler and others, 2011; Enderlin and Howat, 2013; Li and others, 

2022). We used ArcticDEM to analyze slope change and also used the elevations to 

investigate thinning rates for each outlet. Thinning rates from ArcticDEM were 

calculated from year to year and also from 2011 to 2021 to compare between glaciers 

as U1 and U0 have very sparse and incomplete 2010 data. This helped us put together 

patterns of thinning and retreat for each outlet and how this tied into outlets with floating 

ice tongues.  

3.2.4 Numerical Flowline Model 

For our final analysis, we used a two-dimensional ice-flow model to help us 

understand how the presence of floating ice tongues, bed properties, and stress forces 

relate to ice flow. We chose to examine the two largest outlets, which both experienced 

changes in ice-tongue presence and had varying trends in acceleration. We ran 

diagnostic simulations in multiple years for both U1 and U2 to assess the role of the 

tongue and the other factors in ice flow, including basal drag and sidewall drag. We first 

established reasonable parameters for basal drag using an inverse model on the 
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earliest elevation and hydrostatic dataset available for each U1 and U2, and then asked 

whether those same parameters can reproduce the observed velocities along our 75 km 

flowlines in later years. Through this comparison, and through a series of experiments 

altering the basal drag and sidewall drag coefficients, we were able to infer some of the 

important controls on Upernavik’s dynamics.   

We ran our model using the open-source, finite-element model Icepack (Shapero 

and others, 2021). Icepack has a lower barrier to entry than many other open-source 

ice-flow models while still allowing the user to solve a higher-order approximation to ice 

flow (Blatter, 1995; Pattyn, 2003). It runs on the finite-element library Firedrake using a 

language embedded into Python, which abstracts much of the numerics and reduces 

the input to specifying the weak form of the equation to be solved (Shapero and others, 

2021). We used Icepack’s hybrid flow solver (i.e. the Blatter-Pattyn higher order 

equations), which allows for both shear and plug flow modes, characteristic of marine-

terminating glaciers (Shapero and others, 2021). The model uses terrain-following 

coordinates with one vertical layer; despite this low resolution, the model is still able to 

resolve realistic vertical variations in velocity by using fourth-order Gauss-Legendre trial 

and test functions in the vertical.  

 We ran simulations on flowlines for U1 and U2, derived from ITS_LIVE mosaics 

averaged from 2000 to 2018. We extracted ArcticDEM surface elevations for the years 

of interest for our model runs and BedMachine Greenland bed topography along the 

flowline (Morlighem and others, 2021; Porter, Claire, and others, 2022). The ice 

thickness was calculated by subtracting the bed from the elevation. For years with 

floatation, we determined where the likely ice bottom was compared to the bedrock by 
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using a reverse hydrostatic calculation. We used the hydrostatic ice bottom rather than 

the bed elevation for the thickness calculation whenever the ice bottom was shallower 

than the bed. This was mostly applicable for U2 in 2013, when the ice tongue was 

significantly thinner near its collapse.  

We sourced temperature data to be incorporated in the model to determine the 

fluidity rate factor A in Glen’s flow law, which is a function of temperature and melt 

fraction (Shapero and others, 2021). Annual mean surface temperature was obtained 

from HIRHAM from 1980 to 2014 (Langen and others, 2015). We assumed the 

reanalysis value at the surface varied linearly to the pressure melting temperature at the 

bed in order to estimate the basal temperature. We solved for the pressure melting 

temperature through Equation 2 by Aschwanden (2010): 

(2) 

 

where triple point temperature and pressure, Tm and ptp were 273.16 K and 611.73 kPa. 

The Clausius-Clapeyron constant, γp, we used for pure ice was 7.42⦁10-5 K kPa-1. The 

density of ice, ρ, at Upernavik is 917 kg m-3 and H is our calculated ice thickness.  

We required a basal boundary condition, an inflow condition, and an outflow 

condition. At the inflow, we fixed the horizontal velocity to match the surface velocity for 

all depths. At the outflow, we applied hydrostatic back-pressure on the calving front, 

which is zero above sea level and linearly increases below it (Shapero and others, 

2021). For the basal boundary condition, we inferred the basal drag using a three- 

dimensional model also implemented in Icepack using the Blatter-Pattyn equations 
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using standard glaciological inverse methods (e.g. MacAyeal and others, 1993). This 

inversion covered the entire Upernavik catchment with 300 m horizontal resolution. The 

model was solved on a single vertical layer with second-order Gauss-Legendre trial and 

test functions. The surface and bed were extracted from Bedmachine (Morlighem and 

others, 2021). The inversion sought to minimize the RMS misfit between the modeled 

velocity and the MEAsUREs multiyear velocity product (Joughin and others, 2018). The 

optimization was done using the Rapid Optimization Library (Ridzal and others, 2017), a 

part of the Trilinos library. The inversion used Tikhonov regularization, with strength 

determined using an L-curve analysis (Calvetti and others, 2000). The inversion results 

were extracted along our flowlines and included in the model parameters. It was 

necessary to use this nested model approach (boundary condition for the 2d model 

extracted from a 3d one) due to limitations in the available data; imperfect coverage of 

the elevation and velocity products prevented simulating all outlets in all years. The 

basal drag coefficient (Cbase) was used in the initialization and following model runs.  

Our initialization model runs (2011 for U1 and 2013 for U2) were used to 

establish a working model for both outlets with our inversion products and measured 

flowline data. These data alone did not output an accurate velocity, which we attributed 

to the lack of sidewall drag. These outlets flow through confined fjords, where sidewall 

drag may be a significant component of the force balance (Gagliardini and others, 

2010). To account for this effect, we performed inversions along each flowline to infer 

the drag needed to reproduce the observed velocities. We conducted the sidewall drag 

inversion only along our flowlines for the initial model years: 2011 for U1 and 2013 for 

U2 following Icepack’s friction definitions (Shapero and others, 2021). The sidewall drag 
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inversion used the domain, physics, and boundary conditions described above, but 

added an additional friction term in Equation 3. 

(3) 

𝜏𝑠 =  −
𝑚

𝑚 + 1
𝐻𝐶𝑠𝑖𝑑𝑒‖𝑢‖1/𝑚−1𝑢 

where 𝛕s is deviatoric stress, m is the friction exponent (taken to be 3), Cside is the 

sidewall drag coefficient which is the square of our inversion output, and u is the 

modelled velocity. This term mimics nonlinear Weertman sliding. The inversion 

procedure sought to optimize Cside to minimize the misfit between the modeled and 

observed velocities. Essentially, our model output for the U1 2011 and U2 2013 runs 

was our sidewall drag inversion velocity output. The initialization was successful for both 

outlets.  

 We solved the model diagnostically and our model output produced an estimate 

of the surface velocity to compare to the measured velocity data along the flowline for 

each model run. The following model runs based on the best available data and the 

most interesting changes are as follows: 

● U1 2011: with no evidence of floatation 

● U1 2014: with evidence of re-floatation 

● U2 2013: with evidence of floating ice tongue 

● U2 2015: with no evidence of floatation; retreat 

● U2 2018: with evidence of re-floatation; thinning 

We also tested the response of the model to a dynamic geometry as the model 

dimensions adjusted to the retreat of U2 between 2013 and 2015. We explored the 
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surface velocity sensitivity in each model simulation to varying basal and sidewall drag 

coefficients as well as retreat, thinning, and bed topography. 

3.3 RESULTS 

 The majority of our data and results were extracted along our outlet flowlines 

(Figure 3.1) to estimate bed topography and near-terminus bathymetry, elevation, and 

ice flow. We used ~30 km long flowlines for the three central and long trunks, U1, U2, 

and U3, and ~15 km for the smaller U0 and U4. The flowlines were generated using 

stacked ITS_LIVE mosaics from 2000 to 2018 (Gardner and others, 2019). We first 

present our ice-flow results followed by observations at the glacier termini, our floating 

ice tongue evidence along with bed topography and thinning, subglacial drainage 

evidence, and our model results.  
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Figure 3.1: Upernavik Outlets and Flowlines. Upernavik outlet flowlines obtained from 
averaged ITS_LIVE (Gardner and others, 2019) velocities from 2000 to 2018, positioned over 
top a Landsat 8 image from September 2, 2021, courtesy of the U.S. Geological Survey. 
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3.3.1 Terminus Position and Retreat 

 

Figure 3.2: Upernavik Terminus Positions. The change in terminus position for Upernavik’s 

outlets from 2000 to 2019 using data from PROMICE (Andersen and others, 2019) and our own 

2020 and 2021 polylines over a Landsat 7 image from August 1, 2021, courtesy of the U.S. 

Geological Survey. 

The data showed large terminus retreat for U0, U1, and U2 over 2 km throughout 

the time period. Figure 3.2 shows the change in ice front positions at each outlet. U0 

and U1 shared a terminus until 2007 when they separated into two narrower troughs 

during the extensive retreat of U1. The retreat at U1 was approximately 5.5 km from 
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2000 to 2008, with most of the retreat occurring from 2006 to 2008. U1 then reached a 

relatively stable calving front with fluctuations seen within 1 km up to 2021. U0 retreated 

by about 2.5 km as it separated during this same period and then retreated an 

additional 1 km until reaching its stable calving front in 2011. This was a significant 

amount of retreat for this smaller outlet. U2 experienced its first significant retreat later, 

retreating 1 km from 2009 to 2010, then remained relatively stable until it retreated by 

approximately 2 km from 2013 to 2015 before reaching a stable calving line again 

through 2019. The outlet has been gradually retreating into a wider section of the 

trough. Both 2020 and 2021 showed further retreat. U4 and U3 experienced less retreat 

than the northern outlets. U3 experienced the smallest retreat, mostly with its center 

extension fluctuating in the same 1.5 km throughout the time period, where most calving 

occurred. The retreat at U4 measured 1.5 km from 2000 to 2008, with most of its fast 

retreat of 0.7 km measured between 2006 and 2008, similar to U1. From 2000 to 2021, 

U4 retreated a total of ~2 km, which was significant for its size in comparison to U1 and 

U2.  
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3.3.2 Velocities 

 

Figure 3.3: Upernavik Flowline Summer Velocities. (a-e) Hovmöller summer velocity 

diagrams from 2000 to 2021 for U0-U4, respectively. Velocity scales vary between outlets. All 

velocity data from 2000 to 2018 are from ITS_LIVE velocity mosaics and from 2019 to 2021 

the data are from stacked GoLIVE velocity geotiffs (Gardner and others, 2019; Scambos and 

others, 2016).  
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We used Hovmöller velocity diagrams (Figure 3.3) to track full flowline velocity 

changes as well as terminus retreat. Figure 3.3.a shows that following the first period of 

retreat, the terminus of U0 accelerated between 2007 and 2010. Ice-flow acceleration 

during this time also propagated upstream in the flowline. U0 retreated immediately 

after this acceleration and the velocities slowed down. At U1, acceleration started in 

2006, just preceding a rapid retreat (Figure 3.3.b). High velocities were maintained 

throughout the remainder of the record, with slight deceleration following 2010, while the 

terminus remained in a relatively consistent position. Figure 3.3.c shows three periods 

of retreat that occurred at U2. Initial retreat occurred between 2008 and 2011 and was 

immediately followed by acceleration. The second period of retreat from 2013 to 2015 

occurred while the glacier was accelerating and was immediately followed by further 

acceleration through 2018. Deceleration occurred in 2019 at the time of a third period of 

retreat. Following 2019, ice-flow has been increasing again. The terminus of U3 

remained in a relatively consistent position throughout the record, with multi-annual 

fluctuations. Ice-flow at the terminus was higher in the 2000’s than in the 2010’s and 

many short periods of acceleration and deceleration occurred (Figure 3.3.d). The 

highest acceleration at U4 occurred at the beginning of the record between 2000 and 

2001 (Figure 3.3.e). Immediately following this, the glacier decelerated while the 

terminus steadily retreated. A brief period of advance in 2007 before retreat to 2008 

coincides with a short period of acceleration from 2007 to 2008.  

 Figure 3.4 shows the specific timing and magnitude of significant changes in 

summer and winter velocities. We selected four points along each glacier flowline for 

analysis: a point near the terminus (accounting for terminus retreat), and points in the 
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lower (LM), middle (UM), and upper thirds of the flowline. ITS_LIVE data represent 

summer velocities and MEaSUREs data represent winter velocities (Joughin and 

others, 2011; Gardner and others, 2019, Gardner and others, 2022). We included 

evidence of floatation (discussed in section 3.3.4) in the plots of U1, U2, and U3. 

 

Figure 3.4: Upernavik Seasonal Velocities. (a-e) Seasonal velocity from 2000 to 2021 for 

U0-U4, with evidence of floatation provided for U1, U2, and U3. The four points along each 

glacier were selected by identifying the terminus and end flowline point (upper-glacier) and 

selecting the lower-middle (LM) and upper-middle (UM) points evenly spaced in between. S 

and W indicate summer velocities derived from ITS_LIVE data and winter velocities derived 
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from MEaSUREs data (Joughin and others, 2011; Gardner and others, 2019). Concrete 

evidence for floatation is determined by available hydrostatic data, calving behaviour, and 

previous studies. Likely floatation is evidenced by elevation profiles. No floatation is evidenced 

by elevation profiles, calving behaviour, and/or when hydrostatic data shows no floatation.  

The terminus and lower reaches of U0 both accelerated after 2005, leading to 

two distinct terminus summer velocity peaks in 2008 of 1248 m year-1 and 2011 of 1276 

m year-1 (Figure 3.4.a). Following 2011, velocities declined until 2021 to 478 m year-1. 

U0 experienced seasonal changes from the lower glacier to the terminus such as 2000-

01, when winter terminus velocities were lower in 2000-01 by 105 m year-1 compared to 

terminus velocities in the summer of 2000. Once acceleration began after 2005, winter 

velocities were significantly higher than summer velocities in both the lower glacier and 

terminus. During acceleration, the winter terminus velocities were higher with a peak to 

1337 m year-1 in 2006-2007 and 1512 m year-1 in 2009-2010. Seasonal variation 

lessened towards a final summer terminus velocity in 2021 of 478 m year-1.  

Though there are less data available for U1 in the early 2000’s, terminus 

velocities declined until 2003, as seen in Figure 3.4.b. The terminus and lower reaches 

of U1 showed a pattern with two distinct velocity peaks: one in 2008 reaching 6240 m 

year-1 at the terminus, and one in 2011 reaching 6649 m year-1. This pattern was seen 

to some extent at the middle glacier point, but did not propagate upstream to the upper 

glacier. From 2013 onwards, there was evidence of deceleration aside from a short 

summer increase at the terminus in 2015. Seasonal fluctuation patterns towards the 

terminus of the glacier were evident during specific times. During acceleration between 

2003 and 2013, there was a high 2006-07 winter velocity peak of 6689 m year-1, 2124 m 

year-1 higher than the summer terminus velocity in 2006. Since 2013 when the glacier 



 67 

was likely floating again, winter terminus velocities were significantly lower than the 

summer terminus velocities, such as 2015-16 when the winter terminus velocity was 

1060 m year-1 lower than the summer terminus velocity in 2015.  

From 2000 to 2008, Figure 3.4.c shows summer terminus velocities at U2 have 

been relatively steady within 130 m year to year. Acceleration occurred between 2008 

and 2011 in the terminus and lower-glacier, leading to a summer terminus velocity peak 

in 2011 of 3856 m year-1. After a slight decline following 2011 and during the time of the 

loss of its floating ice tongue, U2 summer terminus velocities continued to increase from 

3939 m year-1 in 2013 to 4158 m year-1 in 2015. The terminus increased past 2015 to a 

summer velocity peak in 2016 of 4284 m year-1. When U2 was at floatation again in 

2017, we measured the start of rapid decline of the lower and terminus glacier velocities 

to a summer terminus velocity low in 2019 of 3581 m year-1. Since this time, velocities 

have rapidly increased again, with the last measured summer terminus velocity in 2021 

at 4063 m year-1, almost as high as the peak in 2016. Velocities in the upper glacier 

points have also steadily risen over time. Seasonal differences were not as high as U0 

and U1 over the entire record, however, between 2008 and 2011, the winter terminus 

velocities were up to 671 m year-1 higher.  

While U3 has been steadily declining in terminus and lower-glacier velocities 

over the last two decades. There has been a variety of inter-annual fluctuations with 2-

to-6-year increases followed by short and sharp 1–2-year decreases (Figure 3.4.d). For 

example, between 2005 and 2011, summer terminus velocities increased by 286 m 

year-1 while velocities between 2011 and 2012 decreased by 370 m year-1. When 

floatation was seen at U3 in 2017, velocities were at the peak during an increasing 
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period before a major decline to 2020 was measured. The summer terminus velocity in 

2000 was 3051 m year-1 while the summer terminus velocity in 2021 was 2207 m year-1. 

Seasonal variation was relatively minimal, though winter terminus velocities tended to 

be higher than summer terminus velocities during increasing periods, opposite of the 

lower glacier.  

Figure 3.4.e shows U4 terminus velocities have significantly slowed down over 

the record. Summer terminus velocities peaked in 2001 at 1111 m year-1 to the lowest 

velocity measured in 2020 at 306 m year-1. However, the summer terminus velocity 

reached a peak in 2008 of 923 m year-1 from 763 m year-1 in 2006. Lower glacier 

velocities also increased to a peak in 2008. Sharp decline followed, with the summer 

terminus velocity in 2010 measuring at 601 m year-1. From 2008 onwards, winter 

velocities at the terminus were higher than summer velocities. The winter terminus 

velocity in 2008-09 peaked higher than the 2008 summer terminus velocity at 971 m 

year-1. Between 2014 and 2018, winter terminus velocities were higher by a difference 

of up to 105 m year-1 between 2016 and 2016-17. Upper glacier velocities have 

remained stable with little seasonal variation. 
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Figure 3.5: Terminus Velocity Comparison at Upernavik. A comparative seasonal 

terminus velocity plot of U0 to U4 showing ITS_LIVE summer (S) and MEaSUREs winter (W) 

ice velocities from 2000 to 2021 (Gardner and others, 2019; Joughin and others, 2011).  

All five outlets showed important consistencies in terms of periods of 

acceleration, yet there were distinct periods of diverging behaviour. A comparison of 

seasonal velocities at the terminus points for each glacier is presented in Figure 3.5. U0 

and U1 showed similar velocity patterns in the 2000s, with decreasing trends in the 

early 2000s followed by acceleration until 2008. There were two distinct summer peaks 

in velocities in 2008 and 2011 for both outlets. Winter velocity peaks occurred earlier in 

2006-07 for U0 and U1, along with a later winter peak in 2009-10 for U0. U0, U1, U2, 

and U3 all had significantly higher winter velocities in 2006-07 compared to 2006. 

Velocities at these two outlets continued to decline after 2011. All five outlets had a 

velocity peak in 2008, though U2 reached this velocity high in 2007 and had a similar 

high velocity in 2008. U2, U3, and U4 all had higher measured winter velocities over the 

time period, while U0 and U1 experienced more fluctuating seasonal velocities and 
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recently much lower winter velocities than summer velocities at U1. U0, U1, and U2 all 

had summer velocity peaks in 2011, though U2 continued to increase to a peak in 2016, 

similar to one increasing period for U3 from 2015 to 2017. However, while U2 and U3 

matched in terminus velocities in the early 2000’s, U3 overall continued to decline after 

2008. U2 is the only outlet to continue increasing most of the time through the 2010’s. 

Recently, U2 was also the only outlet to undergo acceleration. While all outlets 

experienced simultaneous periods of acceleration, the majority of trends varied greatly 

between outlets.  

3.3.3 Calving Behaviour 

Significant transitions in calving behaviour from tabular to non-tabular calving 

were seen for U1 and U2. U1 produced large tabular icebergs, typically from 0.5 to 2.5 

km long, until the end of summer in 2007 when Khan and others (2013) and Larsen and 

others (2016) estimated its floating extension fully broke up. U1 then transitioned to 

primarily non-tabular calving. U2 also produced large tabular icebergs, around the same 

length as U1, from 2000 to the end of summer in 2014 (Appendix B: Figure 5.4) and 

then transitioned to infrequent non-tabular calving. U3 produced tabular icebergs 

throughout the entire time period from 2000 to 2021, suggesting that it has been near or 

at floatation for the last two decades (Appendix B: Figure 5.4). U0 and U4 did not 

produce any tabular icebergs and experienced minimal calving.  
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3.3.4 Hydrostatic Analysis 

 

Figure 3.6: Upernavik Hydrostatic Profiles. (a) U1 hydrostatic elevation compared to the 
actual elevation in 20130418. (b) U1 hydrostatic elevation compared to the actual elevation in 
20140426. (c) U2 hydrostatic elevation compared to the actual elevation in 20130418. (d) U2 
hydrostatic elevation compared to the actual elevation in 20170410. (e) U3 hydrostatic 
elevation compared to the actual elevation in 20170410. The hydrostatic elevation, calculated 
using the hydrostatic equilibrium equation with MCoRDS data (Paden and others, 2010, 
Paden and others, 2014). 

Figure 3.6 displays the five flightlines that showed evidence of floatation along 

some portion near the terminus, where the hydrostatic surface height calculated based 
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on ice thickness matches the observed surface height. Though hydrostatic elevation 

lines in 2010, 2011, and 2012 did not show floatation (Appendix A: Figure 5.3-5.5), U1 

reached floatation in our profiles in both 2013 and 2014 (Figure 3.6.a, 3.6.b). There 

were higher terminus elevations past the slope-break towards the ocean in 2013 

compared to the more horizontal slope in 2014, suggesting that the terminus may have 

been partially floating and partially pinned to the bed. Our hydrostatic results for U2 

showed floatation in both 2013 and 2017 (Figure 3.6.c, 3.6.d). In 2013, there was a long 

floating extension of the terminus below 100 m in elevation that was mostly at 

hydrostatic elevation or very close. This disappeared by 2017 and the new slope-break 

is thinned to hydrostatic elevation. U3 was not at the hydrostatic elevation in any profiles 

(Appendix A: Figure 5.6-5.9) until the last observation in 2017, when the terminus was 

near or at floatation (Figure 3.6.e). U0 and U4 did not have evidence of floatation in any 

available year (Appendix A: Figure 5.1, 5.2, 5.10). 
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3.3.5 Elevation and Bed Topography 

 

Figure 3.7: Upernavik Bed and Ice Elevation Profiles. (a) U0 bed and ice elevation profile 
from 2011 to 2021. (b) U1 bed and ice elevation profile from 2010 to 2021. (c) U1 terminus 
close up of the bed and ice elevation profile from 2010 to 2021. (d) U2 bed and ice elevation 
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profile from 2010 to 2021. (e) U2 terminus close up of the bed and ice elevation profile from 
2010 to 2021. (f) U3 bed and ice elevation profile from 2011 to 2021. (g) U4 bed and ice 
elevation profile from 2011 to 2021. Data are obtained from BedMachine and ArcticDEM from 
2011 to 2021 (Porter, Claire, and others, 2022). Error was calculated for ArcticDEM and upper 
and lower bounds are included in this plot.  

Figure 3.7.a shows a likely pinned terminus of U0 residing in a shallow bed of 

150 m, but it is evident that when U0 extended further into the fjord in the 2000’s 

attached to U1, its bed was deeper up to 367 m. Further inland, the bed elevation is 

deeper again and the entire flowline is below sea level. U0 had a measured thinning 

rate from 2011 to 2021 of 5.43 m year-1. The maximum thinning along the flowline was 

54.27 m at the terminus at 0.4 km of the 9.4 km glacier section used to calculate the 

loss. Most thinning occurred between 2011 and 2013 in our elevation record.  

The U1 entire bed is below sea-level and the bed is relatively deep with most of 

its bed depth around 500 m (Figure 3.7.b). The current bed depth of the U1 terminus is 

576 m, but it has yet to retreat into the deepest part of the flowline upstream, which 

reaches a bed depth of 676 m. U1’s surface elevation sloped downwards steadily 

towards the coast before reaching a break in slope that is present throughout the record 

(Figure 3.7.c), and likely indicated the persistent presence of a floating ice tongue, with 

the exception of the period between 2008 and 2012 when the terminus was likely 

grounded and pinned. U1 thinned steadily throughout the observational period, with a 

thinning rate from 2011 to 2021 of 3.03 m year-1. The maximum thinning along the 

flowline was 46.23 m in the lower-middle glacier at 4.2 km of the 23 km glacier section. 

The terminus of U2 has a shallower bed depth of 455 m (Figure 3.7.d). However, 

in the past, U2 did reside in a deeper bed of up to 645 m. Past this shallow topography 

further inland, the bed reached depths of 621 m and the entire flowline has bed depths 
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below sea-level. The glacier also has a steep sloping bed and ice elevation in the upper 

glacier region. Figure 3.7.e shows the floating section of U2 until it thins and fully 

disintegrates after 2014. In years since then, the higher elevation terminus than the 

previous floating ice tongue continued to thin drastically again and we observed it 

eventually reach a horizontal slope with a well-defined slope-break from 2017 onwards. 

U2 had a thinning rate from 2011 to 2021 of 5.99 m year-1. The maximum thinning was 

103.16 m in the lower glacier at 4.6 km of the 27.2 km glacier section. High thinning 

occurred between 2013 and 2018. 

A steep underwater cliff in the fjord is located in front of the U3 terminus, where 

the glacier has a bed depth of 302 m (Figure 3.7.f). The entire flowline is below sea-

level. The shape of the terminus changed over time but has mostly been gradually 

sloping. U3 experienced almost no thinning, with accumulation seen in recent years. 

The maximum thinning was 7.61 m in the lower-glacier at 11.8 km of the 32.2 km glacier 

section.  

The grounded terminus bed depth of U4 is 212 m and only about half of the 

flowline has a bed below sea level (Figure 3.7.g). A shallow sill was measured in front of 

the terminus with depths closer to 100 m. This outlet has thin ice thicknesses compared 

to the northern four outlets but high thinning. U4 had a measured thinning rate from 

2011 to 2021 of 2.62 m year-1. The maximum thinning was 44.46 m at the terminus at 

0.6 km of the 13.4 km glacier section (including the first upper 3.2 km of missing data).  
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3.3.6 Evidence of Plume Polynyas 

Distinct plumes were visible at the terminus of U0 through U3 in many years 

between June and August. We were limited by the lack of mélange at the terminus of 

U4 to identify plume polynyas. U0 through U3 all appear to have sporadic subglacial 

hydrologic outflow patterns, with no clear patterns in plume-polynya appearance other 

than clustering around the mid to late 2000’s and the mid 2010’s.  

The most plume polynyas were seen at U0, with a total count of appearances in 

Landsat imagery of 33 across our entire record, most appearing at the terminus centre. 

Very few plume polynyas were observed at U1; only four with one in 2002, one in 2014, 

and two in 2016 (likely the same plume) in the middle to south area of the terminus. 11 

plume polynyas were observed across the glacier front for U2 from 2005 to 2016 in 

clusters (Appendix B: Figure 5.4), one being a large outburst. The second-most spotted 

plume polynyas were at U3, with 21 observed from 2000 to 2021 but most seen from 

2014 to 2021, specifically in the north (Appendix B: Figure 5.4). Ten plume polynyas 

and muddy water outflows were observed at U4, most occurring in recent years since 

2014.  

U0 and U2 both experienced large subglacial drainage events, including a 

shared significant drainage event in the same two-week duration in late June and early 

July of 2010 (Appendix B: Figure 5.1-5.3). Large outbursts were seen as larger-than-

average plume polynyas, often spanning across the terminus (Appendix B: Figure 5.1, 

5.2). However, U0 experienced multiple other drainage events spanning from 2009 to 

2016. We did not find U0 to have any large supraglacial lakes upstream, only one or two 

small lakes that may have drained. On the other hand, U2, which has the largest 
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upstream lakes (~3 km in length) for this ice stream, which drained during the 2010 

event (Appendix B: Figure 5.3). 

3.3.7 Ice Flow Model 

 

Figure 3.8: U1 model inputs and ice-flow speeds. (a) U1 measured and modelled velocity 

using the same drag inputs (Cbase, Cside) over time. (b) U1 measured and modelled velocity in 

2011 and 2014 using modified basal drag coefficient, along with ice surface elevation and bed 

depth. (c) U1 basal temperature in 2011 and 2014. (d) U1 basal drag inversion output (Cbase) 

in 2011 and manipulated drag in 2014. (e) U1 sidewall drag inversion output (Cside) used in 

both model runs. The flowline at 0 m is the measured upper-glacier and as the flowline 

approaches 75000 m, this is the terminus section of the glacier. 
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Using the inferred basal and sidewall drag, modelled velocities closely matched 

observations at initialization (2011 for U1 and 2013 for U2). U1 velocities in 2011 

increased towards the terminus, but slowed at a point near the terminus where the 

outlet interacts with a shallow ridge in the bed. From the basal drag coefficient result in 

2011, low friction was observed over this bed peak and high friction at the terminus. The 

sidewall drag inversion likely corrected for this at the terminus. Our sidewall drag 

inversion for U2 in 2013 corrected for zero basal drag near the terminus to output an 

accurate velocity.  

For the following model year at U1, when the measured velocity is lower, we 

investigated if changes in driving stress alone (based on a new surface elevation), 

combined with non-changing basal and sidewall drag coefficients, could explain the ice-

flow output in 2014. The resulting ice-flow output matched the higher velocity from the 

initial 2011 model run more than the measured velocity in 2014. Little thinning and 

retreat occurred over the 3-year span, indicating the driving stress as a result of 

changing ice thickness cannot explain the lower measured velocity in 2014. It is 

therefore likely that a change in either sidewall drag, basal slipperiness, or both is 

responsible for the observed velocity decrease. To address the lack of resistance on the 

ice-flow in our 2014 run, we first assessed the ice-flow sensitivity to changes in the 

sidewall drag coefficient (Appendix C: Figure 5.1). The sidewall drag would have to 

increase significantly over the 3-year timespan, with little thinning and retreat, in order to 

decrease the output ice-flow velocity. Therefore, we investigated the surface velocity 

sensitivity to the basal drag coefficient by experimenting with the replacement of 

slipperiness highs and lows with constant values. The surface velocity responded more 
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sensitively to changes in slipperiness than sidewall drag, and changes in the basal drag 

coefficient beneath small areas affected the ice-flow upstream. In 2014, modifying the 

basal drag coefficient in the lower-glacier and terminus was required to decrease the 

terminus velocities. This included eliminating zero-friction before the terminus and 

greatly reducing the terminus friction.  

 

Figure 3.9: U2 model inputs and ice-flow speeds. (a) U2 measured and modelled velocity 

using the same drag coefficient inputs (Cbase, Cside) over time. (b) U2 measured and modelled 

velocity in 2013, 2015, and 2018 using modified drag coefficient inputs, along with ice surface 
elevation and bed depth. (c) U2 basal temperature in 2013, 2015, and 2018. (d) U2 basal 

drag inversion output (Cbase) in 2013 and the manipulated drag coefficient in 2015 and 2018. 

(e) U2 sidewall drag inversion output (Cside) in 2013 which was also used in 2015, and the 
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manipulated drag coefficient in 2018. The flowline at 0 m is the measured upper-glacier and as 

the flowline approaches 75000 m, this is the terminus section of the glacier. 

 U2 experienced more complex changes over time than U1, with terminus retreat 

from the loss of its floating ice tongue between 2013 and 2015, and then high thinning 

rates between 2015 and 2018. Following model initialization, we examined if the same 

basal drag coefficient and the 2013 sidewall drag output would yield accurate velocities 

in 2015 and 2018. Output terminus velocities increased almost 4000 m year-1 from 

observed velocities in 2015 (Figure 3.9.a). In 2018, the ice-flow output was more 

accurate, with smaller deviations at the ice-front. Reduced driving stress as a result of 

thinning likely caused some slowdown by 2018, but did not completely explain the 

terminus velocity. For both 2015 and 2018, we investigated if adjusting the sidewall drag 

coefficient would give more accurate velocities (Appendix C: Figure 5.2, 5.3). For 2015, 

similar to U1, the sidewall drag coefficient had to increase by an unrealistic amount at 

the terminus over the 2-year period with little thinning (Appendix C: Figure 5.2). 

However, we noticed a weakened sidewall drag coefficient was required near the 

terminus in 2018 where thinning occurred (Figure 3.9.e). We then manipulated the basal 

drag coefficient using the same method as U1 and found the basal drag coefficient 

realistically explained ice-flow in 2015. We also observed the same upstream ice-flow 

response to basal drag coefficient adjustments as U1. We required higher friction at the 

terminus, which is more consistent with the basal drag coefficient profile for U1 in 2011. 

A similar basal drag coefficient profile was also necessary for 2018, but it required a 

zero-friction area near the terminus and lower basal drag at the terminus. However, 

similar to what we noticed in the sidewall drag investigation, the basal drag coefficient 
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alone did not correct the strong downturn in velocity before the terminus and thus, a 

weakened sidewall drag coefficient to zero was also required.  

3.4 DISCUSSION 

3.4.1 Floating Ice Tongue Evidence and Methods 

 Our methods for identifying floating ice tongue presence yielded mostly 

consistent results, and we had most confidence in floating ice tongue presence when 

multiple methods coincided. We found U1 to be floating from 2000 to 2007 and from 

2013 onwards while U2 was floating from 2000 to 2014 and reached floatation again in 

2017. Tabular icebergs appeared when both U1 and U2 were floating, which is 

consistent with iceberg records by Melton and others (2022) and Amundson and others 

(2010) when Helheim Glacier and Jakobshavn Isbræ were floating. Both hydrostatic 

elevation and ice-surface slope supported the tabular iceberg observations, indicating 

floating ice-tongue presence. When floatation occurred again for U1 and U2, tabular 

icebergs were not produced, yet hydrostatic elevation, a well defined slope-break, and 

thinning to a horizontal slope strongly indicated the presence of a floating ice tongue. 

U3 produced tabular icebergs throughout the record while not floating, including during 

2017 when a short-lived floating ice tongue was evidenced by hydrostatic elevation and 

slope. This may indicate that tabular icebergs alone are not a reliable proxy for 

floatation.  

 Floating ice tongues may also have an impact on the channelization of subglacial 

outflow and the formation of plume polynyas (Melton and others, 2022). While Melton 

and others (2022) suggested observations of plume polynyas as a proxy for the floating 
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state of Helheim Glacier, we found contrasting observations at Upernavik. Out of 

available images, we observed plume polynyas both when there were and were not 

floating ice tongues for U1 and U2. These contrasting observations may be related to 

differing degrees of floatation at Helheim and Upernavik, contrasts in ice-tongue length, 

and/or differences in the strength of subglacial channelization. The variability in our 

results and contrasts with related literature highlight the importance of using a variety of 

evidence when investigating the floatation of marine-terminating glaciers, with the 

hydrostatic elevation and slope being the most reliable methods used in this study. 

When considering the floatation of glaciers, we suggest that assessing bed topography 

and bed depth is equally important. Tabular iceberg calving and plume-polynya 

presence may serve as secondary evidence, as the geometric characteristics of the 

grounding zone may dictate different types of calving and meltwater channelization. 

While our observational results provided new insights into floatation and thinning 

for Upernavik’s outlets, we were limited by available ice thickness data. The rapidly 

changing thicknesses and floatation conditions at the terminus of U1 and U2 are best 

constrained by ground-penetrating radar, highlighting the need for regular future 

collection of radar flightlines.  

3.4.2 Causes of Complex Ice-Flow Changes at Upernavik’s Outlets 

3.4.2.1 Impacts of Floating Ice Tongue Changes on Ice-Flow 

 Changes in velocity did not correlate with changes in floating ice tongues at U1 

and U2, contradicting the hypothesis that the changing floating conditions were 

responsible for changing ice flow. The loss of resistive buttressing as a result of the 
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disintegration of floating ice tongues or large calving events has been shown to be a 

driver of acceleration for many marine-terminating glaciers across Greenland (Joughin 

and others, 2004; Thomas, 2004; Howat and others, 2005, 2008). Larsen and others 

(2016) suggested the acceleration of U1 between 2008-09 was the result of the break-

up of its floating ice tongue. Instead, we found the disintegration of the U1 and U2 

floating ice tongues occurred after a sustained period of acceleration, including leading 

up to the partial retreat of the U2 floating ice tongue from 2009-10. We also measured 

deceleration for U1 following the disintegration of its floating ice tongue. This may 

indicate that the thinning and disintegration of both floating ice tongues was a response 

to acceleration, rather than its cause.  

3.4.2.2 Impacts of Subglacial Hydrology on Ice Flow 

 The complex and fluctuating nature of Upernavik’s ice-flow is likely due to 

subglacial hydrology. Moon and others (2014) categorized the seasonal velocity 

fluctuations of Greenland’s outlet glaciers into three types depending on their sensitivity 

to ice-front-position or meltwater from 2009-13, followed by further classification by Vijay 

and others (2019, 2021). Type 1 glaciers display seasonal speed-up that corresponds 

with ice-front-position. Type 2 glaciers display patterns of early-summer speed-up and 

mid-summer slow-down to similar winter velocity speeds, indicating meltwater was 

lubricating the bed. Type 3 glaciers display late-summer velocity slow-downs lower than 

winter velocities; these changes were attributed to meltwater forming efficient drainage 

channels and reducing bed lubrication, increasing basal friction (Moon and others, 

2014).  
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 Glacier types at Upernavik varied between 2009 and 2019. U0 was classified by 

Vijay and others (2019, 2021) as Type 3 from 2015-19. During this time, U0 

experienced higher summer velocities that took 13 weeks to slow down after the melt 

season (Vijay and others, 2021). U1 and U2 displayed continually changing patterns in 

seasonal speed-up and could not be sorted into one category between 2009 and 2013 

by Moon and others (2014). In 2011, U1 and U2 displayed Type 2 behaviour, while in 

2013, both glaciers displayed late-summer velocity slow-downs with speeds lower than 

winter velocities. Further classification by Vijay and others (2019, 2021) showed U1 as 

Type 2 only in 2017 and U2 as Type 1 from 2015 to 2017, in a study period spanning 

2015-19. U3 was categorized as Type 2 from 2009-13 and was later categorized as 

Type 3 from 2015-19 with the exception of 2018, when it was Type 2 (Moon and others, 

2014; Vijay and others, 2019, 2021). While U4 was not included in these studies, 

Larsen and others classified U4 as Type 3 from 2009 to 2013. Our seasonal velocity 

observations, extending published records through 2021, suggest that Upernavik’s 

outlets are still Type 2 or 3.  

The classifications that link Upernavik’s velocity patterns to subglacial drainage 

are further supported by our model results, which suggest that ice-flow speeds are more 

sensitive to basal drag than sidewall drag for U1 and U2. Changes in basal drag can 

result from changes in subglacial water pressure over short timescales (Iken and others, 

1981; Kamb, 1987; Paterson, 2000), which is a physically plausible mechanism for the 

observed velocity fluctuations. While shear-margin strengthening and weakening can 

also strongly impact ice-flow velocities (Cuffey and Paterson, 2010; Van Der Veen and 

others, 2011), the pace and direction of observed velocity changes between our model 
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years at Upernavik are not consistent with this mechanism. Increased basal drag 

applied over the shallow bed ridge and decreased basal drag while applying the same 

sidewall drag as 2011 explained the decline in U1’s ice-flow from 2011 to 2014, 

consistent with meltwater classification of this outlet (Moon and others, 2014; Vijay and 

others, 2021). While U2 was more recently classified as having seasonal speed-up 

driven by ice-front-position (Vijay and others, 2019, 2021), retreat into shallower bed 

topography alone did not reasonably explain the flow speeds in 2015. Instead, 

increased basal drag near the terminus was required to achieve an accurate velocity. 

For 2018, the same drag as 2015 was too strong where thinning occurred and both a 

weakened basal and sidewall drag coefficient were required, which can be physically 

driven by crevassing or rifting in the margins (Cuffey and Paterson, 2010).  

Numerical ice flow modelling by Rathmann and others (2017) found 79N glacier’s 

floating ice tongue was unlikely to control its seasonal velocity and the contribution to 

the near-terminus stress budget was at most 34%. Only upstream basal slipperiness 

reductions yielded an accurate velocity rather than increased sliding along the sidewall 

margins, consistent with our results (Rathmann and others, 2017). In addition, the 

simplified results produced by our flow-line model are consistent with 2d, full-stokes 

modeling of Upernavik. The Ice-Sheet and Sea-Level System Model used by Downs 

and Johnson (2022) showed that U1 and U2 were highly sensitive to changes in basal 

drag from the terminus to 45 km upstream. Rapidly retreating glaciers at Upernavik 

were not less sensitive to basal drag coefficient reductions than non-rapidly retreating 

glaciers, and acceleration into the upper glacier rather than localized acceleration was 

observed as a result of reductions in the basal drag coefficient (Downs and Johnson, 
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2022). We found the surface velocities throughout the U2 glacier, during its rapid 

retreat, were sensitive to reductions in the basal drag coefficient. These results were 

consistent with the ice-flow outputs for U1, a non-rapidly retreating glacier.   

We found that seasonal velocity fluctuations, which were on the order of ~100 m 

year-1, were of a much lower magnitude than multi-year velocity fluctuations for all 

outlets, which were on the order of ~1000 m year-1. This difference likely indicates that 

while surface melting affects seasonal velocity fluctuations, seasonal variability is not 

large enough to explain fluctuations over multi-year periods. While there is room for 

considerable future modelling and observational work to constrain the details of the 

controls on changes in subglacial hydrology and basal slipperiness, our results point to 

the glacier bed as the most plausible main control on Upernavik’s velocity fluctuations. 

Our flowline model for U1 and U2 enabled us to add additional understanding to 

the sensitivity of ice-flow to multiple parameters to establish possible reasons as to why 

we see such complex behaviour. While a flowline model makes significant 

simplifications to the complex stress state of a glacier like Upernavik, three-dimensional 

modelling was prevented by gaps in the input and validation data and was thus out of 

the scope for this study. Despite its limitations, the flowline model is able to capture 

some of the key controls on outlet-glacier flow, particularly terminus retreat, thinning, 

and basal and sidewall drag. Indeed, even these limited simulations give important 

insight for the subglacial hydrology of the two fastest flowing outlets, U1 and U2, which 

we hope will be explored in future studies.  
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3.4.3 Likely Future Changes at Upernavik’s Outlets 

 Acceleration of U1, the fastest flowing outlet, is possible in the future if the glacier 

retreats past its shallow bed-ridge into the deepest bed of the flowline. Velocities at U2 

have recently reached the same speed as U1, along with the beginning of new retreat, 

which poses the potential for further acceleration of this outlet. Our results indicate U1 

and U2 still have floating ice tongues, making them more sensitive to ocean 

temperature as a result of the larger area in contact with the ocean (Straneo and 

Heimbach, 2013). Ocean-driven retreat of both glaciers could reach up to 11 km for U1 

and 23 km for U2 by 2100 (Morlighem and others, 2019). We recommend further focus 

on these two outlets, as the depth of the glaciers could continue to be in contact with the 

warmest water mass in the fjord (Andresen and others, 2014; Muilwijk and others, 

2022). Though U0, U3, and U4 glaciers have been decelerating, U3 has the potential to 

accelerate if it retreats into its long and deep bed. Increased subglacial discharge or 

thermal forcing could cause this glacier to retreat up to 29 km (Morlighem and others, 

2019). There is the potential for continued thinning and retreat of U0 and U4 with 

increasing atmospheric temperatures as increased subglacial drainage interacting with 

the terminus can affect its stability (Holland and others, 2008; Rignot and others, 2010, 

Khan and others, 2013). Further retreat will lead U4 to become land-terminating.  

3.5 CONCLUSION 

 Our results suggest that the observed complex velocity changes at Upernavik’s 

largest outlets are likely to be primarily controlled by changes in basal slipperiness 

caused by evolving subglacial hydrologic conditions, rather than changes in floating ice 

tongue conditions. We therefore rejected our initial hypothesis regarding floating ice 
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tongues. The extended record of ice-tongue changes developed in this study show that 

ice-tongue changes are not coincident in time with large fluctuations observed in ice-

flow speeds, suggesting that other physical mechanisms must be primary controls. This 

conclusion is supported by modelling work on the ice-flow response of the two largest 

outlets with the highest measured acceleration, U1 and U2, to changes in basal drag, 

sidewall drag, terminus retreat, and thinning. The sensitivity of the modelled ice flow to 

basal slipperiness was the most spatially consistent with the measured velocities of both 

outlets. This is consistent with recent ice-flow sensitivity modelling of Upernavik as well 

as other marine-terminating glaciers in Greenland with floating ice tongues (Rathmann 

and others, 2017; Downs and Johnson, 2022). Additionally, velocity observations on 

both seasonal and interannual timescales for all outlets indicated a fluctuating response 

characteristic of glaciers sensitive to meltwater availability at the bed (Moon and others, 

2014).  

 While the flowline model used in this study, developed from Icepack’s hybrid flow 

model (Shapero and others, 2021), is a highly simplified representation of glacier flow, it 

successfully captured essential dynamics to help us understand the forcings controlling 

Upernavik’s velocities. We represented Upernavik’s complex dynamics using the 

Icepack hybrid model with parameterizations for sidewall drag and basal slipperiness, 

and used it to determine the sensitivity to these parameters as ice-thickness and ice-

front position changed over time. The consistency with other modeling literature 

demonstrates the utility of these simple model representations in understanding major 

controls on marine-terminating glacier dynamics.  
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Our results also illustrate the utility of multi-proxy records, including tabular 

iceberg calving, plume-polynya appearance, calculations of hydrostatic elevation, 

observations of slope break at the grounding line, and a horizontally sloped floating 

terminus, for identifying floating ice-tongue presence. When evaluating the terminus 

floatation of U1, U2, and U3, hydrostatic elevation and slope proved to be the most 

reliable and consistent methods compared to tabular icebergs and plume polynyas. 

During this investigation, we found evidence that U1 and U2, after losing their ice 

tongues in 2007 and 2014, both reached floatation again in 2013 and 2017 and were 

still floating in 2021 while U2 was recently accelerating.  

 We recommend further focus on both U1 and U2, the only two glaciers of the 

Upernavik Isstrøm in contact with Atlantic Water, if the ocean thermal forcing increases. 

The ice-flow results of all outlets also highlight the importance of further understanding 

the basal meltwater availability of the Upernavik Isstrøm, especially with increasing 

surface temperatures. Our findings show the complex nature of ice dynamics at 

Greenland’s marine-terminating glaciers and the need for further work surrounding 

subglacial hydrology.  
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CHAPTER 4.0: SUMMARY AND CONCLUSIONS 

4.1 Summary of Changes at Upernavik’s Five Outlets from 2000-2021 

4.1.1 U0 

U0 is Upernavik’s smallest and most northerly outlet. It has a current stable 

terminus position and terminus bed depth of 150 m, where it is likely pinned. It was in a 

deep bed of up to 367 m when it was connected to U1’s floating ice tongue between 

2000 and 2007. The glacier is likely no longer in contact with Atlantic Water (between 

250 m and 450 m in depth) due to thinning and retreat (Andresen and others, 2014; 

Muilwijk and others, 2022). Velocities declined in the early 2000’s.  

When retreat occurred as a result of the breakup of U1’s ice tongue and the two 

glaciers separated in 2007, the glacier retreated into a wider but shallower fjord. 

Terminus acceleration was seen from 2005 to 2011 as the glacier was retreating, with 

two velocity peaks in 2008 of 1248 m year-1 and 2011 of 1276 m year-1. Winter terminus 

velocities peaked higher, to 1512 m year-1 in 2009-10. Lower-middle glacier 

acceleration in U0 was also high as the velocities were almost as high as terminus 

velocities between 2006 and 2007. Since 2011, deceleration has been seen with a 2021 

summer terminus velocity of 478 m year-1.  

We frequently observed plume polynyas at this outlet, with most occurring from 

2008 onwards, including multiple large drainage events. The glacier likely developed an 

efficient drainage system that in turn allows for higher basal friction, impacting the 

interannual velocity (Vijay and others, 2019, 2021). A thinning rate of 5.43 m year-1 

between 2011 and 2021 was significant for its size when compared to the thinning 
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measurements of the larger glacier U2. The maximum thinning along the flowline was 

54.27 m at the terminus, higher than the maximum measured at U1.  

4.1.2 U1 

U1 is the second most northerly outlet and one of the largest trunks of the 

Upernavik Isstrøm, with a currently stable terminus position and a terminus bed depth of 

576 m. It had a floating ice tongue until 2007 and the depth of the fjord below the ice 

tongue calving front was 516 m. The bed has been deep enough over our record for the 

glacier to interact with warm Atlantic Water (Andresen and others, 2014; Muilwijk and 

others, 2022).  

Like U0, terminus velocities declined until 2003 with a velocity of 3042 m year-1, 

then rapidly increased to a velocity peak in 2008 of 6240 m year-1. The ice tongue 

disintegrated quickly after 2007, as evidenced by the observed switch from tabular to 

non-tabular calving. The glacier experienced a large retreat into a wider and deeper 

fjord, with depths up to 652 m along the flowline, before stabilizing its terminus position 

in a narrower trough. The glacier terminus velocities declined after 2008 to a low of 

5043 m year-1 in 2010 but then peaked again at its high in 2011 of 6648 m year-1, after 

major retreat. Sustained acceleration was observed leading up to the floating ice tongue 

collapse.  

Velocities slowly declined at the beginning in 2013 until 2021 with lower winter 

velocities, with a slight summer peak in 2015 of 5945 m year-1. Strong summer peaks 

indicate basal lubrication from increased meltwater (Moon and others, 2014; Vijay and 

others, 2019, 2021). In our numerical ice-flow model, the glacier was sensitive to 

changes in the basal drag coefficient, and basal drag changes can explain the 



 101 

decreased velocities between 2011 and 2014 in our model. U1 ice flow was more likely 

driven by subglacial hydrology than changes in its floatation. U1’s terminus thinned 

steadily before reaching floatation again in 2013, and a floating ice tongue has likely 

been maintained through 2021. The thinning of 3.03 m year-1 between 2011 and 2021 

was not as high as U2. The maximum thinning along the flowline was 46.23 m in the 

lower-middle glacier. The terminus velocity in 2021 was measured to be 4928 m year-1.  

4.1.3 U2 

U2 is the central outlet of Upernavik and, like U1,  is situated in a deep bed  with 

a current terminus bed depth of 455 m. U2 had a long floating ice tongue in the early 

2000’s, with a deeper bed of up to 645 m, based on its large tabular iceberg calving and 

previous elevation analysis by Larsen and others (2016). Throughout the entire study 

period, while U2 retreated into a shallower bed, all bed-depths were deep enough to be 

in contact with Atlantic Water (Andresen and others, 2014; Muilwijk and others, 2022).  

This outlet underwent two large periods of retreat followed by ice-flow 

acceleration, both when its floating ice tongue partially or fully disintegrated, and new 

retreat observed in 2021. U2 did not lose its floating ice tongue as U1 did during a 

period of higher ocean temperatures around 2007, though it partially disintegrated at 

this time. The shift from stable velocities to rapid acceleration was seen in 2008, with 

velocities at 2855 m year-1 until reaching a velocity peak in 2011 of 3856 m year-1. A 

short decline followed in 2012 with a velocity of 3689 m year-1 before acceleration 

continued from from 2013 to 2016 with a velocity peak in 2016 of 4284 of m year-1. The 

outlet continued producing tabular icebergs until 2014 and was at hydrostatic elevation 

in 2013. Our calving and elevation evidence suggest that U2 lost its floating ice tongue 
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after 2014. Sustained acceleration occurred for several years before the break up of its 

ice tongue in 2014, indicating this outlet’s velocities were not driven by its changing 

floating ice tongue. The glacier retreated into a shallower and slightly wider fjord 

following 2014 before the new terminus thinned to hydrostatic elevation again in 2017. 

Rapid deceleration occurred from 2017 to 2019, with a terminus velocity of 3581 m year-

1, followed by acceleration until 2021 with a terminus velocity of 4063 m year-1. Surface 

slope suggests that the new floating ice tongue continues to be present all the way 

through 2021.  

Plume polynyas were spotted through to 2008 and also from 2010 to 2011 

(including a large supraglacial lake drainage event) and in 2014 and 2016. Seasonal 

variation was not as extreme as U0 or U1, but higher winter velocities were observed 

from 2009 to 2013. Our modelled ice-flow sensitivity to basal slipperiness is consistent 

with ice-flow speed driven by meltwater availability at the bed (Moon and others, 2014). 

The retreat in our model of U2 between 2013 and 2015 did not explain the change in 

velocity, which contrasts with categorization by Vijay and others (2019, 2021) that 

seasonal velocities at this outlet were driven by terminus position rather than meltwater. 

U2 thinned the most out of all other outlets, with a thinning rate of 5.99 m year-1 from 

2011 to 2021 and a maximum thinning of 103.16 m in the lower glacier near the 

terminus. U2 is clearly still accelerating at the conclusion of the study period.   

4.1.4 U3 

U3 sits on a shallow shoal in the southern region of the Upernavik Fjord. It has a 

current terminus bed depth of 302 m, which has been mostly constant throughout the 

time period as the terminus position has remained relatively stable. The glacier front sits 
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above the depths of Atlantic Water observed in the fjord (Andresen and others, 2014; 

Muilwijk and others, 2022). The shallow bed topography likely pins the terminus in 

place.  

U3 experienced deceleration throughout the entire time period. The terminus 

velocity peak in 2000 at 3051 m year-1, while the terminus velocity in 2021 was 2207 m 

year-1. Its thin ice at the terminus and long, low slope is likely what allows large tabular 

icebergs to form from 2000 to 2021, which often get caught on the bed topography, 

although other proxies do not suggest floating ice-tongue presence. There was a 

general cycle in ice flow, with 2-6 year increases followed by 1-2 year decreases 

throughout the record. Increases occurred from 2005 to 2011, 2012 to 2014, and 2015 

to 2018. For example, the terminus velocity increased to 2671 m year-1 in 2005, to 2957 

m year-1 in 2011, and then declined to 2586 m year-1 in 2012. A short terminus section 

of U3 reached hydrostatic elevation in 2017 but this was likely a result of the shallow 

bed as the elevation profile did not suggest a fully floating ice tongue.  

Subglacial drainage was fairly prominent at this glacier, with plume-polynyas 

spotted over the entire time period but most occurring after 2014. The slightly higher to 

similar winter velocities as summer velocities that were observed over the record. This 

is likely characteristic of a glacier with meltwater lubricating the bed, where an early-

summer velocity increase is followed by a mid-summer decline and averages the 

summer velocities closer to or lower than the winter velocities (Moon and others, 2014). 

This is consistent with what was observed and classified by Moon and others (2014) 

and Vijay and others (2019, 2021) for this outlet. U3 experienced almost no thinning 
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over time and has advanced in recent years. Its shallow bed topography likely plays a 

role in its terminus position and deceleration.  

4.1.5 U4 

U4 is the small southern outlet that resides in the shallowest bed at Upernavik, 

which is currently grounded at a depth of 212 m. In the fjord near the terminus of U4 

there is a shallow sill with a depth of ~130 m measured in our flowline. The shallow bed 

and sill allows no Atlantic Water contact at the ice front (Andresen and others, 2014; 

Muilwijk and others, 2022).  

The glacier retreated approximately 2 km over the study period. U4 had the 

lowest measured velocities out of all other outlets and declined over the entire time 

period, with the exception of two peaks. U4 had its highest terminus velocities in 2001 of 

1111 m year-1, before observed retreat, and a second velocity peak in 2008 of 923 m 

year-1 with acceleration starting in 2006.  

A few plume polynyas were observed at the terminus, mostly after 2014. Higher 

winter velocities were seen at U4 from 2008 onwards. This strong seasonality compared 

to the other outlets indicates an efficient drainage system that outputs meltwater over 

the summer, reducing meltwater lubrication at the bed and increasing basal friction so 

that summer velocities decline well below winter velocities (Moon and others, 2014; 

Larsen and others, 2016). The terminus velocity in 2021 along the flowline was 

measured to be 327 m year-1, the lowest out of all outlets. The thinning rates of U4 were 

comparable to U1 and U2. This may be due to terminus destabilization from the efficient 

meltwater channelization (Holland and others, 2008; Rignot and others, 2010, Khan and 

others, 2013). U4 had a measured thinning rate of 2.62 m year-1 from 2011 to 2021 and 
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a maximum thinning of 44.46 m near the terminus. The asynchronous results of all 

outlets is summarized in Figure 4.1. 

 

Figure 4.1: Asynchronous Results of Upernavik. A visual representation of the varying 
patterns of behaviour for each outlet, regarding retreat, velocities, floating ice tongues, and 
subglacial drainage. Floating ice tongue presence was determined by plume polynyas, 
tabular icebergs, hydrostatic elevation, and slope.  
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4.1.6 Contrasting and Comparable Behaviours Between Outlets 

 Many contrasting and complex dynamics were observed at Upernavik. Calving 

was mostly seen from the three main trunks of Upernavik (U1, U2, and U3). The 

northern outlets (U0, U1, and U2) retreated the most, with U4 also retreating a 

significant amount despite its southern location and shallow bed. The currently stable 

termini of U0, U1, and U3 (compared to the faster retreat of U2 and U4) are located in 

both shallow and deep beds. U1 and U2 are the only outlets likely currently in contact 

with Atlantic Water (Andresen and others, 2014; Muilwijk and others, 2022). All outlets 

accelerated during warmer atmosphere and ocean temperatures in the 2000’s. U1 and 

U2, the outlets with the highest terminus velocities, continued accelerating into the 

2010’s, with U2 being the only outlet accelerating presently. U1 and U2 were the only 

two outlets with clear evidence of floating ice tongues and likely have new floating ice 

tongues at present. U0, U3, and U4 had the most observations of plume polynyas at the 

terminus. These three outlets have been decelerating over time, mostly since 2008. 

While the deeper outlets (U1 and U2) were hypothesized to be more sensitive to ocean 

forcing than the shallower outlets (U0, U3, and U4), multiple factors involving the 

asynchronous behaviour are likely responsible other than bed depth. Subglacial 

hydrology likely drives seasonal and interannual velocity patterns at Upernavik’s outlets. 

These results are consistent with newer ice-flow modelling of Upernavik’s sensitivity to 

subaqueous melting and basal slipperiness (Downs and Johnson, 2022) as well as 

basal slipperiness modelling at other marine-terminating glaciers (Rathmann and 

others, 2017).  
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4.2 Error Analysis and Limitations 

4.2.1 Available Data and Data Quality 

Observations of plume polynya and tabular iceberg appearances were limited by 

the availability of cloudless Landsat imagery. In addition, a Scan Line Corrector failure 

on Landsat 7 after May 31st, 2003, greatly lowered the quality of available images. 

Ultimately, we were able to collect ~75 usable images for Landsat 7 and ~50 for 

Landsat 8. Clusters of images in specific years enabled us to see changes in drainage 

events, but this was not available for every year. Shadows at the jagged terminus of U3 

and the lack of ice melange at U3 and U4 made plume polynya detection more difficult. 

Clouds also greatly reduced the Landsat coverage around the time of U1’s floating ice 

tongue disintegration in 2007, but we were able to constrain the changes with images in 

2006 and 2008.  

We did not have along-flow IceBridge flightines available for every year for each 

outlet. Between the available flightlines, some of the automated radar processing did 

not always work, mainly because the L2 MCoRDS radar was unable to determine ice 

thicknesses near the terminus when L1B echograms were unavailable (Paden and 

others, 2010, 2014). In some cases, our own echogram picks by manually selecting the 

strongest reflector representing the ice bottom enabled us to fill in this data, but in some 

years the ice base could not be confidently determined, including during 2011 when 

successful data collection could have illuminated important changes on U2. We had to 

rely on our additional methods for identifying floating ice during this time period. For U0, 

four flow-parallel IceBridge flightlines were available in 2010, 2011, and 2013. We 

obtained hydrostatic results for U0 in 2011 and 2013, as the ice base in the 2010 
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echogram could not be clearly identified. U1 had seven IceBridge flightlines available 

across 2010, 2011, 2012, 2013, 2014, and 2015. We obtained hydrostatic results for 

each year except 2015 and the additional flightline in 2011. U2 had three IceBridge 

flightlines available in 2011, 2013, and 2017. The 2011 echogram was unclear and this 

flightline only covered a small area on the southern portion of the outlet’s terminus. 

There were six flightlines available for U3 in 2010, 2011, 2012, 2013, 2015, and 2017, 

and we were able to conduct the hydrostatic analysis for each of these years. U4 only 

had one IceBridge flightline available, in 2013. We stress the importance of using ice 

thickness data to identify likely floating ice tongues on rapidly accelerating glaciers, 

highlighting the need for clear and readily available thickness data in Greenland. While 

other methods can be used as evidence for floatation, the hydrostatic analysis proved 

the most reliable.  

We assessed error in the ArcticDEM strip products by measuring the variation in 

rock outcrop elevations compared to the averaged ArcticDEM mosaic for Greenland 

(Porter, Claire, and others, 2019, 2022). Errors were generally well below the observed 

thinning signals. Our elevation analysis mainly focussed on the terminus of each outlet, 

all of which were constrained by rock outcrops. However, the upper glacier elevations 

may have a higher error, and this may prove problematic for analysis of other marine-

terminating glaciers in Greenland. We incorporated this error in our plots and also only 

used data that fell within two standard deviations of the average elevation across all 

years. Some years had more coverage than others for Upernavik and we lacked data in 

2010. The recent addition of 2019, 2020, and 2021 strip data greatly improved our 

analysis  



 109 

For our velocity data, ITS_LIVE Greenland velocity mosaics have not yet been 

released for 2019, 2020, and 2021 (Gardner and others, 2019). Instead, we created 

mosaics from GoLIVE image pairs to fill in these years in our plots and Hovmöller 

diagrams. We also had to manually input coordinates for each glacier point and extract 

ITS_LIVE point data (Gardner and others, 2022). We used the standard deviation of the 

pixel stacks as an estimate for error in these mosaics and point measurements. 

Because ITS_LIVE and GoLIVE use a similar methodology for deriving ice-flow velocity, 

and because the methods have been shown to yield accurate results (Gardner and 

others, 2019), we do not believe the absence of ITS_LIVE mosaics during the last three 

years of the record has any impact on our final results. 

4.2.2 Comparison Methods and Software Limitations 

The flowlines that underpin most of our velocity analysis were produced using 

averaged ITS_LIVE data from the available mosaics from 2000-2018. Mosaics were not 

yet available for 2019-2021 at the time of analysis, and many of the mosaics from the 

Landsat-7 era (2000-2013) had sparse measurements. These flowlines are therefore 

reasonably representative of our time period. Regardless of the flowlines chosen, they 

provide a consistent framework for comparing velocity changes at each outlet 

throughout the record. . For U0, we had to combine two flowlines as the glacier 

separated from U1 early on and this affected the available velocity mosaics. The 

averaged data from 2000 to 2018 would not account for its original connection to U1 

due to the retreat and separation of these two outlets. We generated the first flowline for 

U0 using the 2000 to 2018 mosaics and then added on its flowline extension into the 

fjord using stacked and averaged data from 2000 to 2003. Though approximately 
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flowlines follow the line of maximum ice-flow speed, which tends to be along the centre 

of the glacier, this is not exact and we acknowledge that our surface flowline velocities 

do not capture all dimensions of glacier change. Bed topography likely varies laterally, 

and it is possible we do not capture the deepest parts of the bed. Ideally, we would use 

three-dimensional models of every outlet. However, flowline data allowed for successful 

comparison between outlets in this study, and we were able to build off multiple studies 

that did more in-depth analysis of individual outlets.  

 We faced many challenges while incorporating the flowline model into this study. 

We determined which years to model based on interesting events as well as available 

ArcticDEM and ITS_LIVE data. As there were always data gaps along our model 

flowlines, we had to interpolate short sections of data. We tested the use of Icepack to 

be able to model a complex ice stream and if it could reasonably handle the fast ice-flow 

with our input data (Shapero and others, 2021). Though our model was heavily 

simplified to two dimensions over a few years, we were able to run the model during 

interesting years for two important outlets, which allowed for detailed comparison when 

evaluating subglacial hydrology. We confirmed that Icepack is a very useful model for a 

complex case and the results coincided with extensive modelling of Upernavik by 

Downs and Johnson (2022). More modelling is needed at Upernavik to further 

understand its ice flow, especially with the recent acceleration and retreat of U2, but we 

are confident that by having this model available in our results, we can provide a 

detailed enough direction for future studies to investigate subglacial hydrology.  
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4.3 Future Recommendations and Considerations 

A detailed evaluation of the proxies used for floating ice tongues in this study 

proved the reliability and usefulness of hydrostatic elevation and ice-surface slope. 

These proxies conclude contrasting results for tabular icebergs, which were observed 

when Helheim Glacier was floating (Amundson and others, 2010; Melton and others, 

2022). We observed tabular icebergs both when U1, U2, and U3 were floating and 

when they were not; similarly, plume polynyas, a proxy used by Melton and others 

(2022), were also observed during times when hydrostatic elevation indicated floatation, 

and times where it did not. As floatation is complex and can vary based on bed and fjord 

geometry, we recommend using a variety of evidence to investigate the floatation of a 

marine-terminating glacier terminus, with focus on the most reliable proxies: hydrostatic 

elevation and ice-surface slope. We suggest tabular icebergs and plume polynyas are 

not reliable proxies on their own. This also highlights the need for continued ice 

thickness data in the Upernavik area as well as other marine-terminating glaciers in 

Greenland. With newly released data, future work can monitor the recent floating ice 

tongues observed at U1 and U2.  

We rejected our initial hypothesis that the complex and fluctuating ice flow was 

due to changes in floating ice tongues. Our results suggest subglacial hydrology the 

likely cause of the complex nature of Upernavik’s ice flow, highlighting the need for 

future modelling and analysis. Subglacial hydrology will likely continue to play an 

important role in controlling the changing seasonal and interannual velocity nature of 

Upernavik’s outlets. With two floating ice tongues still present at U1 and U2, future 

studies should continue to monitor ocean warming. While subglacial hydrology is the 
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primary control on acceleration at U1 and U2 based on our modelled ice-flow sensitivity, 

the response of these glaciers to increased ocean thermal forcing should not be ignored 

as the loss of resistive back-stress from the loss of floating ice tongues and large 

calving events from the disintegration of floating ice tongues can still contribute to the 

acceleration (Nick and others, 2009; Vieli and Nick, 2011). With increasing atmosphere 

and ocean temperatures as a consequence of anthropogenic climate change, we 

recommend monitoring these two glaciers as well as other glaciers across Greenland 

that fit similar patterns. Understanding and quantifying mass loss from the Greenland 

Ice Sheet and sea-level rise from marine-terminating glaciers is becoming increasingly 

important.  
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CHAPTER 5.0 APPENDICES 

5.1 Appendix A: Additional Hydrostatic Figures 

 

Figure 5.1: U0 2011 Hydrostatic Profile. U0 hydrostatic elevation compared to the actual 
elevation in 20110516. The hydrostatic elevation, calculated using the hydrostatic equilibrium 
equation with MCoRDS data (Paden and others, 2010, 2014). 

 

 

Figure 5.2: U0 2013 Hydrostatic Profile. U0 hydrostatic elevation compared to the actual 
elevation in 20130418. The hydrostatic elevation, calculated using the hydrostatic equilibrium 
equation with MCoRDS data (Paden and others, 2010, 2014). 
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Figure 5.3: U1 2010 Hydrostatic Profile. U1 hydrostatic elevation compared to the actual 
elevation in 20100519. The hydrostatic elevation, calculated using the hydrostatic equilibrium 
equation with MCoRDS data (Paden and others, 2010, 2014). 

 

 

Figure 5.4: U1 2011 Hydrostatic Profile. U1 hydrostatic elevation compared to the actual 
elevation in 20110516. The hydrostatic elevation, calculated using the hydrostatic equilibrium 
equation with MCoRDS data (Paden and others, 2010, 2014). 
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Figure 5.4: U1 2012 Hydrostatic Profile. U1 hydrostatic elevation compared to the actual 
elevation in 20120516. The hydrostatic elevation, calculated using the hydrostatic equilibrium 
equation with MCoRDS data (Paden and others, 2010, 2014). 

 

 

Figure 5.5: U3 2010 Hydrostatic Profile. U3 hydrostatic elevation compared to the actual 
elevation in 20100519. The hydrostatic elevation, calculated using the hydrostatic equilibrium 
equation with MCoRDS data (Paden and others, 2010, 2014). 

 



 119 

 

Figure 5.6: U3 2011 Hydrostatic Profile. U3 hydrostatic elevation compared to the actual 
elevation in 20110513. The hydrostatic elevation, calculated using the hydrostatic equilibrium 
equation with MCoRDS data (Paden and others, 2010, 2014). 

 

 

Figure 5.7: U3 2012 Hydrostatic Profile. U3 hydrostatic elevation compared to the actual 
elevation in 20120515. The hydrostatic elevation, calculated using the hydrostatic equilibrium 
equation with MCoRDS data (Paden and others, 2010, 2014). 
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Figure 5.8: U3 2013 Hydrostatic Profile. U3 hydrostatic elevation compared to the actual 
elevation in 20130418. The hydrostatic elevation, calculated using the hydrostatic equilibrium 
equation with MCoRDS data (Paden and others, 2010, 2014). 

 

 

Figure 5.9: U3 2015 Hydrostatic Profile. U3 hydrostatic elevation compared to the actual 
elevation in 20150411. The hydrostatic elevation, calculated using the hydrostatic equilibrium 
equation with MCoRDS data (Paden and others, 2010, 2014). 
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Figure 5.10: U4 2013 Hydrostatic Profile. U4 hydrostatic elevation compared to the actual 
elevation in 20130418. The hydrostatic elevation, calculated using the hydrostatic equilibrium 
equation with MCoRDS data (Paden and others, 2010, 2014). 
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5.2 Appendix B: Subglacial Drainage and Tabular Iceberg Images 

 

Figure 5.1: U0 drainage event example. An example of a drainage event that occurred for 
U0, represented as a larger than average plume polynya at the northern terminus as shown in 
the Landsat 7 image from July 8, 2010, courtesy of the U.S. Geological Survey. This event 
was also shared with the drainage event that occurred for U2 in Figure 2 around the same 
time.  
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Figure 5.2: U2 drainage event example. An example of a drainage event that occurred for 
U2, represented as a larger than average plume polynya at the northern terminus as shown in 
the Landsat 7 image from June 22, 2010, courtesy of the U.S. Geological Survey. This event 
was also shared with the drainage event that occurred for U0 around the same time.  
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Figure 5.3: U2 lake drainage event. An example of a drainage event that occurred for U2 in 
the upstream lakes. Above: three supraglacial lakes, as shown in the Landsat 7 image from 
June 17, 2010, courtesy of the U.S. Geological Survey. Below: three supraglacial lakes that 
have drained, as shown in the Landsat 7 image from July 8, 2010, courtesy of the U.S. 
Geological Survey.  
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Figure 5.4: Tabular icebergs and plume polynyas. An example of two tabular icebergs 
from U2 and U3, along with two plume polynyas at the south terminus of U2 and the north 
terminus of U3 visible in the Landsat 8 image from August 5, 2014, courtesy of the U.S. 
Geological Survey. This event was also shared with the drainage event that occurred for U0 
around the same time.  
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5.3 Appendix C: Modelling Figures 

 

Figure 5.1: U1 2014 modelled velocity and Cside sensitivity. This plot displays the U1 2014 
measured and modelled velocity using the same drag inputs (Cbase, Cside) as 2011, and the 
adjusted Cside required to output more realistic velocities.  
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Figure 5.2: U2 2015 modelled velocity and Cside sensitivity. This plot displays the U2 2015 
measured and modelled velocity using the same drag inputs (Cbase, Cside) as 2013, and the 
adjusted Cside required to output more realistic velocities.  
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Figure 5.3: U2 2018 modelled velocity and Cside sensitivity. This plot displays the U2 2018 
measured and modelled velocity using the same drag inputs (Cbase, Cside) as 2013, and the 
adjusted Cside required to output more realistic velocities.  
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